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Preface 

In recent years, remarkable progress has been accomplished with respect 
to our knowledge about bacterial protein toxins. This refers especially to 
structural aspects of protein toxins but holds also true for genetics, molecular 
biology and biochemical mechanisms underlying the action of toxins. The 
great advances made in the field of bacterial toxinology have depended 
on fruitful interdisciplinary efforts, which have brought together approaches 
from microbiology, cell biology and structural biochemistry, and not least 
from pharmacology. Beyond question, a significant contribution to the under
standing of toxins comes from crystal structure analyses. Thus, the crystal 
structures of many of the classical toxins have been solved during recent 
years, including those for diphtheria toxin, cholera toxin, pertussis toxin, 
botulinum neurotoxins and many pore-forming toxins. Methodological 
interactions of microbiologists and cell biologists have been extremely 
successful and have resulted in the establishment of a new discipline termed 
"cellular microbiology", defining the events and consequences of the interac
tion of bacteria and/or toxins (or other bacterial products) with host or target 
cells. 

Pharmacologists have been protagonists of "toxinology" for a long time 
and, in particular, molecular pharmacologists have contributed significantly to 
the advances in the field of bacterial protein toxins. The renaissance in inter
est of pharmacologists in toxins results from the fact that, today, experimental 
pharmacology has been focused on "signalling" in its broadest sense. Rather 
early, bacterial protein toxins have been recognised as important pharmaco
logical tools in signal transduction research. The reason for this fact is evident. 
First, the bacterial protein toxins are often extremely potent agents. Second, 
they act with remarkably high selectivity and specificity. Finally, studies from 
recent years showed that targets of bacterial toxins are quite often essential 
elements of cell signal transduction pathways. Broad usage of toxins as tools 
was initiated by the elucidation of the actions of cholera and pertussis toxins 
on heterotrimeric G proteins. This type of application of toxins was renewed 
recently by the findings that various bacterial toxins, including C3-like exoen
zymes, the large clostridial cytotoxins and the cytotoxic necrotizing factors 
(CNFs) act selectively on small GTPases of the Rho/Ras family and potently 
inactivate and activate, respectively, these eukaryotic signal switches. Thus, C3 
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exoenzyme from Clostridium bowlinum played an essential role in decipher
ing the function of Rho GTPases in regulation of the actin cytoskeleton 
through membrane receptors. 

However, bacterial toxins are not only important in experimental phar
macology but also in pharmacotherapy for humans. For example. the knowl
edge of the exact mode of action of the botulinum neurotoxins approved them 
as drugs for so-far difficult-to-treat diseases. Moreover, fusion protein toxins 
using endogenous ligands for tissue-specific targeting of cytocidal toxins are 
an intriguing approach for treating, for example, speeial entities of cancer or 
autoimmune diseases. 

This volume covers, we are convinced, the very current and exciting 
aspects of up-to-date bacterial toxinology and comprehensively reviews 
the most important bacterial protein toxins. It begins with a review on the 
various cell entry mechanisms of protein toxins followed by several chapters 
on AD P-ribosylating toxins, which are still the best -understood bacterial 
toxins. These chapters summarise recent progress in the structure~funetion 
analysis of ADP-ribosylating toxins and comprehensively review the "classi
cal" ADP-ribosylating toxins including diphtheria toxin. Pseudomonas 
exotoxin A, eholera toxin and pertussis toxin. which modify elongation factor 
2 and heterotrimeric G proteins, respectively. In addition. also bacterial toxins 
that ADP-ribosylate small GTPases (C3 exoenzymes and Pseudoll1onas 
exoenzyme S) and actin (e.g. C. botulinum C2 toxin) are covered. Comple
menting chapters are devoted to ADP-ribosylating factors (ARFs). practical 
application of pertussis toxin as a pharmacological tool and diphtheria toxin
based fusion toxins. Further topics of the volume are the recently discovered 
new family of large clostridial cytotoxins, which modify small GTPases of the 
Rho/Ras family by glucosylation and the cytotoxic necrotizing factor (CNF) 
from Escherichia coli that causes constitutive activation of Rho GTPases by 
deamidation. The bacterial toxins that act as metalloproteases (e.g. clostridial 
neurotoxins and anthrax toxin) are extensively reviewed with respect to recent 
findings on structure and function relationship. cell entry mechanisms and 
modes of action. Pore-forming toxins and potentially haemolytic toxins are the 
topic of a series of articles that review the typical pore-forming or membrane
damaging toxins. such as Staphylococcal alpha-toxin and bacterial phospholi
pases, and describe in detail their usage as pharmacological tools. Additional 
toxins reviewed are the invasive adenyl ate cyclase toxin from Bordefe//a per
tussis, the vacuolating cytotoxin from Helicobacfer pylori, the I:'scherichia coli 
heat-stable enterotoxins and Shiga toxins. A rather new family of extracellu
larly acting toxins, the group of superantigens, are reviewed and discussed with 
respect to structure, functions and pathogenetic roles. A comprehensive review 
on the structure and activity of endotoxins is included and, last not least. recent 
exciting findings on bacterial toxic factors produced by Yersini{{, which appear 
to emerge to a new category of protein toxins. are discussed in the last chapter 
of the volume. 
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The aim of this volume of the Handbook of Experimental Pharmacology 
is to give a review and an update of the current knowledge on bacterial protein 
toxins presented by different disciplines and is intended to be used by scien
tists from diverse scientific fields. 

KLAUS AKTORIES, INGO JUST 
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CHAPTER 1 

Uptake of Protein Toxins Acting Inside Cells 

S. OLSNES, 1. WESCHE, and P.0. FALNES 

A. Introduction and Brief Description of Relevant Toxins 

Bacterial protein toxins act either at the level of the cell surface or on targets 
in the cytosol. Superantigens and toxins containing lytic activity exert their 
action at the level of the cell surface and will not be discussed here. However, 
an increasing number of bacterial protein toxins are being demonstrated to 
have intracellular sites of action. This implies that the toxins must be able to 
cross cellular membranes. Most toxins do this by crossing membranes of intra
cellular organelles rather than penetrating the plasma membrane. 

Some toxins are equipped with their own translocation apparatus, whereas 
others must rely on cellular translocation processes that they exploit. This is 
most clearly evident in the case of immunotoxins. These consist of an antibody 
that binds to target cells and a protein that is highly toxic once in the cytosol 
but that is unable to translocate to the cytosol on its own. Recent research has 
shed some light on how these toxins and immunotoxins enter the cytosol. 

The toxins that will be particularly considered here are depicted schemat
ically in Fig. 1. Diphtheria toxin is synthesized as a single-chain protein with a 
signal sequence that is cleaved off when the toxin is excreted from the bacte
ria. The mature toxin is easily cleaved into two fragments by trypsin-like 
proteases, and the cleaved toxin represents the active form. It consists of 
an enzymatically active part, the A fragment, which is linked by a disulfide 
bond to the B fragment (PAPPENHEIMER 1977). The B fragment consists of a 
receptor-binding domain (R) and a transmembrane domain (T), which can 
insert into the membrane and plays a decisive role in the translocation of the 
A fragment to the cytosol (CHOE et al. 1992). It resembles membrane
inserting domains in certain colicins and in the 8-toxin from Bacillus thurin
gensis (LI et al. 1991). Once in the cytosol, the A fragment adenine diphos
phate (ADP) ribosylates a unique amino acid, diphthamide, in elongation 
factor 2, thereby inactivating the elongation factor and inhibiting protein syn
thesis (COLLIER 1975; VAN NESS et al. 1980a, 1980b). 

In many respects, Pseudomonas aeruginosa exotoxin A resembles diphthe
ria toxin. It has an enzymatically active part (domain III) that has the same activ
ity as diphtheria-toxin A fragment and a region (domain II) that is structurally 
reminiscent the T-domain of diphtheria toxin and which is, therefore, believed 
to be involved in the translocation process (WICK et al.1990). Unlike diphtheria 
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toxin and most other toxins in this group, the enzymatically active domain of 
exotoxin A is located in the C-terminal part of the molecule. A disulfide-bridged 
cleavage site sensitive to furin is located in domain II, and it is believed that 
cleavage and reduction is required for translocation (ALLURED et a!. 1(86). 
Domain I is responsible for binding the toxin to cell-surface receptors. 

The A-Bo class of toxins comprises cholera toxin, Escherichia coli heat 
labile toxin, Shigella toxin and Shiga-like toxins 1 and 2 (MERRITT and HoI. 
1995). These toxins have a similar overall structure, but they have different 
functions. The toxins all consist of a pentameric B suhunit that is linked non
covalently to the C-terminal part of the A subunit which consists of a single 
polypeptide chain. In its C-terminal end, the A subunit contains a disulflde
bridged trypsin- and furin-sensitive loop, which is easily cleaved to yield the 
enzymatically active Al fragment and the small A2 fragment. which is associ
ated with the B-subunit (OLSNES et a!. 1981; REISBIG et a!. 1(81). The B subunit 
of all toxins in this group hinds to glycolipids. The enzymatically active A sub
units of cholera toxin and heat-labile toxin ADP ribosylate and permanently 
activate the a-subunit of trimeric G-proteins. whereas the A-suhunit of 
Shigella toxin and Shiga-like toxins inactivate ribosomes by removal of an 
adenine residue from the 28S RNA of the large rihosomal subunit. thereby 
inhibiting protein synthesis. 
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We will also discuss a group of plant toxins comprising ricin, abrin, mod
eccin, volkensin and others that have properties similar to the bacterial toxins 
we are considering here (OLSNES et al. 1974). These toxins are synthesized 
as a continuous polypeptide chain but, prior to excretion, they are cleaved in 
the vacuole of the plant cells to yield an enzymatically active A chain and a 
receptor-binding B chain held together by a disulfide bond (Fig. 1). The B chain 
has lectin-like properties and binds to surface glycoproteins and glycolipids 
with terminal galactose residues (OLSNES and REFSNES 1978; SANDVIG and 
OLSNES 1979). The A chain has the same enzymatic activity as the A subunit 
of Shiga toxin (ENDO et al. 1988). 

The binary toxins are produced as two different proteins, one binds to 
receptors at the cell's surface and is then cleaved to release an approximately 
20-kDa fragment. In the case of anthrax toxin (and probably other binary 
toxins), the remaining major part of the cleaved molecules forms heptamers 
that act as binding sites for an enzymatically active protein that is able to enter 
the cytosol. The Clostridium botulinum C2 toxin, C. perfringens iota toxin and 
C. spiriforme toxin are binary toxins that act by ADP ribosylating the adeno
sine triphosphate (ATP)-binding protein actin. There are at least six mam
malian actin isoforms, but C. botulinum C2 toxin ADP ribosylates only the 
cytoplasmic form (AKTORIES et al. 1986, 1992). Anthrax toxin is the most 
studied binary toxin. In this case, two different enzymatically active proteins, 
the edema factor and the lethal factor, can use the same binding subunit 
(called PA or protective antigen) to which they bind in a mutually exclusive 
manner. The lethal factor is a metalloprotease that cleaves mitogen-activated 
protein kinase kinase (DUESBERY et al. 1998; VITALE et al. 1998). The edema 
factor is an adenylate cyclase that enters the cytosol where it is activated by 
calmodulin (LEPPLA 1982), leading to elevation of the level of cyclic adenosine 
monophosphate (cAMP), thus interfering with the bacteriocidal capacity of 
the intoxicated cell. 

Another invasive and calmodulin-activated adenylate cyclase (CyaA) is 
produced by Bordetella pertussis (ROGEL et al. 1991). The 177-kDa CyaA 
protein can be divided into an N-terminal catalytic domain and a C-terminal 
hemolytic domain. Upon activation by calmodulin, CyaA elevates the level of 
cAMP in the cytosol. 

An export protein from C. botulinum, exoenzyme C3, is able to ADP ribo
sylate the small G protein Rho, which regulates actin polymerization and intra
cellular vesicular transport (CHARDIN et al. 1989). Similar enzymes are found 
in a wide variety of bacteria (JUST et al. 1992a, 1992b), including Staphylococ
cus aureus (INouE et al. 1991), although no bacterial substrate is known. Use 
of exoenzyme C3 has played an important role in the recent elucidation of the 
mechanism of action of certain microbial toxins, the C. difficile toxins A and 
B (JUST et al. 1995a) and the E. coli necrotizing toxin [cytotoxic necrotizing 
factor (CNF1) LEMICHEZ et al. 1997]. When Rho had been pretreated with C. 
difficile toxins, it could no longer be ADP ribosylated by exoenzyme C3, clearly 
indicating that the C. difficile toxin had modified Rho. This modification 
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was later found to consist of transfer of glucose from the precursor uridine 
diphosphate-GIc to a threonine residue in Rho and the related Rac and Cdc 
42 (JUST et al. 1995a, 1995b). Lethal toxin from C. sorde/lii has the same 
activity, which leads to the disassembly of stress fibers in the toxin-treated 
cells (POPOFF et al. 1996; SELZER et al. 1996). The toxins did not modify the 
more distantly related G-proteins, rab and ARF. C. novyi toxin incorporates 
N-acetylglucosamine rather than glucose into rho (JUST et al. 1996). 

CNFI from certain strains of E. coli is another toxin acting on Rho. The 
toxin consists of a single polypeptide chain (137kDa) with a putative N
terminal receptor-binding domain, a central hydrophobic domain and a C
terminal catalytic domain (LEMICHEZ et al. 1997). The toxin induces deamida
tion of a glutamine residue (Gln63; FLATAU et al. 1997; SCHMIDT et al. 1997). 
leading to permanent activation of Rho. As a result, there is a strong overac
tivity in actin polymerization. and formation of multinucleated cells. Further
more, the toxin induces phagocytosis in non-phagocytic cells. enabling 
toxigenic bacteria to enter and multiply in cells and to be transcytosed across 
epithelia. It is apparently due to part of the same strategy that the toxin 
inhibits apoptosis in the intoxicated cells (FIORENTINI et al. 1997). 

The neurotoxins tetanus toxin and botulinum toxins are not produced as 
export proteins but rather as intracellular proteins that arc released when the 
bacterium dies. The molecular action of these toxins has heen elucidated in 
great detail in recent years. They are all metalloproteases that cleave proteins 
involved in exocytosis, particularly in the synapses (SCHIAVO et al. 1992: 
MONTECUCCO and SCHIAVO 1993). As a result. synaptic transmission is para
lyzed. In addition, these toxins are formed as single polypeptide chains that 
are cleaved into an enzymatically active fragment and a fragment that is 
involved in binding and translocation. As in the case of diphtheria toxin. the 
two parts are disulfide linked. Binding to different surface receptors is proh
ably the reason that different neurons are affected in tetanus and botulism. 

B. Binding to Cell-Surface Receptors 
All bacterial protein toxins must bind to cells in order to act. Since. for obvious 
reasons, the cells have not developed receptors for toxins. the toxins must 
employ cell-surface structures that arc designed for other purposes. Cells 
lacking the relevant receptors are resistant to the toxin. The surface structures 
that the toxins use for binding may be hormone receptors. growth-factor pre
cursors, glycolipids and other molecules. So far, no particular property that is 
common for toxin receptors has emerged. However. it is likely that the ability 
to transport the toxin to defined intracellular compartments may prove to he 
a common property. 

Diphtheria toxin binds to the uncleaved precursor of a growth factor. 
namely that of heparin-binding epidermal growth factor (EGF)-like growth 
factor (HB-EGF; NAGLICH et al. 1992). All growth factors of the EGF family 
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are formed as transmembrane proteins which are transported out of the cells 
and then cleaved to release the growth factor. Not all molecules are cleaved, 
and it is now clear that, in many cases, the uncleaved molecules act as growth 
factors in a juxtacrine manner by binding to EGF receptors on adjacent cells 
(RAAB and KLAGSBRUN 1997; T AKEMURA et a!. 1997). Diphtheria toxin binds to 
the HB-EGF precursor present on most mammalian cells. Due to a few amino 
acid differences, the HB-EGF precursor found in mouse and rat cells does 
not bind the toxin, and cells from these animals are, therefore, resistant to 
diphtheria toxin (HOOPER and EIDELS 1996). 

Pseudomonas exotoxin A binds to a cell-surface protein that binds low
density lipoprotein and armacroglobulin (KOUNNAS et a!. 1992). Cholera toxin 
and E. coli heat-labile toxin bind to the ganglioside Gm1 (VAN HEYNINGEN 
1974), whereas Shigella (or Shiga) toxin and the related Shiga-like toxins 
bind to neutral glycolipids. Shigella toxin, the essentially identical Shiga-like 
toxin 1 and the slightly different Shiga-like toxin 2 bind to globoside BJ (LING 
et al. 1998), whereas the related Shiga-like 2e toxin binds to globoside B4 
(DEGRANDIS et al. 1989). 

One of the botulinum toxins, toxin B, binds to the neuronal protein synap
totagmin (NISHIKI et al. 1994). The receptors for the other botulinum toxins 
have not been identified. 

The plant toxins ricin, abrin and related toxins are rather unselective, 
as they bind both to glycoproteins and glycolipids with terminal galactose 
residues (HUGHES and GARDAS 1976; MEAGER et al. 1976; OLSNES and REFSNES 
1978). Therefore, it is not clear which molecules are the productive receptors, 
as it is likely that binding to most of the structures carrying terminal galactose 
will not result in translocation of the A chain to the cytosol. In the case of 
anthrax toxin, tetanus toxin and most other protein toxins that enter the 
cytosol, the nature of the receptors is not known. 

c. Endocytosis 
Since most toxins that act on components in the cytosol are translocated from 
intracellular organelles, the uptake mechanism usually starts with endocytosis. 
The uptake may follow the classical route from coated pits but, in several cases, 
it appears to occur from other surface structures. These may include caveoli 
or other, so far uncharacterized, invaginations of the plasma membrane. 

The first indication that endocytosis may be necessary for entry of toxins 
came from experiments in reticulocytes with the plant toxins ricin and abrin 
(OLSNES et al. 1974). The ribosomes of reticulocytes are very sensitive to abrin 
and ricin but, in spite of this, protein synthesis in whole reticulocytes was not 
inhibited after incubation with high concentrations of these toxins. Both toxins 
were found to bind extensively to the surface of the reticulocytes, but there 
was no evidence for endocytic uptake. More definitive evidence was obtained 
with diphtheria toxin in nucleated cells in culture. It was found that, when the 
cells were incubated with ammonium chloride or other weak bases that are 
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able to penetrate cellular membranes and neutralize acidic compartments in 
the cells, the cells were protected from intoxication (KIM and GROMAN I (65). 
This protection was overcome when the cells were briefly exposed to low pH 
(DRAPER and SIMON 1980; SANDVIG and OLSNES 1980). Moreover. in the latter 
case, the cells were more rapidly intoxicated than when the cells were incu
bated with toxin under normal conditions. The interpretation of these results 
was that the normal entry pathway for the toxin is from intracellular acidic 
compartments and that, when cells with surface-bound toxin are exposed to 
low pH, the conditions in endosomes are mimicked at the level of the surface 
membrane, and direct translocation is induced. 

Later, similar data was obtained with anthrax toxin (KoEH LER and COLLIER 
1991; MILNE and COLLIER 1993; WESCHE et al. 1998). In the case of other toxins. 
it has not been possible to induce entry from the cell surface by treating cells 
with low pH or other conditions, and it is therefore likely that. in this case. the 
entry mechanism is more complicated. The exception is CyaA from B. pertlls
sis which appears normally to enter through the surface membrane (ROGEL 
and HANSKI 1992). 

Considerable evidence has accumulated that endocytosis is required for 
the toxins to enter the cytosol. Thus, when endocytosis was blocked by deplet
ing the cells of ATP, they were not able to take up the toxin (SANDVIG and 
OLSNES 1982a). Other experiments indicating this phenomenon were carried 
out by depleting cells of calcium (SANDVIG and OLSNES 1982b) or exposing 
them to slightly reduced pH, conditions that do not interfere with endocyto
sis. Under these conditions, the cells are still able to endocytose the toxins. 
but the toxins are not able to intoxicate the cells. Treatment with antibodies 
to inactivate toxins remaining at the cell surface and in the medium was then 
followed by incubation of the cells in normal medium to relieve the block. 
Under these conditions, the cells were intoxicated by toxin endocytosed during 
the block. 

At temperatures below t8°C, endocytosis is still active. but transport to 
the trans-Golgi and to late endosomes is blocked. At this temperature. the cells 
were not intoxicated by ricin. The cells were, however. fully sensitive to diph
theria toxin under these conditions (SANDVIG et al. 1984). Evidence has accu
mulated over time that transport to the trans-Golgi network is an important 
route for many toxins. Further experiments showed that hrefeldin A and ili
maquinone, which lead to disintegration of the Golgi apparatus which is trans
ported back to the ER, protect against ricin and Shigella toxin (YOSHIDA et al. 
1991; N AMBIAR and Wu 1995; RAPAK et al. 1997). These drugs did not affect the 
toxicity of diphtheria toxin. Clearly, therefore, there is a difference in the entry 
mechanism of the two groups of toxins. However. a main conclusion from 
these data is that, in all cases. endocytic uptake is a prerequisite for entry to 
the cytosol. 

When the uptake of ricin by endocytosis from coated pits was blocked 
by depleting the cells of potassium, the cells were still intoxicated by ricin at 
approximately the same rate as in control cells. This provided the first evidence 
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that toxins can enter the cytosol by mechanisms bypassing endocytosis from 
coated pits. Later experiments showed that, when endocytic uptake from 
coated pits was inhibited by other mechanisms, such as acidification of the 
cytosol (but not of the medium) and by exposing the cells to hyperosmolaric 
medium, the cells were also intoxicated by ricin, but not by diphtheria toxin 
(SANDVIG et al. 1989). 

There is now considerable evidence that several toxins are endocytosed 
from structures different from the coated pits. It appears, however, that the 
toxins endocytosed by such alternative pathways eventually end up in the 
same endosomes as those taken up by the classical, clathrin-dependent 
pathway (V AN DEURS et al. 1989). 

D. Retrograde Vesicular Transport 

I. Transport to the Golgi Apparatus 

As first observed with cholera toxin, a certain fraction of the endocytosed toxin 
is transported to the trans-Golgi network (JOSEPH et al. 1979). Later experi
ments demonstrated that this is also the case in a number of other toxins, such 
as Shiga toxin and ricin (SANDVIG et al. 1992; RAPAK et al. 1997). Furthermore, 
in the case of ricin, it can be shown that the toxin is localized in the same com
partment as newly synthesized export proteins. Thus, a cell line producing a 
monoclonal antibody against ricin was highly resistant to the toxin under con
ditions where the antibody was not able to inactivate the toxin at the cell exte
rior (YOULE and COLOMBATTI 1987). More direct evidence was obtained in 
ultrastructural studies demonstrating that ricin imported from the medium 
meets newly synthesized virus proteins in the trans-Golgi network (V AN 
DEURS et al. 1988). From there, it is then sorted and moved to various loca
tions in the cells, such as the lysosomes or back to the cell surface. In polar
ized cells, the toxin may be transported to the opposite poles of the cells. 

II. Transport to the Endoplasmic Reticulum 

A most interesting recent development in studies of toxin transport is the 
observation that a considerable portion of the toxins that reach the Golgi 
apparatus are transported retrograde to the endoplasmic reticulum (ER). The 
first suspicion that this may be the case came from structural observations with 
cholera toxin and the related E. coli heat-labile toxin. Both these toxins consist 
of a pentameric B subunit that binds the toxins to gangliosides at the cell 
surface. The enzymatically active subunit, the A subunit, contains in its C
terminal end the sequence KDEL (cholera toxin) and RDEL (heat-labile 
toxin). Since the only known function of this sequence is to bind to the KDEL 
receptor, it was suspected that this sequence may indeed be involved in the 
intracellular routing of these two toxins (CHAUDHARY et al. 1990). Resident 
luminal ER proteins contain a C-terminal KDEL sequence. In the ER, where 
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the pH is neutral, the proteins are not bound to the KDEL receptor but, under 
the slightly acidic conditions prevailing in the Golgi apparatus, the sequence 
will become bound to the receptor, which will then transport the proteins back 
to the ER, where they are released. One function of the KDEL receptor, there
fore, is to retrieve ER luminal resident proteins that have escaped to the Golgi 
complex. Evidently, an external protein that contains this sequence might also 
be transported to the ER if it has first reached the Golgi apparatus. 

P. aeruginosa exotoxin A contains a C-terminal sequence that resembles 
the KDEL sequence, namely REDLK. Experiments have shown that this 
sequence, as such, does not bind to the KDEL receptor; however, it binds if 
the C-terminallysine is first removed by cellular exopeptidases (although not 
with high affinity). It was proposed that this sequence may direct the toxin to 
the ER (CHAUDHARY et al. 1990). In fact, removal of the REDLK sequence 
abolished the toxicity of the molecule, while replacing it with the sequence 
KDEL resulted in recovery of the toxicity. This strongly indicates that trans
port to the ER is necessary for this toxin to act. However, it has not been for
mally demonstrated that exotoxin A is really transported to the ER. 

The first convincing evidence for transport of an external protein retro
grade to the ER came with another toxin, Shiga toxin (SANDVIG et al. 1992). 
This toxin has a structure that resembles that of cholera and heat-labile toxin, 
but it does not have a KDEL-related sequence. Also, this toxin binds to a gly
colipid, and it has been known for some time that it is transported to the trans
Golgi region and possibly to the Golgi stacks. Treatment with butyric acid was 
found to sensitize some cells to the toxin and, upon analysis of butyric
acid-treated cells that had been incubated with a conjugate of Shiga toxin and 
horseradish peroxidase, the conjugate was found in the ER, including the per
inuclear space (SANDVIG et al. 1992). Interestingly, the retrograde transport 
of Shiga toxin and cholera toxin was not inhibited by treatment with con
canamycin, which blocks the proton pump in intracellular vesicles, whereas the 
retrograde transport of furin and TGN38 was inhibited under these conditions 
(SCHAPIRO et al. 1998) 

E. Translocation to the Cytosol 

I. From the Surface 

So far, only one bacterial toxin with an intracellular site of action has been 
demonstrated to be translocated from the cell surface, namely CyaA from B. 
pertussis. This protein (177 kDa) binds to, and apparently inserts into, mem
branes even at 4°C, as it cannot be removed by an alkaline carbonate wash. 
When the temperature is raised to 20°C or above, the toxin appears to translo
cate the enzymatically active part across the membrane. Calcium in the ex
tracellular medium and an intact membrane potential are required for this 
process. Thus, when the cells were electrically depolarized, translocation did 
not occur. This raises the possibility that the enzymatically active part of the 
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molecule is electrophoresed across the membrane. A 45-kDa fragment carry
ing the enzymatic activity may subsequently be released into the cytosol 
(ROGEL and HAN SKI 1992). Binding of calmodulin is required to activate the 
enzyme. 

II. From Endosomes 

Translocation from endosomes has been well characterized in two toxins, diph
theria toxin and anthrax toxin. In spite of their differences in primary struc
ture and subunit composition, these two toxins are translocated by very similar 
mechanisms. Both toxins appear to be equipped with their own translocation 
devise. In the case of diphtheria toxin, this is part of the B fragment, which is 
also involved in binding to receptors. The B fragment contains a highly helical 
domain, the transmembrane or T domain. At low pH, as obtained in endo
somes, this part of the toxin partially unfolds and inserts itself into the mem
brane, forming an ion-conducting pore initiated by a hairpin of hydrophobic 
helices (KAUL et al. 1996). The enzymatically active A-fragment is concomi
tantly translocated to the cytosol (Fig. 2). 

Anthrax toxin belongs to the group of binary toxins. One part, the PA, 
binds to receptors at the cell surface and is then cleaved to release a 20-kDa 
fragment (PETOSA et al. 1997). The rest of the molecule forms heptamers at the 
level of the cell surface and, at the same time, it generates a binding site for 
the other part of the toxin. This may be the edema factor or the lethal factor, 
which binds in a mutually exclusive manner. The heptamer formed by the 
cleaved PA inserts into the membrane at low pH and forms ion-conducting 
channels in the membrane in a manner very similar to that of diphtheria toxin. 
The enzymatically active part is translocated to the cytosol in the process 
(Fig. 3). 

In the cases of both diphtheria toxin and anthrax toxin, it is necessary that 
the enzymatically active part is able to unfold during translocation. Thus, when 
disulfide loops are introduced into the A fragment of diphtheria toxin (it nor
mally does not contain any), the translocation is blocked (FALNES et al. 1994). 
This is also the case if a ligand that confers tight folding is bound to a 
passenger protein that can otherwise be translocated along with the toxin 
(WIEDLOCHA et al. 1992). In the case of anthrax toxin, a fusion protein of diph
theria-toxin A fragment and the N-terminal part of anthrax-toxin lethal factor 
can be translocated into the cytosol, but the translocation is blocked by the 
introduction of a disulfide bridge in the molecule (ARORA and LEPPLA 1994; 
WESCHE et al. 1998). 

III. From the ER 

It now appears that an increasing number of toxins are translocated from the 
ER. Although several toxins have been demonstrated to be transported ret
rograde to the ER, it has been more difficult to demonstrate that the toxins 
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are also translocated from this organelle. Certain plant toxins are very similar 
in structure and mechanism of action to bacterial toxins. One such plant toxin, 
ricin, acts on ribosomes in the same way as Shiga toxin, but it has a different 
B subunit; this subunit has lectin properties and binds to surface glycoproteins 
and glycolipids having terminal galactose residues (OLSNES et al. 1974). This 
toxin was the first to be shown to be transported retrograde, from the cell 
surface to the trans-Golgi network (V AN DEURS et al. 1986, 1988) and, since 
sulfation occurs in the Golgi apparatus, we engineered a sulfation site into the 
C-terminal end of the toxin A chain. By subsequently incubating the cells with 
labeled sulfate, we could selectively label those molecules that had been trans
ported to the Golgi apparatus. In other experiments, where we also engineered 
glycosylation sites into the protein, we could demonstrate that the labeled 
protein was partly glycosylated and that parts of the A-chain molecules could 
be recovered from the cytosol (RAPAK et al. 1997). Importantly, it was mainly 
the glycosylated form that was found in the cytosol, indicating that only mol
ecules that had been in the ER were translocated. Therefore, it is likely that 
the ER is the site of translocation. 

This conclusion has become even more likely since it was found that mis
folded export proteins are translocated retrograde, from the ER to the cytosol, 
where they become degraded by proteasomes (HILLER et al. 1996; KNOP et al. 
1996; WERNER et al. 1996). A membrane-associated ubiquitinating enzyme 
appears to be important for this process. It is conceivable that toxins like ricin 
utilize this transport mechanism to penetrate the ER membrane. If that is so, 
the toxin must somehow avoid degradation by the proteasomes. 

F. Stability of Toxins in the Cytosol 
When wild-type diphtheria-toxin A fragment was microinjected into cells, it 
proved to be exceptionally stable. The natural A fragment has an N-terminal 
glycine residue, which is stabilizing, according to the N-end rule. However, 
even placing a destabilizing amino acid at the N-terminus of the A fragment 
did not result in very rapid degradation. However, when a Flag peptide was 
fused to the N-terminus, the N-terminal amino acid became very important 
for stability (FALNES and OLSNES 1998). When, in this case, a destabilizing 
amino acid was placed N-terminally, the toxic effect of the molecule was 
strongly reduced. 

A survey of A chains that are translocated to the cytosol revealed that 
there was not a strong tendency to avoid destabilizing amino acids at the N
terminal end (Table l). A possible reason for this is that a lysine residue, which 
could serve as a target for ubiquitination, is not present at a favorable distance 
from the N-terminus. In fact, it appears that toxins that may be translocated 
from the ER and might therefore be exposed to the membrane-bound ubiq
uitinating enzyme contain very few lysine residues; however, diphtheria toxin, 
which is translocated from endosomes and is therefore possibly less exposed 
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Table 1. The N-terminal residues of toxic proteins that enter the cytosol. 'Ille table lists 
experimentally determined or putative amino acids at the N-termini of the parts of 
protein toxins that are considered to enter the cytosol 

Toxin 
Diphtheria toxin. A chain 
Pertussis toxin. SJ subunit 
Ricin. A chain 
Abrin. A chain 
Tetanus toxin. light chain 
Botulinllm neurotoxins (A. B. CI. E). light chain 
Botulinum neurotoxin D. light chain 
Shiga/Shiga-like toxin. A chain 
Cholera toxin. A chain 
Pseudomonas exotoxin. cytosolic fragment 
Mistletoe lectin I. A chain 
Anthrax toxin, edema factor 
Anthrax toxin. lethal factor 

"BRAGG and ROBERTSON 1989. 
"CALDERWOOD et al. 1987. 
CDELANGE et al. 1979. 
d ESCUYER et al. 1988. 
'HUGlJET-SOU':R et al. 1996. 
'KRIEGLSTEIN et al. 1991. 
~KlJRAZONO et al. 1992. 
hLAMB et al. J985. 
'NICOSIA et al. 1986. 
'OGATA et al. 1990. 
kSTROCKBINE et al. 1988. 
'WOOD et al. 1991. 
"'YAMAMOTO et al. 1987. 
"FUNATSU et al. 1973. 

N-terminal amino acid 
(ily' 
As~' 
IIc u, 

Glu/Gln' 
Pro' 
Pro~ 

'Ill r~ 
Lysb,' 
Asn'" 
Gly' 
Tyr' 
C~lud 
Ala" 

to ubiquitinylation. contains a normal number of lysines (HAZES and READ 

1997). 
We found that ricin translocated to the cytosol accumulates to a larger 

extent in the presence of lactacystin (which inhibits the proteasomes) than in 
its absence. Therefore. some degradation of the translocated ricin apparently 
takes place in the absence of the inhibitor. In accordance with this. the cells 
were also somewhat sensitized to ricin in the presence of lactacystin. 

G. Translocation of Fusion Proteins 
It is an old concept that antibodies could be used to target toxins to cells 
of interest, such as cancer cells (EHRLICH 1957). Originally. it was thought 
that it is sufficient that the antibody be efficient in targeting the molecule to 
the surface of the target cells. From our present knowledge. this is only one 
criterion. 
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Immunotoxins may consist of an antibody linked to a whole toxin or only 
to its enzymatically active effector part. In the first case, the selectivity is 
usually low, as the conjugate will bind to the toxin receptors in addition to the 
target of the antibody. Higher selectivity is often obtained by linking only the 
effector moiety of the toxin to the antibody (OLSNES et al. 1989). However, in 
this case, the conjugate does not have a translocation moiety, and it is depen
dent upon the translocation ability of the target cells. It is likely that, in this 
case, the conjugate must be transported to the ER for translocation to take 
place. This means that the antibody must be directed against a cell-surface mol
ecule that is able to direct the conjugate retrograde to the ER. So far, no such 
protein has been described whereas, in the case of lipids, such transport 
appears to take place. A number of natural toxins are, in fact, bound to cell
surface lipids. 

In the future design of immunotoxins, it will be advisable to look for mol
ecules that are able to route the conjugate retrograde, or to cross-link the 
receptor to another molecule that is able to direct the whole complex to the 
ER. A chimeric antibody reacting with both a cell-specific antigen and a mol
ecule that is targeted to the ER could be able to carry out this task. 

A more recent development in the field of toxin applications is to use 
toxins or their mutated, non-toxic counterparts to carry peptides into the 
cytosol for presentation by major histocompatibility complex (MHC) class-I 
molecules (STENMARK et al. 1991). There is a continuos breakdown of proteins 
in the cytosol, and some of the peptides produced by the proteasomes in this 
process are transported into the ER by the transporter associated with anti
gen processing (TAP) transporters (ROMISCH 1994) and become bound to 
newly synthesized MHC class-1 proteins. The complex, together with {J2-
microglobulin, is transported to the cell surface, where it is presented to cyto
toxic lymphocytes, which recognize the complex if it contains a peptide not 
present in the normal complement of proteins. Foreign proteins that appear 
in the cytosol, such as viral proteins and mutated autologous proteins (such as 
those present in cancer) are also broken down and, when their peptides are 
presented at the cell surface, they are recognized as foreign, and the cell is 
destroyed before the virus can multiply or before the malignant cell can 
develop into a tumor. Exposure to a foreign peptide presented in this way 
leads to expansion of the relevant cytotoxic T-cell clone, i.e. an immunization 
effect. 

It has been difficult to obtain a vaccination effect in the MHC class-l 
system, because the protein in question must be transported to the cytosol 
to be chopped up by the proteasomes into suitable pieces to bind to the MHC 
class-l molecules. The ability of protein toxins to enter the cytosol opened 
up the possibility of using toxins as carrier molecules to transport passenger 
pep tides and proteins into the cytosol (STENMARK et al. 1991; WIEDLOCHA 
et al. 1992; KLINGENBERG and OLSNES 1996). The possibility of detoxifying 
the molecules without depriving them of their ability to be translocated 
could allow the development of a vaccine that does not have the potential 
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side effects inherent in the use of attenuated viruses and injection of nucleic 
acids. 

In attempts to test the principle, various peptides that are known to be 
presented by MHC class-l molecules were fused to the N -terminus of the A 
fragment of diphtheria toxin. After binding the recombinant toxins to cells, it 
was possible to induce translocation of the fusion proteins into the cytosol in 
good yield (STENMARK et al. 1991). Attempts to demonstrate presentation by 
class-l molecules were, however. unsuccessful. 

Later, it was shown (with anthrax toxin and B. pertussis CyaA) that pep
tides fused to the toxins are indeed able to induce a class-l immune response 
in mice (BALLARD et al. 1996, 1998; SARON et al. 1997). This indicates, but does 
not prove, that the toxins transported the peptides to the cystosol by the toxin 
pathway. As mentioned above, it now appears that proteins that are misfolded 
in the ER are translocated backwards into the cytosol, where they are degraded 
by the proteasomes. Clearly, therefore, if a fusion protein is transported retro
grade to the ER, it may be transported into the cytosol either as a conjugate 
with the toxin or after partial proteolytic degradation that could take place 
either at the level of endosomes, in the Golgi apparatus or in the ER. 

Whole proteins, such as acidic fibroblast growth factor (WIEDLOCHA et al. 
1992), dihydrofolate reductase (KLINGENBERG and OLSNES 1996) and a second 
A fragment of diphtheria toxin (MADSHUS et al. 1992) can be translocated into 
cells by the toxin pathway. Unfortunately, most whole proteins that were fused 
to the toxin were not translocated. Apparently, the reason for this is that the 
proteins must be able to unfold at low pH to follow the A fragment across the 
membrane, and most proteins are not able to do this. 
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CHAPTER 2 

Common Features of AD P-Ribosyltransferases 

Y. MASIGNANI, M. PIZZA, and R. RAPPUOLI 

A. Introduction 
Mono-adenosine diphosphate (ADP) ribosylation is a post-translational mod
ification of proteins that occurs in viruses, bacteria and eukaryotic cells (UEDA 
and HAYAISHl 1985; ALTHAUS and RICHTER 1987). During this reaction, the 
ADP-ribose moiety of nicotinamide adenine dinucleotide (NAD) is trans
ferred onto an acceptor amino acid of the substrate molecule, which is usually 
forced to undergo a functional change (Fig. 1). When the reaction is mediated 
by a toxin, this event ultimately results in either malfunction or death of the 
target eukaryotic cells. 

Based on their overall structure, ADP-ribosylating toxins can be divided 
into AlB toxins, binary toxins and A-only toxins, depending on whether they 
have the catalytic and binding domains in the same molecule, in different mol
ecules, or whether the binding domain is totally absent (Table 1). In all cases, 
the A domain bears the catalytic site and is thus responsible for the toxic activ
ity, while the B subunit, when present, appears to be involved in recognition 
and binding of the whole molecule to the specific surface receptor. The B 
subunit is also involved in the translocation of the toxic moiety within the cell 
(MIDDLEBROOK and DORLAND 1984). 

B. The Well-Characterized Toxins 
Among mono-ADP-ribosyltransferases, the bacterial toxins, such as 
cholera toxin (CT; MEKALANOS et al. 1983), heat-labile enterotoxin from 
Escherichia coli (LT; SPICER and NOBLE 1982; YAMAMOTO et al. 1984), pertussis 
toxin (PT; LOCHT et al. 1986; NICOSIA et al. 1986), diphtheria toxin (DT; 
PAPPENHEIMER 1977; COLLIER 1982) and Pseudomonas aeruginosa exotoxin 
A (PAETA; GRAY et al. 1984; WICK et al. 1990), are the best characterized 
in terms of molecular structure and substrate specificity. Functional and 
structural studies performed on these toxins allowed the understanding of 
the general rules, which can be extended to all the ADP-ribosylating 
enzymes known to date. PT, CT and LT are typical examples of the AlB 
family of toxins (Table 1). where the two subunits are linked together by non
covalent bonds. 
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In the case of PT, the A domain is represented by the subunit Sl (21 kDa), 
which bears the enzymatic core; Sl is also responsible for the binding of NAD 
and for the transfer of the ribose group to an acceptor amino acid (cysteine) 
of a group of guanosine triphosphate (GTP)-binding proteins, such as G i and 
Go (KATADA et al. 1983; WEST et al. 1985), that are involved in the mechanism 
of signal transduction in eukaryotic cells. B is a non-toxic oligomer formed 
by four distinct subunits named S2 (22kDa), S3 (21.8kDa), S4 (12kDa) and 
S5 (11.7kDa), where S4 is present in two copies (TAMURA et al. 1982). The B 
oligomer binds the receptor on the surfaces of eukaryotic cells and facilitates 
the translocation of the enzymatically active portion across the cell membrane, 
where it can reach the target G proteins. 

In the case of CT and LT, the main target for the ADP-ribosylation reac
tion promoted by the A subunit (27 kDa) is Gs, a protein which activates 
the adenylate cyclase, thus inducing the synthesis of the cyclic adenosine 
monophosphate second messenger (GILMAN 1984). The B oligomer is formed 
by five identical subunits (11.7 kDa each) that assemble into a pentameric 
structure and are together responsible for the binding to the receptor (Moss 
and VAUGHAN 1988). The genes coding for CT and LT are highly homologous 
(DALLAS and FALKOW 1980; SPICER et al. 1981; DOMENIGHINI et al. 1995) and 
are organized into operons located on the chromosome of Vibrio cho/erae and 
on a plasmid of E. coli (So et al. 1978), respectively. 

Slightly different are the architectures of DT (58.3 kDa) and PAETA 
(67kDa), which are nevertheless included in the class of AlB toxins (Table 1). 
They are composed of three domains, of which the catalytic domain C is con
tained in fragment A, while the transmembrane domain T and the receptor
binding domain R are contained in fragment B. Both of them display their 
toxic activity by transferring the ADP-ribose moiety to a post-translationally 
modified histidine residue of eukaryotic elongation factor 2 (EF-2; BROWN and 
BODLEY 1979; NESS et al. 1980), thus blocking protein synthesis and killing the 
cell. 

With the exceptions of CT and LT, which share more than 80% amino acid 
identity (DALLAS and FALKOW 1980; SPICER et al. 1981; DOMENIGHINI et al. 
1995), no structural similarities can be detected among the various B domains. 
This observation is generally justified by the different specificity the toxins 
display for their eukaryotic receptors. Also, in the case of the A subunits, 
no significant and extended sequence homology that was able to justify the 
observed common mechanism of catalysis could be detected. 

Nevertheless, biochemical experiments on photo affinity labeling and 
studies of site-directed mutagenesis demonstrated that all the toxins possess 
a catalytic glutamic acid so important for enzymatic activity that not even a 
conservative substitution with an aspartic acid can be tolerated without loss 
or drastic decrease of toxicity (DOUGLAS and COLLIER 1987; WILSON et al. 1990; 
LOBET et al. 1991; ANTOINE et al. 1993). This finding suggested that the active 
sites might display more structural similarities than those anticipated by the 
lack of a clear sequence homology and prompted a number of studies that 
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finally led to the identification of a common architecture for the enzymatic 
cores of most bacterial ADP- ribosyltransferases (DoM EN IGHI NI et al. 1994; 
DOMENIGHINI and RAPPUOLI 1996). 

C. A Common Structure for the Catalytic Site 
Today, crystallographic data are available for LT (SIXMA et al. 1991) , CT 
(ZHANG et al. 1995), PT (STEIN et aI.1994), DT (CHOE et al. 1992) and PAETA 
(ALLURED et al. 1986). Computer-modeling studies based on the comparative 
analysis of the above-mentioned X-ray structures helped to identify a minimal 
conserved region necessary for NAD binding and catalysis; this region was 
almost perfectly superimposable for all the bacterial toxins (DOMENIGHINI et 
al. 1994). 

In terms of tertiary structure, the active site is formed by a ,B-strand fol
lowed by a slanted a-helix , which has a different length in the various toxins 
(spanning from 12 residues for DT, PAETA and LT, to 2J residues in the case 
of PT). The ,B-strand and the a-helix represent, respectively, the lower and the 
upper faces of the cavity in which the nicotinamide ring of NAD enters and 
is anchored during the enzymatic reaction (Fig. 2). 

Region 2 

Region 1 
Region 3 

Fig.2. Superimposition of the three-dim ensional structures of the nicotinamide 
adenine dinucleotide-binding cavities (region 2) of the bacterial toxins heat-labile 
enterotoxin (LT), pertussis toxin (PT), diphtheria toxin (DT) and Pseudolllonas aerug
inosa exotoxin A (PAETA). The catalytic residues brought by region I (Arg/His) and 
by region 3 (Glu) and common to the two homologous groups (Fig. 3) are shown. In 
addition, the two essenti al tyrosines of the DT group are indicated. Primary structures 
of region l. 2 and 3 (and their a lignments) are reported in Fig. 3 
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A careful analysis of the primary structure of the A subunits showed that 
they can be classified into two groups: the DT-like group, mainly composed of 
DT, PAETA and human poly-ADP-ribosyl polymerases (PARPs), and the CT
like group, comprising CT, LT, PT, the mosquitocidal toxin (SSII-1) of Bacil
lus sphaericus, exoenzyme S (ExoS) of P aeruginosa, iota toxin of Clostridium 
perfringens and other bacterial and eukaryotic ADP-ribosyltransferases 
(Fig. 3). Although all the toxins share a similar tertiary structure in the region 
of the catalytic domain, at the amino acidic level the only residue which is 
strictly conserved in all the toxins of the DT and CT subgroups is the glutamic 
acid mentioned above (namely Glu148 of DT, Glu 553 of PAETA, Glu112 of 
CT and LT and Glu129 of PT). The above residues retain an equivalent spatial 
position and orientation, residing in a short {3-strand flanking the external side 
of the cavity. 

Another residue that is well conserved along the sequences is His21 of 
DT. This residue can be aligned to His440 of PAETA and to Arg7 and Arg9 
of CT -LT and PT, respectively. The available crystal structures reveal that 
these amino acids are located in essentially identical positions within the active 
site cleft; they are opposite the glutamic acid on an antiparallel {3-strand close 
to the internal face of the catalytic site. Experiments using site-directed muta
genesis involving His21 of DT, His440 of PAETA, Arg9 of PT or Arg7 of CT 
and of LT diminished or completely abolished ADP-ribosylation activity, thus 
suggesting a functional relationship between these residues and a common 
important role in the enzymatic activity (BURNETTE et al. 1988,1991; PAPINI et 
al. 1990; LOBEr et al. 1991; HAN and GALLOWAY 1995). 

Although several models have been proposed to explain its possible func
tion, it is now widely accepted that this residue does not playa direct role in 
catalysis; alternatively, it may have a function in maintaining the integrity of 
the active-site pocket upon formation of structurally stabilizing hydrogen 
bonds (JOHNSON and NICHOLLS 1994). In the case of His21 of DT, in fact, 
the only acceptable substitution is with glutamine, the only residue capable 
of maintaining two hydrogen bonds. Nevertheless, mutations at the His440 
position of PAETA, while affecting the enzymatic activity, have little or no 
effect on NAD binding (HAN and GALLOWAY 1995). This suggests that His440 
may not be exactly homologous to His21 of DT or to the arginines of the CT 
group. 

Extending the analysis to all the primary structures known to date, we can 
delineate three major blocks of homology, referred to as regions 1,2 and 3 
(Fig. 3). Regions 1 and 3 contain the amino acids involved in catalysis, whereas 
region 2 delineates the scaffold of the cavity. 

I. Region 1 

Region 1 is characterized by the above-mentioned Arg/His residue and is well 
conserved between the DT and CT groups. This domain can be extended 
upstream to a couple of well-conserved amino acids, where the first is 



* C
T

gr
ou

p 
N

 
0

0
 

R
EG

IO
N

 I
 

R
E

G
IO

N
 2

 
R

E
G

IO
N

 3
 

.. 
"'\

J'
 

• r
on

 0
0

 0
 

.. 
C

T
 

"
II

D
D

G
 Y

V
S

T
S 

S
L

R
S

A
H

L
V

G
Q

T
I"

 
In

 H
P

 

L
T

 
"

Y
D

D
G

 Y
V

S
T

S 
S 

L
 R

 S
 A

 H
 L

A
G

 0
 S

 I
 
,.

 
u

n
 H

P
 

L
T

 -
I 

I 
5

J
Y

N
O

G
 y

v
S

T
T

 
T
~
R
O
A
H
L
I
G
O
N
I
"
 

1
(1

' 
y

p
 

S
S

I
 I

 
(

H
T

X
) 

1
4

0 
F

V
S

T
T

F
 A

 R
 Y

 N
 N

 L
 G

 L
E

I
 T

 1
~~
 

In
 P

'P
 

P
T

 
5

0
 
F

V
S

T
S

 
S

R
R

Y
T

E
V

Y
L

E
H

R
M

Q
E

A
V

E
A

E
R

" 
E

x
o

S
 

U'
D

D
G

 Y
L

S
T

S
L

 N
 P

G
V

/,
R

 S
G

Q
G

T
 I

 1
5. 

C
2

_
b

o
t

u
l

i
n

u
m

 
)

4
5

 
S

P
S

T
S

 
K

S
T

P
L

S
F

'S
l)

' 
'" 

C
3

_
b

o
tu

l
i

n
u

m
 

!J
I

G
 
Y

I
S

T
S

, 
M

S
A

Q
F

'C
C

R
 1

"
5 

1
6

1
 

P 
P

 

C
3

_
t

y
p

e
I
I
 

n
l

G
 Y

I
S

T
S

, 
M

N
V

 S
Q

 F
 A

G
 1

4
5

 
u

t 
F

A
a

O
L

c
,H

IL
L

P
"

. 
I 

P
R

O
A

A
R

Y
O

T
E

S
 

C
3

_
1

im
o

s
u

m
 

l:
h

 
G

 Y
I

S
T

S
L

 V
N

C
S

A
F

A
G

R
1

1
' 

I.,
 F

 
K

 

IO
T

A
_

to
x

 
J
h

 F
 
I

S 
T

S 
I 

G
S

V
N

M
S

A
f'

A
K

R
K

l 
'!>

-fo 
)1

5
 
Y

A
 

B
.

c
e
r
e
u

s
 

.
~
-

y 
p 

E
d

i
n 

I'
J°

G
 Y

S
S

T
Q

L
 V

S
G

A
A

V
G

G
R

 I
n

 
2

1
0

 
y 

Y
 

O
r
~
T
 

, .. 
v

S 
F

S 
S 

D
R

G
V

A
D

C
F

G
D

T
 I

 
lH

 
n

. 
F

G
 

H
.l

o
v

i
b

r
i

n 
"
'G

 y 
.

S
G

S
( 

s 
I'.

 
T

4
 

5
0

1
 
F

V
S

T
S

 
Y

 P
N

 1
 F

G
T

W
5

1
4

 
~'
1 

P
 S

 

T
2

 
5

0
4 

F
'V

S
T

S
 L

 ~
 P

 I
 
r 

F 
G

 R
 F

' 5
1

1
 

5
.5

 
I 

A
 

A
 1:1

 

M
o

n
o

 
R

a
b

b
i

t.
 

lU
G

 
F

A
S

A
S

L
 K

N
V

A
 A

 O
Q

 2
1

2
 

u
s 

F 
P 

] 
M

o
n

O
 

C
h

i
c

k
e
n

 
t7

°
P

T
S

S
S

L
 Q

K
K

 V
A

 E
 F

 I
n

 
."

 F
 P

 

R
T

6
-

1
-

K
o

u
s

e 
tU

P
A

-S
S

S
L 

N
R

 S
V

A
T

 S
 1

5
7

 
."

 '
I

T
 

R
t

6
-

2
-

M
o

u
.

o 
'"

 iF
S

S
S

S
L

 
X
H
V
A
.
L
I
~
7
 

u.
 y

p
 

£
O

K
A

R
Y

O
T

E
:S

 

R
T

6
-

1
-

R
ll

t 
u

"
F

T
S

S
S

L
 S

K
T

V
A

Q
S

lS
7 

In
 F

 P
 

Y
A

c
-
l
-

M
O

U
8

0 
a
'(

l 
F

A
S

A
S

 
1

"1
0

 
F

P
 

Y
A

C
-

2
-

H
o

u
s
e

 
,,,

 F
T

S
S

S 
'"

 
1"

17
 
F

P
 

* D
T

 g
ro

up
 

:<
 

3:::
 

] 
>

 

Iir 
-rl'

"""
"~

" 
.. ~

. 
P

R
O

K
A

R
 Y

O
T

E
S

 
~
 

D
T

 
C

l 
P

A
E

T
A

 
v
tl

 
T

 ~
n
 

.~
, 

:R
 G

 F
"
t 

I 
A

G
 D

 P
A

 L
A

Y
 

"u
 

5!
o 

2t
 T

 
L

 
Z

 >
 

] 
Z

 
P

A
R

P
 

(c
o

n
s
e

n
s
u

s
) 

w
B

 
S

Il
U

 
"
'K

G
I
 

F
A

D
M

V
S

K
S

A
 

.-ae
 

t 
.
.
 

r: 
y 

V
 

EU
K

A
A

Y
O

TE
S 

"a
: 

$ 
u

u
 

U
ll

 
.
~_

~_
~

F
A
E
N

S 
S

K
S

N
 

I
lU

 
'" 

T
A

N
K

Y
R

A
S

E
 

lH
o

l 
!
lv

 
~
 

~
 



Common Features of ADP-Ribosyltransferases 29 

hydrophobic (generally Leu or Val) and the second aromatic (generally Tyr or 
Phe; Fig. 3). 

II. Region 3 

The domain referred to as region 3 shows a different consensus pattern in the 
two groups of toxins. In the DT family, in fact, it is composed by the only cat
alytic glutamic acid (followed by an aromatic and a hydrophobic residue) 
while, in the CT group, the consensus can be extended to a few neighboring 
residues. In particular, a second polar amino acid, Glu or GIn, is always present 
upstream of the essential Glu, and a short stretch of hydrophobic residues 
follows downstream in most cases. X-ray structures of LT and PT show that 
the side-chains of these polar residues are parallel and extend towards the 
internal portion of the catalytic domain, thus suggesting a potentially equiva
lent role for them in the mechanism of catalysis. 

The recent publication of crystallographic data for the DT -NAD complex 
(BELL and EISENBERG 1996) establishes that the carboxylate group of the side 
chain of Glu148 lies near the nicotinamide ring of NAD, at a distance of 4A 

Fig.3. Sequence alignment of protein segments containing regions 1,2 and 3 of known 
adenosine diphosphate (ADP)-ribosylating enzymes. Two groups of homology are 
reported. The cholera toxin (CT) group comprises sequences from bacterial species, 
such as: CT (PIR == A05129), heat-labile enterotoxin (LT; SWISS == P06717), LT type II 
(PIR == A29831), Bacillus sphaericus mosquitocidal toxin SSII (PIR == S27514), Borde
tella pertussis toxin (SWISS == P04977), Pseudomonas aeruginosa exoenzyme S 
(GenBank == L27629), Clostridium botulinum toxins (DDBJ == D88982), C3 (PIR == 
A41021) and C3 type II (SWISS == P15879), C. limosum exoenzyme C3 (EMBL == 
X87215), C. perfringens iota toxin (GenBank == X73562), Bacillus cereus exoenzyme (a 
fragment in NCBI gibbsq1599l3), Staphylococcus aureus epidermal differentiation 
inhibitor (PIR == JG00l6), Rhodospirillum rubrum nitrogen-regulatory factor DraT 
(SWISS == P14299) and Vibrio fischeri halovibrin (GenBank == U38815). The CT group 
also features sequences from ADP-ribosyltransferases produced by bacteriophages T4 
(SWISS == P12726) and T2 (GenBank == X69893), sequences from the eukaryotic mono
ADP-ribosyltransferases: mono-rabbit (SWISS == Q03515) and mono-chicken (EMBL 
== X82397), RT6-1 (SWISS == P17981) and RT6-2 (GenBank == AFOl6465) from mouse, 
the corresponding RT6-1 (SWISS == P17982) and RT6-2 (SWISS == P20974) from rat 
and Yac-l (SWISS == Q60935) and Yac-2 (GenBank == U60881) from mouse. The diph
theria toxin (DT) group comprises sequences from the bacterial proteins Corynebac
terium diphtheriae toxin DT (SWISS == P00588) and P. aeruginosa exotoxin A, PAETA 
(SWISS == P11439), and from the eukaryotic poly-ADP-ribosyl polymerases (PARPs; 
the consensus of nine sequences is reported, but the numbering refers to the human 
PARP, SWISS == P09874). The human RFl-interacting ankyrin-related ADP-ribose 
polymerase, Tankyrase, has been added (GenBank == AF082556). Catalytic residues of 
regions 1 and 3 and the most relevant and conserved residues in region 2 are reported 
as shaded letters. Extended consensus sequences detected in the three regions are 
boxed, while other partially conserved residues are in bold. In terms of secondary struc
ture, regions 1 and 3 are observed and predicted to be folded as short ,B-strands (arrow) 
that face on opposite sides the enzymatic cavity corresponding to region 2. The folding 
of region 2 is characterized by a portion of unstructured coil (solid line) followed by a 
,B-strand (arrow) and an a-helix. Numbering of the sequences is reported in upper case 
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from the N-glycosidic bond. Applying this observation to all the toxins. the 
more plausible explanation in terms of enzymatic activity is that the essential 
glutamic acid could playa role in stabilizing a chemical intermediate of NAD 
during a S" I-type mechanism. in which the nicotinamide ring might be 
dissociated. 

III. Region 2 

The other reported block of homology is region 2. which includes a number 
of amino acids that. while maintaining the same secondary structure in both 
DT and CT families (Fig. 2). still strongly differ in terms of sequence (Fig. 3). 
This region corresponds to the core of the active-site cleft. which is devoted 
to the docking of NAD. The difference detected. in terms of primary structure. 
between the two subgroups suggests that the toxins may adopt diverse mech
anisms of binding. The consensus sequence generated for the DT group is char
acterized by two conserved tyrosines spaced by ten amino acids and located 
on the middle portion of the ,a-strand and on the internal face of the a-helix. 
respectively (Fig. 2). 

Tyr 54 and Tyr 65 of DT and Tyr 470 and Tyr 4~1 of PAETA have been 
shown to playa very important role in catalysis. since they anchor the nicoti
namide ring. creating a n pile of three aromatic rings. which strengthens the 
overall binding of NAD and stabilizes the complex (CARROLL and COLLIER 
1984; LI et al. 1995). In PT. a similar role is likely to be played by Tyr 59 and 
Tyr 63. which have a similar spatial orientation and distance from each other. 
This observation is supported by the fact that in CT and LT. where the stack
ing interactions produced by the two tyrosines are lacking. the affinity for 
NAD is WOO-fold lower (GALLOWAY and VAN HEYNINGEN 1987). 

The consensus observed for the DT group can be extended upstream to 
another three residues (Arg/Lys-Gly-hydrophobic/aromatic) which precede 
the first tyrosine (Fig. 3). In the case of the CT group. region 2 is centered on 
a conserved core domain characterized by the consensus Ser-Thr-Ser. which 
is observed and predicted to fold into a ,a-strand representing the floor of the 
cavity. No conclusive information is available to define the precise role of these 
small. polar residues in catalysis. but experiments using site-directed mutage
nesis confirm that they are extremely important in maintaining the cavity 
available for NAD entrance and docking. 

Substitution of Ser 61 of LT with Phe has been shown to produce a non
toxic mutant (HARFORD et al. 19~9). In a similar manner. LT and CT mutants 
where Ser63 is substituted by Lys (PIZZA et al. 1994: FONTANA et al. 1(95) result 
in a complete loss of toxic activity while still maintaining a good capacity for 
the production of the holotoxin. This phenomenon can be explained by the 
analysis of the crystal structure of LT-Ser63Lys (LTK63) (V AN DER AKKER et 
al. 1(97). which has recently been resolved. 

The mutant. in fact. appears to be completely identical to the wild-type 
LT across the entire molecule. with the exception of the active site. where 
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Lys63 introduces into the cavity a bulky and charged side chain that, 
while filling the space usually occupied by NAD (thus impairing its binding; 
Fig. 4A) can, concurrently, stabilize the structure by forming a saline 
bridge with Glu 112. On the basis of these data, the core region Ser-Thr
Ser can be extended to give the more general consensus "aromatic
hydrophobic-Ser-Thr -Ser -hydrophobic" . 

Another amino acid that has been proposed as being important in catal
ysis is His35 of PT (Xu et al. 1994). This is located near the beginning of the 
f3-strand which forms the floor of the cavity, in a position equivalent to that of 
His44 of LT and CT (YAMASHITA et al. 1991). A functionally homologous His 
is also present in the mosquitocidal toxin SSII-l from B. sphaericus (THANA
BALU et al. 1991) but is absent in DT and PAETA. In the three-dimensional 
structure, this residue appears to be sufficiently close to the oxygen atom of 

••• ;mew A 

8 

Fig.4. Description of two of the most interesting mutants constructed for heat-labile 
enterotoxin (LT). A Three-dimensional structure of the enzymatic cavity of the 
wild type LT (left) and of the mutant LTK63 (right). The arrows point out how much 
this single point mutation can affect the dimensions of the pocket and, thus, the 
entrance of a nicotinamide adenine dinucleotide molecule. B Structure of the wild type 
LT (left) and of the mutant LTK97 (right). Glu1l2 is involved in one hydrogen bond 
in the native structure and in two in the mutant 
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the ribose ring of NAD to interact with it and increase the electrophilicity of 
the adjacent anomeric carbon atom. The absence of an equivalent residue in 
DT and PAETA again supports the idea that the two groups of toxins perform 
the same enzymatic activity in slightly different fashions. 

An additional feature that is common to all ADP-ribosylating toxins is 
the need for a conformational rearrangement in order to achieve enzymatic 
activity. In the native structure, in fact, the NAD-binding sites of LT and CT 
are obstructed by a loop comprising amino acids 47-56; this loop needs to be 
displaced in order to produce a functional NAD-binding cavity. A function
ally homologous region is also present in PT, where the loop comprises 
residues 199-207. 

In the case of DT, where the crystallographic data of the complex are 
available, the observation that the active-site loop, consisting of amino acids 
39--46, changes structure upon NAD-binding suggests that these residues may 
be important for the recognition of the ADP-ribose-acceptor substrate. EF-2 
(WEISS et al. 1995; BELL and EISENBERG 1996). This proposal is supported by 
at least two lines of evidence. First, DT and PAETA have a high degree of 
sequence similarity in this loop region. with a number of identical or highly 
conservative substitutions, supporting the idea that these residues have some 
essential function (CARROLL and COLLIER 1988; OLSON 1993). Second. anti
bodies raised against a peptide corresponding to this loop sequence were able 
to prevent the catalytic domain of DT from catalyzing the ADP-ribosylation 
of EF-2 (OLSON 1993). 

In conclusion, the reported studies of X-ray and sequence analysis. sup
ported by experimental evidence, have clearly demonstrated that all the bac
terial ADP-ribosylating toxins known to date share some basic features. In 
particular. they are characterized by a common folding of the NAD-binding 
site, by the existence of few conserved amino acids involved in catalysis. and 
by the requirement for a conformational change in order to acquire activity. 

The recent publication of crystallographic data for the DT -NAD complex 
and the presence of common features within all ADP-ribosylating toxins allow 
us to speculate on a possible common mechanism of catalysis. The best hypoth
esis is that NAD enters the cavity upon displacement of the mobile loop. which 
is then made available for the recognition of the substrate. NAD is subse
quently docked at the bottom of the pocket. where a small residue (the con
served serine in the f3-a box of the CT group or Thr56 of DT and A1a472 of 
PAETA) is required to allow good positioning. The nicotinamide moiety of 
NAD is then blocked in a suitable position by means of stacking interactions 
provided by a couple of aromatic rings (Tyr 54 and Tyr 65 of DT. Tyr 470 and 
Tyr 481 of PAETA and possibly Tyr 59 and Tyr 63 of PT). In this context. the 
conserved Arg/His might display its key role in maintaining the correct shape 
of the active-site pocket via hydrogen bonds formed with the backbone of the 
structure and possibly with the ribose moiety. The enzymatic reaction is then 
catalyzed hy the essential glutamic acid. which is likely to stahilize a positively 
charged oxocarhonium intermediate of NAD. in order to favor its subsequent 
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interaction with the nucleophilic residue of the incoming substrate (diph
thamide in the cases of DT and PAETA, arginine in the cases of LT and CT, 
and cysteine in the case of PT). 

D. Other Bacterial Toxins with 
ADP-Ribosylating Activity 

In addition to the well-characterized ADP-ribosyltransferases described in 
the previous sections, a number of other bacterial toxins that share a similar 
mechanism of action and some degree of sequence similarity in the region of 
the active site have been identified. Among these, the most represented family 
is that of clostridial toxins (AKTORIES 1994), comprising C. botulinum C2 toxin 
(AKTORIES et al. 1986) and exoenzyme C3 (N EMOTO et al. 1991), C. perfringens 
iota toxin (PERELLE et al. 1995) and C. spiroforme and C. difficile ADP
ribosylating toxins (POPOFF and BOQuET 1988a, 1988b). 

C. perfringens iota toxin, C. spiroforme and C. difficile ADP-ribosylating 
toxins have a structure and function very similar to those of C2 toxin of 
C. botulinum; they are all included in the class of binary toxins (Table 1). 
However, they are usually classified in a separate family of iota-like toxins, 
because they are immunologically related and do not show cross-reaction with 
the C2 toxin. 

The structural gene of the enzyme component C2I of the binary toxin C2 
of C. botlliinum has recently been cloned and sequenced (FuJII et al. 1996). 
Although no significant sequence identity with any other transferase was 
reported, a homology of 33% with the enzyme component of iota toxin was 
detected. Based on the alignment of C2I with iota toxin and other ADP-ribo
syltransferases, the key residues were identified and tested with experiments 
using site-directed mutagenesis (BARTH et al. 1998; Fig. 3). Change of Glu389 
to Gin blocked the ADP-ribosyltransferase activity and the NAD
glycohydrolase activity and prevented the cytotoxic effects of this toxin; thus, 
Glu389 of C21 appears to be functionally equivalent to Glu148 of DT, Glu554 
of PAETA, Glu112 of LT and Glu129 of PT. 

As in the case of most bacterial toxins, even the C21 component of C. bot
ulinum possesses a second glutamic acid two residues upstream of the invari
ant catalytic glutamate. The exchange of this second glutamic acid residue 
(Glu387) to glutamine in C2I results in a loss of transferase activity; sur
prisingly, this mutant still hydrolyzed NAD, indicating that this residue 
is essential for ADP-ribosyltransferase activity but is not required for NAD
glycohydrolase activity. In a similar fashion, substitution of Arg299 with Ala 
induced a dramatic reduction in transferase activity; thus, this residue is the 
equivalent of Arg7 of LT, Arg9 of PT, His21 of DT and Arg295 of iota toxin 
(PERELLE et al. 1996, BARTH et al. 1998). 

In the C21 toxin, the S-T -S motif central to region 2 is extended to 
S-S-T -S (Ser347-Ser350). Substitution of the first or the last serine residues 
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to alanine did not change the transferase activity substantially. Similarly, the 
change of both Ser347 and Ser 350 to alanines reduced but did not abolish 
transferase activity. These findings support the notion that neither residue 
Ser347 nor Ser350 are essential for catalysis. Whereas change of Thr349 to Val 
reduced the enzyme activity, the substitution of Ser348 with Ala eliminated 
transferase activity. Thus, Ser348 is very likely the correspondent of Ser61 of 
LT and may play an essential role in NAD binding or catalysis. 

The exoenzyme C3 of C. botulinllm is a 25-kDa ADP-ribosyltransferase, 
which apparently lacks the B moiety typical of the other toxins and, therefore, 
cannot enter eukaryotic cells. This toxin, which is therefore described as an A
only toxin (Table 1), is the prototype of a number of C3-like exoenzymes, such 
as C. limosum (JUST et al. 1992; lUNG et al. 1993) and B. cere LIS exoenzymes 
(JUST et al. 1995) and the epidermal differentiation inhibitor of Staphylococ
cus aureus (SUGAI et al. 1990). All these transferases have molecular masses 
of 25-28kDa, are rather basic proteins and appear to ADP-ribosylate 
GTP-binding proteins of the Rho family at an asparagine residue. Experi
ments using affinity labeling have identified Glu174 as the residue likely 
corresponding to the catalytic glutamic acid residue of bacterial ADP
ribosyltransferases. A glutamic acid residue conserved among the C3-like 
exoenzymes has also been identified (Fig. 3). 

P. aeruginosa is an opportunistic pathogen of humans which produces both 
cell-associated and secreted virulence factors. In particular, it synthesizes two 
ADP-ribosyltransferases, namely PAETA which we have already described, 
and ExoS (KULICH et al. 1994), which was purified from the culture super
natant in both 53- and 49-kDa forms, with only the latter showing enzymatic 
activity. 

ExoS lacks both the receptor-binding and the translocation domains; 
therefore, it belongs to the group of the A-only toxins (Table 1). In this case, 
bacteria intoxicate individual target cells by using a contact-dependent secre
tion system to inject or deliver toxic proteins into the cytoplasm of eukaryotic 
cells; in particular, ExoS is the only ADP-ribosylating toxin that has been 
shown to be delivered by a type III secretion system (Y AHR et al. 1996). 

Studies of sequence homology have identified short regions of primary 
amino acid similarity between ExoS and members of the CT-like group of bac
terial toxins. In particular, studies of site-directed mutagenesis show that the 
catalytic Glu112 of LT and Glu148 of DT can be aligned with Glu381 of ExoS 
(LIU et al. 1996), while the conserved S-T -S motif has an equivalent region in 
ExoS at positions 343-345. 

Another toxin included in Fig. 3 is the IOO-kDa mosquitocidal toxin SSlI-
1 isolated from strains of B. sphaericlIs. The primary sequence of SSlI-1 was 
compared with those of known toxins, and some regional homology was 
detected with bacterial ADP-ribosyltransferases (THANABALU et al. 1991). 

In particular, Arg97 of SSII-I aligns with Arg9 of PT and Arg7 of CT and 
LT, and the region spanning amino acids 140-144 (F-V-S-T -T) appears to be 
well conserved with region 2 of the CT-like family of toxins. On the basis of 
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these observations, the possibility that B. sphaericus SSII-1 toxin might have 
ADP-ribosyltransferase activity is under investigation. 

Finally, the purification, cloning and deduced amino acid sequence of a 
member of a new class of ADP-ribosyltransferases was reported by REICH and 
SCHOOLNIK in 1996. This enzyme, named halovibrin, was purified from the 
culture supernatant of the marine bacterium V fischeri. 

Recombinant E. coli clones harboring the DNA fragment containing the 
gene for halovibrin were shown to possess ADP-ribosyltransferase activity. 
Analysis of the deduced amino acid sequence - as reported by Reich and 
Schoolnick - did not show significant homologies to other ADP-ribosylating 
enzymes. Nevertheless, a further investigation performed by our group put 
into evidence the presence of regions that align well with all the catalytic 
residues detected for the other toxins (Fig. 3). 

E. Eukaryotic Mono-AD P-Ribosyltransferases 
Eukaryotic mono-ADP-ribosyltransferases represent a growing class of 
enzymes. During the last decade, mono-ADP-ribosyltransferases from mam
malian and avian cells have been cloned and characterized, and specific target 
proteins have been identified (ZOLKIEWSKA et al. 1994). Analysis of their 
deduced amino acid sequences have shown similarities to those of viral and 
bacterial toxin enzymes in the region of the active-site cleft, which is consis
tent with a common mechanism of NAD binding and ADP-ribose transfer 
(DOMENIGHINI and RAPPUOLI 1996). Recent studies suggest that, in vertebrates, 
this post-translational protein modification event may be used to control 
important endogenous physiological functions, such as the induction of long
term potentiation in the brain, terminal muscle cell differentiation and the 
cytotoxic activity of killer T cells (McMAHON et al. 1993; SCHUMAN et al. 1994; 
WANG et al. 1994). 

The first vertebrate ribosyltransferases were purified and sequenced from 
chicken bone marrow and from rabbit and human skeletal muscle, and their 
specific target proteins have been identified. The majority of eukaryotic 
enzymes are arginine-specific transferases; nonetheless, ADP-ribosylation of 
cysteines was reported in bovine and human erythrocytes and platelet mem
branes (SAXTY and VAN HEYNINGEN 1995). 

The family of mammalian enzymes consists of five proteins (ART1-5), 
sharing extensive similarities in their gene structures and amino acid 
sequences (OKAZAKI and Moss 1998). The rabbit ART1 is a 36kDa protein, 
and its deduced amino acid sequence possesses hydrophobic amino- and 
carboxy-terminal signal peptides that are characteristic of glycosylphosphaty
dylinositol (GPI)-linked proteins. There is roughly 75% sequence identity 
among ARTl muscle enzymes isolated from humans, rats and rabbits; this 
feature is consistent with considerable conservation across species. Like CT 
and LT, the muscle transferases specifically use the guanidino group of argi-
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nine as an AOP-ribose acceptor. The a-7 integrin has been recently shown to 
be the target protein for cell-surface mono-AOP-ribosylation in muscle cells 
(ZOLKIEWSKA and Moss 1993). 

The ART1 enzymes have significant amino acid sequence identity to the 
RT6 (ART2) family of rodent T cell differentiation and activation antigens 
(T AKADA et al. 1995). The expression of RT6 proteins appears in post -thymic 
lymphocytes and is restricted to peripheral T cells and intestinal intra
epithelial lymphocytes. In the mouse, there are two functional copies of the 
RT6 gene (RT6-1 and RT6-2; KOCH NOLTE et al. 1996: Fig. 3) located on chro
mosome 7. Rat and mouse ART2 sequences are roughly 80 cyo identical while. 
in humans and chimpanzees, the ART2 genes contain three premature stop 
codons and, thus, appear not to be expressed. In humans. the role of ART2 
may be assumed by other related AOP-ribosyltransferases. 

ART3 and ART4 were recently cloned from human testis and spleen. 
respectively, and they contain several regions of sequence similarity with 
ART]. Moreover, the hydropathy pro/lIes of the amino- and carboxyl
terminal sequences of ART3 and ART4 demonstrate hydrophobic signal 
sequences consistent with the possibility that these enzymes. like ART!. may 
be GPI-linked. 

An ART5 complementary DNA was cloned from Yac-Imurine lymphoma 
cells, and its deduced amino acid sequence has similarities to those of other 
ART proteins in regions believed to be involved in catalytic activity (OKAZAKI 
et al. 1996b; Fig. 3). Soon after, the cloning and characterization of a new 
AOP-ribosyltransferase (Yac-2), again from lymphoma cells. was reported 
(OKAZAKI et al. 1996a); the nucleotide and deduced amino acid sequences of 
Yac-l and Yac-2 enzymes are 58°/', and 33 % identicaL respectively. The Yac-2 
protein is membrane bound but. unlike the Yac-I, appears not to be G PI 
anchored. Also in this case. the amino acid sequence of the Yac-2 transferase 
contains consensus regions common to several bacterial toxins and mam
malian transferases and NAO glycohydrolases (Fig. 3). 

Other mammalian AOP-ribosyltransferases have been purified from rat 
brain and adrenal medulla (FUJITA et al. ILJ95). These enzymes have been 
shown to modify, to different degrees, ply-actin. smooth-muscle y-actin. G" G, 
and Go. The in vitro modification of brain and adrenal G proteins suggests 
potential mechanisms for cell signaling similar to those observed with the bac
terial toxins. 

Recent publications describe a novel enzymatic mono-AOP
ribosyltransfer reaction induced by a fungal metabolite, brcfeldin A (BFA: 
01 GIROLAMO et al. ] (95). This is a well-characterized protein that exerts 
generally inhibitory actions on membrane transport and causes the block 
of vesicular traffic in eukaryotic cells (COLANZI et al. ILJLJ7). In this case. the 
data obtained suggest a possible role for ADP-ribosylation in the Golgi
disassembling activity of BFA and also that the AOP-rihosylated substrates 
are components of the machinery controlling the structure of the Golgi appa
ratus (MIRONOV et al. lLJ97). 
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Although no significant overall sequence similarity could be detected 
between bacterial and eukaryotic mono-ADP ribosyltransferases, a significant 
homology in terms of primary sequence and predicted structural organization 
has nevertheless been shown in the region of the active-site cleft, with all the 
catalytic residues well conserved within the two groups (Fig. 3). This finding 
is consistent with a common mechanism of NAD binding and ADP-ribose 
transfer. 

In computer-modeling studies of mouse ART2, it has been shown that 
Arg126 is localized on a f3-strand (region 1), Ser147 on a f3-strand followed 
by an a-helix (region 2) and the active site Glu184 on another f3-strand 
(region 3), and that they are positioned in the catalytic cleft in a manner similar 
to that found in the crystal structure of the bacterial CT, LT and PT. In the 
alignment of deduced amino acid sequences of ARTl, ART4 and ARTS, a 
region-I arginine and region-2 serine similar to those in LT and PT appear to 
be conserved. Based on site-directed mutagenesis and amino acid sequence 
alignment, the region containing Glu-X-Glu, present in ARTl and ARTS, is 
postulated to be analogous to the region containing GlullO and Glu 112 of LT 
and CT. 

Moreover, the deduced amino acid sequences of human PARPs (and 
perhaps ART3) appear to have regions of similarity that align with DT and 
PAETA. To support this observation, the crystal structure of chicken PARP 
(RuF et al. 1996) and mutagenesis of human PARP (MARSISCHKY et al. 1995) 
demonstrated that Glu988, which is essential for ADP-ribose-chain elonga
tion, is positioned in a cleft similar to that found in bacterial toxins. These data 
are consistent with the hypothesis that the bacterial toxins and vertebrate 
transferases possess a common mechanism of NAD-binding and ADP-ribose 
transfer and that differences observed in the three-dimensional structures may 
reflect differences in substrate proteins. 

F. Practical Applications 
Computer analysis of the amino acid sequences of bacterial ADP-ribosylat
ing toxins, supported by knowledge of the three-dimensional structures now 
available for some of them, demonstrated a striking level of conservation 
among all the catalytic domains. Table 1 and Fig. 3 report a comprehensive list 
of all the ADP-ribosyltransferases known and the alignment of their consen
sus sequences. The definition of this common "signature" led to a series of sci
entific discoveries and to important practical applications. 

In the cases of LT and CT, computer modeling was used as a predictive 
tool in order to construct non-toxic derivatives of these molecules that could 
still be active as mucosal adjuvants and immunogens. 

Before the structure was available, site-directed mutagenesis and bio
chemical studies had already identified a number of amino acids essential for 
enzymatic activity that are located within the catalytic cleft (Arg7, His44, 
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Ser61 , Glu II 0 and Glu112). The availability of the three-dimensional struc
ture of LT allowed researchers to study the A subunit in more detail and to 
identify additional amino acids that may have roles in catalysis. 

Two of the more interesting mutants produced are LT-Ser63Lys (LTK63) 
and LT-Val97Lys (LTK97), for which X-ray structures have also been deter
mined (MERRITr et al. 1995; VAN DER AKKER et al. 1997). In particular, LTK63 
and the corresponding mutant obtained for CT (CTK63) show no detectable 
enzymatic activity and no toxicity in vitro or in vivo, even when huge amounts 
are used (GIANNELLI et al. 1997; GIULIANI et al. 1998). X-ray structures, in fact , 
have shown complete identity to the wild type LT across the entire molecule, 
with the exception of the active site, where the bulky side chain of Lys63 fills 
the catalytic cavity, thus making it unsuitable for NAD entrance (Fig. 4A). 
Nonetheless, many other biological properties, including receptor and 
ADP-ribosylation-factor binding, are maintained intact (STEVENS et al. 1<)<)<). 

LTK63 is an excellent mucosal adjuvant, though the activity is repro
ducibly reduced in comparison with LT (DOUCE et al. 1<)97; GIULIANI et al. 
1998), while CTK63 is a less active mucosal adjuvant (DOUCE et al. 1997). 
In the case of LTK97, the Val--7Lys substitution does not change the three
dimensional structure of the molecule but introduces a salt bridge between 
the charged amino group of Lys97 and the carboxylate of Glu 112. thus making 
it unavailable for further interactions (Fig. 4B). The observation that a simple 
hydrogen bond inactivates the enzymatic activity suggests an important role 
in the enzymatic activity for the negative charge of the glutamic acid. In the 
case of PT, the roles of many amino acids of the SI subunit have been tested 
using site-directed mutagenesis in order to produce non-toxic mutants to be 
used as vaccine candidates. Within the minimal region still enzymatically 

Glu129 Gly129 

Fig.5. Three-dimensional structure of the S I subunit of the wild type pertussis toxin 
(PTwt lefl panel) and of the double mutant PT-9KII29G (right pUlle/). Arrows indicate 
the catalytic residues (Arg9 and Glu129 in wild type PT) and the corresponding muta
tions (Lys9 and Gly129 in PT-9K/129G). The scaffolding structure of the enzymatic cleft 
is represented by the ribbons. 
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active, some amino acids have been shown to be essential; replacement of 
Arg9, Asp11, Arg13, Trp26, His35, Phe50, Glu129 or Tyr130, in fact, reduced 
the activity of recombinant Sl molecules to levels equal or below 1 %. 

The most interesting mutant contains two amino acids substitutions inside 
the catalytic cavity: Arg9Lys and Glu 129Gly (PT9KI129G; PIZZA et al. 1989; 
Fig. 5). This double mutant is completely free of any toxicity and has been used 
for the construction of an acellular vaccine against pertussis, which has been 
extensively tested in clinical trials and shown to induce protection from 
disease. The vaccine containing this mutant is presently licensed in several 
countries (PIZZA et al. 1989; RAPPUOLI 1997). 
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Diphtheria Toxin and the 
Diphtheria-Toxin Receptor 

T. UMAIA, K. D. SHARMA, and E. MEKADA 

A. Introduction 
The discovery of diphtheria toxin from culture medium of Corynebacterium 
diphtheriae was one of the greatest discoveries in medical history. Since this 
epoch-making change in medicine, diphtheria toxin has been studied, first to 
prevent disease and later to understand the pathogenic mechanism at the mol
ecular level. A number of important discoveries in the fields of bacterial patho
genesis and bacterial protein toxins have resulted from these studies, such as: 
(1) antibodies directed against the toxin can protect against the disease, 
(2) diphtheria toxin acts within cells by inactivating a target protein by adeno
sine diphosphate (ADP)-ribosylation, and (3) the toxin consists of two seg
ments with distinct functions. Because of extensive studies over a long period, 
diphtheria toxin is one of the best known of the bacterial protein toxins, and 
discoveries, such as those enumerated above, have frequently led to increased 
understanding of the biology of other bacterial toxins. 

To fully understand the intoxication process, it is necessary to know the 
host cell factors involved and to determine how they participate in the intox
ication process. Although various cellular factors are involved in intoxication, 
a cell-surface receptor for diphtheria toxin is one of the key factors that deter
mine the sensitivity of cells to this toxin. Until recently, less was known about 
diphtheria-toxin receptor, but research over the last several years has enabled 
study of the diphtheria-toxin receptor, and the interaction of diphtheria toxin 
with its receptor has recently been characterized at the molecular level. In 
addition, the physiological role of diphtheria-toxin receptor in cells is much 
more clearly understood due to recent studies. In this review, we have tried to 
emphasize the recent advances in the understanding of diphtheria toxin and 
diphtheria-toxin receptor. 

B. Diphtheria Toxin 

I. Synthesis of Diphtheria Toxin 

Diphtheria toxin is synthesized in C. diphtheriae lysogenized by a bacterio
phage carrying the tox structure gene (FREEMAN 1951; UCHIDA et a1. 1971). 
Under optimal conditions for toxin production, diphtheria toxin is secreted 
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and accumulated by the PW8 strain in a culture medium; it reaches a final con
centration of ~400~500 ,ug/ml, ~ 75~90% that of the extracellular proteins and 
to ~5% that of the bacterial proteins. It is well known that adding iron at low 
concentration to the growth medium inhibits the production of diphtheria 
toxin (PAPPENHEIMER 1977). Diphtheria-toxin repressor gene (dtxR) is known 
to regulate transcription of the diphtheria-toxin gene (tox) by an iron
dependent mechanism (MURPHY et al. 1976; BOYD et al. 1990). The lox 
operator locus was found to bear sticking homology to Fur (ferric-uptake reg
ulator)-binding sites in the Escherichia coli chromosome (CALDERWOOD and 
MEKALANOS 1987; DE LORENZO et al. 1987: TAl and HOLMES 1988). 

II. Toxicity of Diphtheria Toxin 

Diphtheria toxin is produced as a single polypeptide chain with a molecular 
weight (MW) of 58,348Da, with two disulfide bridges (COLLIER and KANDEL 
1971; GILL and DINIUS 1971). The native toxin is called intact toxin. The toxin 
molecule is easily hydrolyzed by splitting a peptide bond between one of the 
disulfide bridges by mild treatment with trypsin, trypsin-like proteases (GILL 
and DINIUS 1971), or furin on the host cell membrane (TSUNEOKA et al. 1993). 
This form of toxin is called nicked toxin. On reduction of its disulfide bridges 
with a reducing agent, nicked toxin is split into two large peptides, fragment 
A (MW = 21, 167Da) and fragment B (MW = 37,199Da). The toxicity of diph
theria toxin is due to the enzymic activity of fragment A. Fragment A catalyzes 
the transfer of an ADP-ribosyl moiety from nicotinamide adenine dinu
cleotide (NAD) to a post-translationally modified histidine, diphthamide, on 
elongation factor 2 (EF-2; COLLIER 1967: HONJO et al. 1968). EF-2 is a GTP
binding protein involved in protein synthesis by eukaryotic cells. ADP
ribosylated EF-2 is unable to mediate polypeptide-chain elongation. resulting 
in inhibition of protein synthesis. 

Since fragment A alone is unable to penetrate the cell membrane, it cannot 
reach the cytosol of intact cells without the involvement of fragment B. Frag
ment B binds to the specific receptor of toxin-susceptible cell membranes 
(UCHIDA et al. 1972) and facilitates translocation of fragment A into the 
cytosol. The first step of the intoxication is the binding of the toxin by frag
ment B to the receptor (Fig. I). Thereafter. receptor-bound toxin is inter
nalized by endocytosis. The interiors of endosomes are kept acidic by 
vacuolar-type H"-adenosine triphosphate (ATP)ases. A conformational 
change of the toxin takes place in the acidic compartment, resulting in the 
exposure of hydrophobic domains (SANDVIG and OLSNES 1980; BLEWITT et al. 
1985: CABIAUX et al. 1989), which are mainly in the fragment B (BoQuEl et al. 
1976; GREENFIELD et al. 1983), and insertion of the hydrophobic domains to 
membranes (SILVERMAN et al. 1994). Finally, the enzymatically active fragment 
A is translocated to the cytosoL where it exerts its toxicity (MOSKAliG et al. 
1991: UMATA and MEKADA 1998). 
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Fragment A is quite toxic once it reaches the cytoplasm. It is known that 
one molecule of fragment A can kill a cell when fragment A is artificially intro
duced directly into the cytosol (Y AMAIZ UMI et a!. 1978). This remarkably strong 
toxicity of fragment A of diphtheria toxin could be explained by the follow
ing: (I) fragment A is quite stable and has a long half-life in the cytosol of cul
tured cells, (2) fragment A catalytically inactivates EF-2 in the cytosol, and 
(3) ADP-ribosylated EF-2 would have a dominant-negative effect on the 
native, functional EF-2. 
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III. Structure and Function of Diphtheria Toxin 

The crystal structure of diphtheria toxin (CHOE et al. 1992) reveals that diph
theria toxin is a Y-shaped molecule divided into three domains, i.e., the C 
(catalytic), T (transmembrane), and R (receptor-binding) domains, rather than 
two fragments. 

1. The Catalytic Domain 

The C domain (amino acids 1-192), or fragment A, forms both (X-helices and 
,B-sheets (ClIOI' et al. 1992). Several lines of evidence indicate that glu 14~ of 
this domain is a crucial residue in the active site of the enzyme (CARROLL and 
COLLIER 1984: CARROLL et aI.1985). His21 and Tyr65, both of which are involved 
in NAD binding (PAPINI et al. 19~9, 1991: BLANKE et a!. 1994), are also located 
at the active-site cleft. CRM 197 is a non-toxic mutant of diphtheria toxin 
(UCHIDA et a1. 1972) with a substitution of Gly52 with Glu (GIANNINI et al. 
19~4). Gly52 is also located near the active site. Recent studies of the crystal 
structures of other ADP-ribosylating toxins indicated that the enzymatically 
active domains of A DP-rihosylating toxins have a universal feature in their 
tertiary structures in spite of the low degree of homology at the amino acid 
level (Chap.2). 

2. The T Domain 

The T domain (amino acids 193-3~1), a very strong hydrophobic domain 
corresponding to the N-terminal half of fragment B, is involved in the trans
location of fragment A across the membrane. In an acidic environment, the T 
domain is inserted into membrane and forms an ion-conducting channel 
(DONOVAN et a1. 1981: KAGAN et a1. 1981). This domain is formed by nine (X

helices (TH1-TH9) arranged in three layers (CIIOE et a!. 1992: COLLIER 19<)4). 
TH~, TH9, and the connecting loop (TL5) form the innermost layer. Two acidic 
residues, E349 and D352, located in the tip ofTL5, have a critical role for low
pH-mediated insertion of the T domain into the membrane (O'KEEFE and 
COLLIER 1989: MINDELL et al. 1992: SILVERMAN et al. 1<)94). Thus, suhstitution 
of Lys for Glu349 or Asp352 reduced translocation through plasma and endo
some membranes, resulting in reduced toxicity. The second layer consists of 
three hydrophobic helices. TH5, TH6. and TH7. Although the role of these 
helices in the translocation of fragment A has been less characterized com
pared with that of TH~/9 helices, it is likely that they form a channel together 
with TH8/9 helices. The fragment A molecule passes through this channel 
when these helices are inserted into the membrane. 

The third layer. consisting of three helices, TH 1, TH2. and TH3. are located 
in the outermost position. These helices contain a number of charged residues 
and probably protect the other hydrophobic helices from aqueous environ
ment to keep the diphtheria toxin molecule in a water-soluble form. Because 
of the hydrophilic nature of these helices, this domain is not likely to be 
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inserted into a lipid bilayer of the membrane by direct lipid-protein interac
tion. However, mutation studies of TH1 indicate the importance of these 
helices for the translocation of fragment A into the cytoplasm (MADSHUS 
et al. 1991; VANDERSPEK et al. 1993, 1994). These results imply that THI may 
not take part in the formation of translocation channel which TH8N and 
TH5/617 could form in phospholipid membrane; THI has another role during 
the translocation process of fragment A (VANDERSPEK et al. 1994). 

Using a cell-permeabilization method, we recently developed a novel 
assay for the translocation of fragment A across the endosomal membrane 
into the cytosol (UMATA and MEKADA 1998). This assay revealed novel frag
ments of diphtheria toxin having masses of 28kDa and 35kDa in endocytic 
vesicles. The 28-kDa fragment is comprised of fragment A and an N-terminal 
piece of fragment B, while the 35-kDa fragment is another part of fragment 
B and might be the counterpart of the 28-kDa fragment. The length of N
terminal piece of fragment B in the 28-kDa fragment is about 3 kDa, esti
mated as -30 amino acids, which would include the THI region of diphtheria 
toxin. Although it is possible that the 28-kDa and the 35-kDa fragments 
are products of a degradation process and that they failed to translocate to 
the cytoplasm, it is tempting to infer that the 28-kDa fragment is an interme
diate during the translocation of fragment A. From what is known about the 
TH8/9 and THI helices, it is assumed that the T domain of diphtheria 
toxin consists of two functionally-separable domains; one serves as trans
location machinery and the other serves as a translocation signal. TH8/9 (and 
probably TH5/617) would form an acid-induced channel in the endocytic 
membrane; this would serve as translocation machinery for fragment A. 
THI (either with or without TH2/3) serves as a kind of signal or recogni
tion sequence for translocation of fragment A for interaction with 
translocation machinery, including TH8/9 and TH5/617, at the initial stage of 
translocation. 

3. The R Domain 

The R domain (amino acids 386-535), the domain corresponding C-terminal 
half of fragment B, possesses the ability to bind to the diphtheria-toxin recep
tor, is constructed of two t3-sheets arranged in a quasi-jellyroll configuration, 
and resembles the immunoglobulin variable region (CHOE et aI.1992). Peptide 
fragments corresponding to the last 54 residues of the R domain (amino acids 
482-535) competitively inhibit the binding of diphtheria toxin to Vero cells 
(ROLF et al. 1990). Analysis of mutant toxins unable to bind to cells showed 
that substitutions of S390F, S508F, and S525F are observed (GREENFIELD et al. 
1987). Systematic replacement with alanine residues within C-terminal region 
of diphtheria toxin (residue 516-530) indicated that Lys516 and Phe530 are 
important for receptor binding (SHEN et al. 1994). These results suggested that 
receptor-binding site of diphtheria toxin lies within the C-terminal 54 residues 
of R domain. 
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More direct information has been obtained by analysis of the crystal struc
ture of the complex of diphtheria toxin and an extracellular fragment of the 
diphtheria-toxin receptor (LOUIE et aI. 1997). The structure of the diphtheria 
toxin-diphtheria-toxin-receptor complex revealed that the crescent-shaped 
diphtheria-toxin-receptor molecule is packed against a saddle-shaped crevice 
in the wall of the j3-barrel of the R domain of diphtheria toxin. The complex 
forms an intermolecular interface with predominantly non-polar amino acids. 
Non-polar surfaces are formed on the diphtheria toxin by the side chains of 
F389, A430, L433, 1464, V468, F470, G5lO, L512, V523, and F530. K526, an 
exception to the non-polarity rule, is also located in the core of the interface. 
H391 and K516 form important hydrogen bonds with E141 of the diphtheria
toxin receptor, which is a critical residue for the diphtheria-toxin-binding activ
ity of this molecule, as mentioned in later sections (MlTAMURA et aI. 1995,1997). 
F530, which interacts with G 137 of the diphtheria-toxin receptor, is important 
in closing off one end of the interface between the two molecules, which is con
sistent with earlier observations of diphtheria-toxin deletion mutants. 

IV. Sensitivity to Diphtheria Toxin 

Diphtheria toxin is highly toxic to most animals, including rabbits, guinea pigs, 
monkeys, and humans. The lethal dose for susceptible animals is lOOng/kg 
body weight or less (COLLIER 197; PAPPENHEIMER 1977). The only mammals 
known to be resistant to the toxin are rats and mice. These animals are about 
1000 times more resistant than susceptible species. Generally speaking, cells 
derived from sensitive species are sensitive to the cytotoxic action of diph
theria toxin, while cells from toxin-resistant species are quite resistant to its 
action (LENNOX and KAPLAN 1957; PLACIDO-SOUSA and EVANS 1957; GABLIKS 
and SOLOTOROVSKY 1962; MIDDLEBROOK and DORLAND 1977). There are quite 
large differences in sensitivity between diphtheria-toxin-sensitive cells and 
resistant cells. For example, Vero cells derived from monkey kidney are about 
100,000 times more sensitive than mouse L cells (MEKADA et aI. 1982). Among 
cells derived from susceptible species, the sensitivity to diphtheria toxin varies 
from cell line to cell line, as shown in Fig. 2, and some human cell lines are 
known to be quite resistant to diphtheria toxin. 

So far, EF-2 from any eukaryote is inactivated in vitro by fragment A of 
diphtheria toxin. Thus, the resistance of cells to diphtheria toxin is regarded to 
be generally due to the binding and entry process. Indeed, in the case of diph
theria-toxin-resistant L cells, one molecule of fragment A introduced into the 
cytoplasm can kill a cell, as mentioned before (Y AMAIZUMI et aI. 1978). A 
number of cellular factors are involved in the intoxication process and could 
influence toxin sensitivity. One example is furin, a membrane-bound serine 
protease (TSUNEOKA et al. 1993). Furin serves to cleave diphtheria toxin into 
fragment A and fragment B during and after binding of intact toxin to the 
receptor. Intact toxin has no catalytic activity in ADP-ribosylation and may 
also fail to translocate into the cytosol. Thus, intact toxin shows quite low toxi-
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Fig.2. Sensitivity of various cell lines to diphtheria toxin, assayed by measuring the 
inhibition of protein synthesis (M EKADA et al. 1982) 

city in furin-deficient cells, while both forms of toxin normally show similar 
toxicities. The other example is a vacuolar-type H+-ATPase. A vacuolar-type 
H+-ATPase has a crucial role for entry of this toxin (U MATA et al. 1990). A vac
uolar-type H+ -ATPase is the primary molecule for acidification of intracellular 
compartments. Diphtheria toxin requires exposure to an acidic milieu for 
translocation of fragment A into the cytosol. Therefore, bafilomycin A 1, a spe
cific inhibitor of vacuolar-type H +-ATPase, and amine compounds that accu
mulate into the acidic compartments elevate their pH and inhibit the toxicity 
of diphtheria toxin (KIM and GROMAN 1965; DRAPER and SIMON 1980; SANDVIG 
and OLSNES 1980; MEKADA et al. 1981). Most of these factors, however, are 
essential for normal cellular function and are inherent even in mouse and rat 
cells; thus, these factors are unlikely to be the determining factor for diphthe
ria-toxin sensitivity, except in some mutant cell lines. One exception is 
diphtheria-toxin receptor; cells from rats and mice have no functional 
diphtheria-toxin receptor that specifically binds to diphtheria toxin , as dis
cussed below. Thus, in many types of cells, cell sensitivity to diphtheria toxin is 
primarily determined by the presence of functional diphtheria-toxin receptors. 

c. The Diphtheria-Toxin Receptor 

I. Identification of the Diphtheria-Toxin-Receptor Protein 

The existence of a specific receptor for diphthe ria toxin on the cell surface was 
suggested by competition experiments using CRM197, a non-toxic mutant of 
diphtheria toxin (ITELSON and GILL 1973). Then, using 125J-labeled diphtheria 
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toxin and Vero cells, specific binding of diphtheria toxin to cultured cells was 
demonstrated (MIDDLEBROOK et al. 1978). However, it took about lOyears to 
identify the diphtheria-toxin receptor in detergent-treated cell fractions at a 
protein level (MEKADA et al. 1988). 

The reason for the difficulty in identifying and purifying the specific recep
tor for diphtheria toxin from cell fractions was the existence of another diph
theria-toxin-binding substance in membrane fractions (MEKADA et al. 1988). 
This non-receptor diphtheria-toxin-binding molecule contains a ribonu
cleotide structure. Diphtheria toxin tightly binds some dinucleotides, such as 
adenyl-(3',5')-uridine-3'-monophosphate (COLLINS and COLLIER 1984). ATP 
also binds to diphtheria toxin (LORY and COLLIIR 1980) and inhibits its cyto
toxic activity (MIDDLEBROOK and DORLAND 1979). These non-receptor diph
theria-toxin-binding substances inhibit the binding of toxin to the specific 
receptor. CRM 197, a mutant protein of diphtheria toxin, differs from wild-type 
toxin in one amino acid residue of fragment A (GIANNINI et al. 1984). CRM197 
does not bind nucleotides or the non-receptor diphtheria-toxin-binding sub
stances (MEKADA et al. 1988) but binds to diphtheria-toxin rcceptor with an 
affinity similar to or greater than that of diphtheria toxin (MEKADA and 
UCHIDA 1985). 

We demonstrated specific binding of CRM 197 to the diphtheria-toxin 
receptor in a membrane preparation from Vero cells (MEKADA et al. 1988). 
Scatchard analysis showed single-class binding with a Kd value of 2.4 x 10') M I. 

quite similar to that obtained with intact Vero cells. Using a combination of 
several chromatographic steps, diphtheria-toxin receptor has been purified in 
the presence of detergent (MEKADA et al. 1991). The purified receptor essen
tially showed a single band of 14.5 kDa by sodium dodecyl sulfate polacry
lamide-gel electrophoresis. Evidence that the 14.5-kDa protein is the receptor, 
or at least a part of the receptor. was obtained by immunoprecipitation with 
diphtheria toxin and anti-diphtheria-toxin antibody from the partially purified 
receptor fraction or by blotting using Ic5I-CRM197 as a probe (MEKADA et al. 
1988). Although the 14.5-kDa protein was the major form isolatcd from Vero 
cell-membrane lysate, other sizes of diphtheria-toxin-binding molecules 
(-20kDa and -17kDa) were detected in different fractions from CM
Sepharose ion-exchange chromatography (MEKADA et £II. 1991). The 14.5-kDa 
protein and the 17-kDa and 20-kDa proteins are derived from a single pre
cursor protein. as discussed below. 

II. Cloning of the Diphtheria-Toxin-Receptor Gene 

Complementary DNA (cDNA) encoding the diphtheria-toxin receptor has 
been isolated as a diphtheria-toxin-sensitivity gene by expression cloning 
(NAGLICH et al. 1992). Mouse L cells were transfected with a cDNA library 
obtained from monkey kidney (Vero) cells. Transfectants that were sensitive 
to diphtheria toxin were isolated using a replica plate assay (NAGLIctl and 
ElDELS 1990). A eDNA (pOTS) was recovered from the diphtheria-toxin-
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sensitive transfectants. Mouse L cells transfected with this cDNA become sen
sitive to diphtheria toxin and display diphtheria toxin-binding molecules on 
their cell surface that have the characteristics of the diphtheria-toxin receptor 
(NAGLICH et al. 1992). The predicted protein product of pDTS has 185 amino 
acids, a quite basic isoelectric point, and characteristics of an integral mem
brane protein. These characteristics are consistent with the characteristics of 
the diphtheria-toxin-receptor protein isolated by us (MEKADA et al. 1991). 

Homology-search analysis showed that the product of pDTS is identical 
to heparin-binding epidermal growth factor, HB-EGF (NAGLICH et al. 1992), 
first identified by HIGASHIYAMA et al. (1991). Further evidence that HB-EGF 
is the diphtheria-toxin receptor has been obtained from direct-binding exper
iments with diphtheria toxin and a recombinant human HB-EGF (IWAMOTO 
et al. 1994). A mature form of HB-EGF, produced in E. coli, was immobilized 
on heparin-Sepharose beads, and binding of diphtheria toxin to the recombi
nant HB-EGF was studied. The amount of 125I-diphtheria toxin bound was a 
linear function of the amount of immobilized recombinant HB-EGF, and sat
uration of binding occurred when a fixed amount of immobilized HB-EGF 
was incubated with increasing amounts of diphtheria toxin. Scat chard analy
sis demonstrated that diphtheria toxin binds to HB-EGF with an affinity 
similar to that for intact Vero cells (Ka of about 1+109 M-1). These results clearly 
show that the diphtheria-toxin receptor is HB-EGF. 

III. The Structure and Function of the Diphtheria-Toxin Receptor 

Diphtheria-toxin receptor/HB-EGF cDNA encodes a protein of 208 amino 
acids (HIGASHIYAMA et al. 1991; NAGLICH et al. 1992). This protein consists of 
a characteristic signal sequence of 23 amino acid residues, a presumed extra
cellular domain of 136 residues (24-159), a putative transmembrane domain 
of 25 residues (160-184), and a C-terminal cytoplasmic domain of 24 residues 
(185-208; Fig. 3). The mature protein, after cleavage of the signal peptide, 
seems to be comprised of 185 amino acids with a calculated molecular weight 
of 20,652 Da. The extracellular domain includes two characteristic features: (1) 
an EGF-like domain with six cysteine residues with highly conserved spacing 
and (2) a heparin-binding domain with a highly basic stretch of amino acid 
residues upstream of the EGF-like domain. 

Because HB-EGF is expressed with a very similar tissue distribution in 
multiple tissues in rats, mice, and humans (ABRAHAM et al. 1993), the question 
of why cells from rats and mice are resistant to diphtheria toxin arises. Trans
fection of human diphtheria-toxin receptor/HB-EGF cDNA into mouse L 
cells confers sensitivity to diphtheria toxin (NAGLICH et al. 1992), but trans
fection of mouse HB-EGF cDNA does not (MITAMURA et al. 1995). These 
results indicate that mouse HB-EGF does not serve as a functional re
ceptor for diphtheria toxin because of amino acid substitution. To define the 
essential regions of HB-EGF that serve as the functional diphtheria
toxin receptor, MITAMURA et al. (1995) constructed a series of human/mouse 
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Fig.3. Schematic structure of the diphtheria-toxin receptor 

HB-EGF chimeras, and both sensitivity to diphtheria toxin and the diphthe
ria-toxin binding of cells expressing these chimeras were examined. These 
results clearly indicated that the EGF-like domain of human HB-EGF is 
essential for diphtheria-toxin binding and diphtheria-toxin sensitivity. 
However, mouse HB-EGF does not serve as a functional diphtheria-toxin 
receptor, due to non-conserved amino acid substitutions in this domain. 

Diphtheria-toxin receptor, i.e., the membrane-anchored form of HB-EGF 
(proHB-EGF), is cleaved upstream of the transmembrane domain by a cell
associated protease (discussed more in a later section), and the extracellular 
domain is released into the medium as a soluble growth factor (HIGASHIYAMA 
et al. 1991,1992). The secreted HB-EGF protein (sHB-EGF) is also processed 
at multiple sites in the N-terminal portion (NAKAGAWA et al. 1(96). Thus, mul
tiple forms of HB-EGF with different molecular sizes are secreted. HB-EGF 
secreted into culture media binds to diphtheria toxin (IWAMOTO et al. L (94). 
Thus, the diphtheria-toxin-binding site lies wholly or partially within this 
region. The heparin-binding domain, which is located just upstream of the 
EGF-Iike domain, is not necessary for binding to diphtheria toxin, because 
deletion mutants Jacking this domain bind diphtheria toxin with affinities 
similar or higher than that of wild type HB-EGF (MITAMURA et al. 19(5). These 
results, together with results of human/mouse HB-EGF chimeras, indicate that 
the EGF-Iike domain is essential and enough to bind diphtheria toxin. 
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Results of human/mouse HB-EGF chimeras provide information ahout 
important amino acids for diphtheria-toxin-diphtheria-toxin-receptor inter
action. There are ten amino acid differences hetween the EGF-like domain of 
human diphtheria-toxin receptor/HB-EGF and that of mouse HB-EGF. We 
made ten independent mutants, replacing a single amino acid within the EGF
like domain of human diphtheria-toxin receptor/proHB-EGF with the corre
sponding amino acid residue in mouse proHB-EGF (MrrAMuRA et al. 1997). 
The mutant proteins were transiently expressed in mouse L cells, and the diph
theria-toxin hinding was measured. Glutathione S-transferase fusion proteins 
containing the mutated EGF-Iike domain were also examined. The largest 
effect was ohserved with E141 H, and the second largest effects were with 
F115Y and Ll27F in all of the assay systems. Few but significant effects were 
also ohserved with I 133K and H 135L. A computer model of the tertiary struc
ture of the EGF-like domain of human diphtheria-toxin receptor/proHB
EGF, hased on the tertiary structure of transforming growth factor a (TGFa), 
was made. The model predicts that three amino acid residues critical for diph
theria-toxin-binding activity, Phe115, Leu127, and Glu141, are all located on 
the same face of the EGF-like domain, suggesting that this face of diphtheria
toxin receptor/proHB-EGF interacts with the receptor-binding domain of 
diphtheria toxin. This finding is supported by another report (HOOPER and 
ElDELS 1996). The crystal structure of diphtheria toxin-HB-EGF (LOUIE et al. 
1997), which is quite consistent with earlier observations, has defined the 
complex structure more precisely. 

IV. Molecules Associated with the Diphtheria-Toxin Receptor 

1. DRAP27/CD9 

IWAMOTO et al. (1991) isolated a monoclonal antibody (mAb007) that inhibits 
the binding of diphtheria toxin to intact Vero cells. This antibody docs not 
inhihit the hinding of diphtheria toxin to soluhilized receptors, suggesting that 
membrane integrity is necessary for the inhihition. Immunoprecipitation and 
Western-hlot analysis revealed that this antibody recognizes a membrane 
protein with a mass of 27kOa (DRAP27) and does not bind to diphtheria
toxin receptor. Immunoprecipitation studies of celllysates prepared from cells 
overexpressing diphtheria-toxin receptor with either anti-DRAP27 antihody 
or CRM 197 revealed that diphtheria-toxin receptor forms a complex with 
DRAP27 (IWAMOTO et al. 1(94). mAb007 Probably binds to ORAP27 mole
cules closely associated with diphtheria-toxin receptor on the cell surface and 
causes inhibition of the binding of diphtheria toxin to the receptor. Analysis 
of the nucleotide sequence of a ORAP27 cDNA has shown that ORAP27 has 
228 amino acids, contains four putative transmembrane domains, and is the 
monkey homologue of the human C09 antigen (MITAMURA et al. 19(2). 

The role of DRAP27 on diphtheria-toxin binding and diphtheria-toxin 
sensitivity has been studied by transfection of DRAP27 cDNA to cells. A 
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human- mouse hybrid cell line (3279-10) expressing diphtheria-toxin receptor 
(HAYES et al. 1987) but not DRAP27/CD9 antigen was transfected with cDNA 
for DRAP27. The transfectants showed increased diphtheria -toxin binding 
and were 3-2S times more sensitive to diphtheria toxin than non-transfected 
cells (MITAMURA et al. 1(92). However, when mouse L cells with no functional 
diphtheria-toxin receptor were transfected with DRAP27 cDNA, neither 
increased diphtheria-toxin binding nor enhancement of diphtheria-toxin sen
sitivity was observed. Thus, DRAP27 serves to enhance the sensitivity of 
diphtheria-toxin-sensitive cell lines. 

Co-transfection of DRAP27 cDNA and diphtheria-toxin-receptor cDNA 
into mouse L cells showed more clearly the role of DRAP27 (IWAM OTO et al. 
19(4). L cells transfected transiently with both DRAP27 and diphtheria
toxin-receptor cDNA bound about 10 times more diphtheria toxin than cells 
transfected with diphtheria-toxin receptor alone. Transcription of diphtheria
toxin-receptor messenger RNA (mRNA) was not increased by co-transfection 
of DRAP27 cDNA. Stable L ce ll transfectants expressing both diphtheria
toxin receptor and DRAP27 had a 1S-fold greater cell-surface diphtheria
toxin-receptor number and were 20 times more sensitive to diphtheria toxin 
than stable L-cell transfectants expressing diphtheria-toxin receptor alone, 
though the cell lines contained similar levels of diphtheria-toxin-rcceptor 
mRNA. Thus, DRAP27 upregulates diphthcria-toxin-receptor number and 
diphtheria-toxin sensitivity through prote in-protein interaction, though the 
upregulation mechanism is still not clear (Fig. 4) . 

(a) 

DRAP27 
{CD9 

(b) 

Heparin 

\\ 
HSPG '-. 

\) -* 

(c) (d) 

Fig. 4. Proposed model for the rol es of DRAP27/CD9 and heparin-like molecules 
in binding of diphtheri a toxin (DT) to DT receptor, the membrane-anchored form 
of heparin-binding epidermal growth facto r (DTR/proHB-EGF). a DTR/proH B
EGF alone in the plasma membranes is not available fo r DT binding. b DR A P27/CD9 
binds and orients DTR/proHB-EGF. making it accessibl e to DT. c Cell-surface 
heparan-sulfate proteoglycans (HSPGs) or free heparin bind to DTR/proHB-ECiF at 
the heparin-binding domain and induce a conformational change which results in 
increased affinity of the DTR/proHB-ECiF molecule for DT. dn1e DTR/proH13-
EGF- DRAP27/CD9- HSPG- DT complex (S HISIiIDO et al. 199:,) 



Diphtheria Toxin and the Diphtheria-Toxin Receptor 57 

2. Heparin-Like Molecules 

Diphtheria-toxin receptor/proHB-EGF has a high affinity for heparin. The 
following evidence indicates that heparin-like molecules bind to the 
heparin-binding domain (HBD) of diphtheria-toxin receptor/proHB-EGF 
and enhance its diphtheria-toxin-binding activity. Mutant Chinese hamster 
ovary (CHO) cells deficient in heparan-sulfate proteoglycans were about IS 
times less sensitive to diphtheria toxin than wild-type CHO-KI cells. When 
free heparan sulfate or heparin was added to the culture medium, the diph
theria-toxin sensitivity of the mutant cells was fully restored (SHISHIDO et al. 
1995). Studies of the binding of 1251 -labeled diphtheria toxin to heparan
sulfate-deficient CHO cells transfected with human diphtheria-toxin recep
tor/proHB-EGF eDNA indicated that the increased sensitivity to diphtheria 
toxin after addition of heparin is due to increased binding of diphtheria toxin 
to cells. Vero cells display a relatively large amount of heparan-sulfate residues 
compared with CHO-Kl cells or L cells. Enhancement of diphtheria-toxin 
binding by the addition of heparin was also observed with CHO-Kl cells and 
L cells that had been transfected with human diphtheria-toxin receptor/ 
proHB-EGF eDNA, but the degree of enhancement was less than that 
observed with the heparan-sulfate-deficient CHO cells. Scatchard plot analy
sis for the binding of diphtheria toxin to a recombinant HB-EGF in vitro and 
to L cells expressing human diphtheria-toxin receptor/proHB-EGF revealed 
that heparin increases the affinity of diphtheria-toxin receptor/proHB-EGF 
for diphtheria toxin but does not change the number of binding sites. Although 
DRAP27/CD9 is known to enhance diphtheria-toxin binding to diphtheria
toxin receptor/proHB-EGF, the results indicate that heparin and DRAP27/ 
CD9 increase diphtheria-toxin binding by independent mechanisms. Addition 
of heparin did not affect diphtheria-toxin binding or diphtheria-toxin sensi
tivity of Vero cells, probably due to the relative abundance of heparan-sulfate 
molecules on the cell surface. In fact, heparin-dependent binding was observed 
when intact Vero cells were treated with heparitinase or when the cell mem
brane was solubilized with a neutral detergent. Thus, it is conceivable that 
diphtheria-toxin receptor/proHB-EGF associates with heparan-sulfate pro
teoglycans at the HBD. The diphtheria-toxin-binding activity of the receptor 
was enhanced when this protein associates with heparin-like molecules. 

Diphtheria-toxin receptor binds diphtheria toxin at the EGF-like domain, 
and this domain is essential and sufficient for the binding of diphtheria toxin, 
as mentioned in SectIII, while binding of heparin-like molecules to HBD 
is necessary for the full binding activity of diphtheria-toxin receptor with 
diphtheria toxin when assayed in intact cells. To explain this discrepancy, 
heparan-sulfate-deficient CHO cells were transfected with proHB-EG F 
mutants lacking HBD, and the effect of heparin or heparan sulfate on the 
binding of diphtheria toxin was examined. In the absence of heparin-like 
molecules, proHB-EGF mutants lacking HBD have a higher affinity for 
diphtheria toxin than wild-type proHB-EGF does. By addition of heparin or 
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heparan sulfate. diphtheria-toxin binding was much increased in wild-type 
proHB-EGF but didn't increase much in mutant proHB-EGF lacking HBD 
(MEKADA. unpublished observation). These results suggested that HBD is nec
essary for binding to diphtheria toxin itself. and plays the role of a negative 
regulator for the binding of diphtheria toxin to the EGF-like domain of 
proHB-EGF. Heparin and heparan-sulfate proteoglycans cancel or neutralize 
the negative effect of HBD by binding to the HBD domain. 

v. Receptor and Toxin Entry Process 

The way in which fragment A of diphtheria toxin penetrates the endosome 
membrane and reaches the cytosol is an important and intriguing issue in the 
understanding of intoxication mechanisms of many protein toxins and diph
theria toxin. Since more expert reviews about uptake of bacterial protein 
toxins have been shown in Chap. I. we mention here the issue of diphtheria
toxin entry from the standpoint of diphtheria-toxin-diphtheria-toxin-receptor 
interaction. 

Diphtheria-toxin molecules bound to the cell-surface receptor are inter
nalized by receptor-mediated endocytosis (MORRIS et al. 19~5: Moy;\ et al. 
19~5). Diphtheria-toxin receptor. in particular its ('-terminal region (located 
on the cytoplasmic side). would be expected to exhibit a signal for internal
ization or a site that interacts with endocytosis machinery. Tyrosine residues 
in the cytoplasmic domain have been shown to be important for rapid endo
cytosis in other receptors (DAVIS et al. 1987). Diphtheria-toxin receptor has 
two tyrosine residues in the cytoplasmic domain. and it has been suggested 
that one of these. Tyr 192. is in a region that resembles the signal necessary for 
receptor-mediated endocytosis (NAGLICH et al. 19(2). Analysis of cells express
ing diphtheria-toxin-receptor mutants with altered cytoplasmic domains indi
cated that the internalization signal might be present in another region or that 
it does not exist. particularly in the diphtheria-toxin receptor (ALMON 0 and 
EIDELS 1(94). It is also conceivable that internalization of diphtheria-toxin 
receptor is accompanied by diphtheria-toxin receptor-associating molecules 
that possess the internalization signal. 

In the endocytic vesicles. diphtheria toxin still seems to be bound to 
the receptor. Binding assays of diphtheria toxin with solubilized diphtheria
toxin receptor in cell-free conditions showed that solubilized diphtheria-toxin 
receptor is not eluted from a diphtheria-toxin-conjugated column by the addi
tion of solutions at pHs below 3.5 (MEKADA. unpublished observation). The 
pH of the endosome interior is around 5.0. so diphtheria toxin could remain 
bound to the receptor in the endosomal compartment. In the acidic environ
ment of the endosome. the T domain of diphtheria toxin. adjacent to the R 
domain. is inserted into the endosome membrane to translocate the fragment 
A. If the R domain remains bound to the receptor molecule. even at this stage. 
the T domain of the toxin may be close to the transmembrane domain of 
the diphtheria-toxin receptor in the endosome bilayer. It is possible that the 
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diphtheria-toxin receptor affects the translocation step of diphtheria toxin. A 
more interesting possibility is that DRAP27/CD9 or other TM4SF proteins 
are involved in the translocation step, because these proteins are integral 
membrane proteins with four transmembrane domains, and they look like 
channel-forming proteins. Whether diphtheria toxin utilizes diphtheria-toxin 
receptor and/or other associating proteins when the toxin penetrates the endo
some membrane is an intriguing question. 

VI. Physiological Role of the Diphtheria-Toxin Receptor 

1. EGF-Family Growth Factor 

HB-EGF was first identified and purified as a soluble growth factor in a con
ditioned medium of the human monocyte/macrophage-like cell line U-937 
(HIGASHIYAMA et a1. 1991, 1992). Secreted mature HB-EGF polypeptide con
tains at least 86 amino acid residues, while the precursor molecule has 208 
amino acids, which includes a putative N-terminal signal sequence and a 
hydrophobic T domain near the C-terminus, as described in Sect. III. HB-EGF 
belongs to the EGF family of growth factors (CARPENTER and WAHL 1990), 
which includes EGF, TGFa (LEE et a1. 1985), amphiregulin (SHOYAB et a1. 
1989), and f3-cellulin (SHING et a1. 1993). HB-EGF binds to and gives a mito
genic signal through the EGF receptor and possibly ErbB-4 (ELENIUS et a1. 
1997), an EGFR-like subfamily of receptor tyrosine kinases. The soluble form 
of this growth factor (sHB-EGF) is a potent mitogen for a variety of cell types, 
including fibroblasts, smooth-muscle cells, and keratinocytes (HIGASHIYAMA 
et a1. 1991). 

As mentioned already, diphtheria toxin binds to the EGF-like domain of 
proHB-EGF. Once diphtheria toxin binds to HB-EGF, the diphtheria toxin
bound HB-EGF cannot bind to EGF receptor any more (MITAMURA et a1. 
1995). Therefore, CRM197, a non-toxic mutant of diphtheria toxin, efficiently 
inhibits the mitogenic activity of human HB-EGF, while it does not inhibit the 
mitogenic activity of mouse HB-EGF. CRM197 does not inhibit the mitogenic 
activities of other EGF-receptor ligands, including EGF, TGFa, amphiregulin, 
and f3-cellulin (MITAMURA et a1. 1995). Thus, CRM197 serves as a specific 
inhibitor of human-type HB-EGF. The inability of CRM197 to inhibit the 
mitogenic activities of other EGF-family growth factors indicates that 
the membrane-anchored form of these growth factors does not serve as a 
diphtheria-toxin receptor. 

2. Juxtacrine Growth Regulator 

The membrane-anchored form of HB-EGF (proHB-EGF), i.e. diphtheria
toxin receptor, is not only a precursor of sHB-EGF but is also mitogenically 
active itself as a growth factor and transmits the mitogenic signal to adjacent 
cells by interaction with EGF receptors (HIGASHIYAMA et a1. 1995), a process 
referred to as juxtacrine stimulation (MASSAGUE 1990). Furthermore, in 
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analogy to diphtheria toxin, ORAP27/C09 upregulates the juxtacrine activity 
of the membrane-anchored HB-EGF but does not affect the paracrine activ
ity of sHB-EGF (HIGASHIYAMA et al. 1(95). More recently. we have ohserved 
that the membrane-anchored HB-EGF shows growth-inhibitory activity hy 
juxtacrine mechanisms in culture conditions under which soluble forms of HB
EGF and EGF stimulate cell growth (MEKADA. submitted). Thus, it is sug
gested that the soluble form and the membrane-anchored form have different 
biological activities in cell-growth control. Further studies of the physiologi
cal role of HB-EGF in vivo, especially m the membrane-anchored form. 
remained to be clarified. 

A marked feature of proHB-EGF is that it forms a complex with 
other membrane proteins. In studies of diphtheria-toxin receptor. hoth 
ORAP27/C09 (IWAMOTO et al. 1(91) and heparan-sulfate proteoglycan(s) are 
revealed to bind to proHB-EGF (SHISHIDO et al. 1(95). 1n addition to COl). 
proHB-EGF forms a complex with integrin a3f31 (NAKAMURA et al. 1(95). Fur
thermore, other TM4SF-family proteins, including C063. CD8!. and C082. 
are associated with the proHB-EGF complex (MEKADA, in preparation). Thus. 
proHB-EGF forms a large complex which would be involved in growth regu
lation. Studies using immunofluorescence staining showed that the complex 
comprised of proHB-EGF, C09, and integrin a3f31 co-localizes at cell-cell 
contact sites (NAKAMURA et al. 1(95), supporting the notion that proHB-EGF 
plays a juxtacrine role in intercellular communication. 

3. Conversion of the Membrane-Anchored Form to the Soluble Form 

The membrane-anchored form of HB-EGF is cleaved at the juxtamembrane 
domain to yield the soluble HB-EGF. This processing of extracellular domain. 
or so-called ectodomain shedding, means the conversion of the mode of action 
of this growth factor from juxtacrine to paracrine. This cleavage is regulated 
by intracellular signaling. It has previously been shown that Vero cells become 
resistant to diphtheria toxin upon pretreatment with the phorbol ester phorhol 
12-myristate 13-acetate (TPA), an activator of protein kinase C (PKC: SANDVI<; 
and OLSNES 1981; OLSNES et al. 1986). GOISHI et al. (1995) showed that TPA 
treatment of Vero-H cells (Vero cells over expressing diphtheria-toxin recep
tor/HB-EGF) induces rapid cleavage of proHB-EGF at a Pro 148-Va114l) 
site, to yield soluble HB-EGF. The TPA effects are abrogated by the PKC 
inhibitors, staurosporin and H7, suggesting the involvement of PKC in this 
process. Recently, we explored the isotypes of PKC involved in the TPA
induced cleavage of proHB-EGF. Transfeetion of constitutively active forms 
of PKCa. PKC8. or PKCE (and transfection of kinase-negative forms of 
PKC8) into Vero-H cells revealed that PKC8 is involved in TPA-induced 
cleavage of proHB-EGF (IZUMI et a1. 1 l)98). 

Metalloprotease inhihitors inhibit both the constitutive and TPA-induced 
cleavage of proHB-EGF (LANZREIN et al. I l)95; IZUMI et al. 1998). indicating 
involvement of metalloprotease-family proteases in this process. To identify 
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molecules downstream of PKC8 in the TPA-induced cleavage process of 
proHB-EGF, interaction screening of a cDNA library, using purified PKC8 as 
a probe, was performed; this identified MDC9, a member of the metallopro
tease/disintegrin family, as a specific binding protein for PKC8. The evidence 
that overexpression of MDC9 resulted in the cleavage of HB-EGF without 
TPA and that the MDC9 mutants lacking or deficient in the metalloprotease 
domain inhibited TPA-induced HB-EGF cleavage indicate that MDC9 is 
involved in the processing of diphtheria-toxin receptor/HB-EGF and that 
a direct interaction between PKC8 and MDC9 is involved in the regulated 
cleavage (IZUMI et al. 1998). In other words, conversion of HB-EGF from 
the membrane-anchored form to the soluble form is regulated by an 
inside-out signaling mechanism of PKC. The regulated shedding of membrane 
proteins has also been shown for a number of other membrane proteins, 
including f3-amyloid precursor protein, TGFa, interleukin-6, and receptor-like 
protein tyrosine phosphatases (PANDIELLA and MASSAGUE 1991 a, 1991 b; 
ARRIBAS et al. 1996). The analysis of the cleavage mechanism of diphtheria
toxin receptor/proHB-EGF would be helpful in understanding this interest
ing mechanism. 
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CHAPTER 4 

Pseudomonas aeruginosa Exotoxin A: 
StructurelFunction, Production, and 
Intoxication of Eukaryotic Cells 

S.E.H. WEST 

A. Introduction 

Exotoxin A (ETA) is the most toxic of the numerous extracellular proteins 
(LasA and LasB elastases, alkaline protease, protease IV, hemolytic and non
hemolytic phospholipase C exoenzyme S, and cytotoxin) produced by the 
opportunistic pathogen Pseudomonas aeruginosa. ETA belongs to a class of 
secreted bacterial toxins that transfer the adenosine diphosphate (ADP)
ribose moiety of nicotinamide adenine dinucleotide cation (NAD+) to specific 
target proteins within eukaryotic cells (KRUEGER and BARBIERI 1995). ETA, 
like many of these toxins, conforms to a simple A-B structure-function model 
in which the A domain possesses enzymatic activity and the B domain binds 
to a specific receptor on the surface of target cells. 

ETA was first characterized by P.Y. LIU in 1966 as a heat-labile, trypsin
sensitive protein exotoxin in culture supernatants of P. aeruginosa (LIU 1966). 
Early studies to determine the mode of action of ETA demonstrated that puri
fied ETA reduced protein synthesis in the livers of ETA-treated animals 
(PAVLOVSKIS et al. 1974). The ability of ETA to inhibit protein synthesis was 
confirmed by IGLEWSKI and KABAT (1975), who demonstrated that ETA cat
alyzes the transfer of the ADP-ribose moiety of NAD+ to elongation factor 2 
in a rabbit-reticulocyte cell-free lysate. Elongation factor 2 is responsible for 
the guanosine triphosphate-hydrolysis-dependent translocation of eukaryotic 
ribosomes during protein synthesis. This is the same enzymatic reaction that 
is catalyzed by diphtheria toxin (IGLEWSKI et al. 1977). Both toxins modify a 
unique, post-translationally modified histidine residue called diphthamide 
(VAN NESS et al. 1980). Inactivation of diphthamide results in cessation of 
protein synthesis, which leads to cell death. In addition to ADP-ribosyltrans
ferase activity, ETA also possesses NAD+-glycohydrolase activity in the 
absence of elongation factor 2 (CHUNG and COLLIER 1977a). 

Even though these two toxins catalyze the same enzymatic reaction, 
there are major differences in their structures and modes of action. Both ETA 
and diphtheria toxin are synthesized as a single polypeptide chain; how
ever, the domain responsible for enzymatic activity is located in the C
terminus of ETA but resides in the N-terminus of diphtheria toxin (GRAY 
et al. 1984). These toxins are toxic for different cell lines (MIDDLEBROOK 
and DORLAND 1977; VASIL and IGLEWSKI 1978). For example, mouse cells are 
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more resistant to ETA than to diphtheria toxin. This observation indicates that 
they bind to different receptors and that the binding domains of these two 
proteins are distinct. The amino acid sequences of these two proteins are 
highly divergent (GRAY et al.1984); this difference is confirmed by their limited 
immunological cross-reactivity (SADOFF et al. 1982). However, recent crystal
lographic studies of the enzymatic regions of several ADP-ribosyltransferases 
indicate that the essential amino acids in the NAD-binding sites of ETA and 
diphtheria toxin are conserved and that the three-dimensional structures of 
the enzymatic domains are superimposable (CARROLL and COLLIER 1988; 
DOMENIGHI et al. 1991). 

ETA has provided a unique opportunity for study of toxin-domain 
structure as it relates to specific functional regions of the molecule. This infor
mation is being used to develop recombinant immunotoxins designed for 
the selective killing of cancer cells (FITZGERALD 1996; PASTAN et al. 1996; 
PASTAN 1997). Studies on the regulation of ETA production have provided 
insight into the global mechanisms involved in sensing and adapting to spe
cific growth conditions. This review will attempt to summarize the molecular 
aspects of ETA structure and function, regulation of ETA production, secre
tion of ETA from the bacterial cell, and intoxication of eukaryotic cells by 
ETA. 

I. Basic Structure 

ETA was the first ADP-ribosyltransferase to have its X-ray-crystallographic 
structure determined to the 3.0-A level of resolution (ALLURED et al. 1986). 
It is synthesized as a 638-amino-acid precursor which is processed during 
secretion to a 613-amino-acid, enzymatically inactive proenzyme form (GRAY 
et al. 1984). ETA contains eight cysteine residues, which form sequential disul
fide bonds. X-ray-crystallographic analysis of the proenzyme form of ETA 
revealed that the molecule consists of three distinct structural domains 
(ALLURED et al. 1986; GUIDI-RoNTANI and COLLIER 1987). Domain I encom
passes amino acids 1-252 (Ia) and 365-399 (Ib) arrayed in 17 antiparallel {3-
strands. Domain II includes residues 253-364 and is composed of six a-helices; 
helices A and B are linked by a disulfide bond. Domain III is comprised of 
amino acids 400-613, contains an extended cleft or fold, and has a less regular 
secondary structure. Deletion and mutation analysis of the ETA molecule has 
revealed that domain la contains signals that direct the secretion of ETA from 
the bacterial cell; it is also involved in the binding of ETA to a specific eukary
otic receptor. Domain II is involved in the internalization and translocation of 
ETA to the cytosol of the eukaryotic cell, and domain III possesses the 
ADP-ribosyltansferase and NAD-glycohydrolase activities (CHUNG and 
COLLIER 1977b; VASIL et al. 1977; LORY and COLLIER 1980; GUIDI-RoNTANI 
and COLLIER 1987; HWANG et al. 1987; GUIDI-RoNTANI ] 99]; Lu et al. 1993; Lu 
and LORY 1996). The function of domain Ib is unknown, and this region can 
be deleted without loss of cytotoxicity (KIHARA and PASTAN 1994). 
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Fig.I. Structure-function relationships of ETA. Structural domains are designated la, 
Ib, II, and III; numbers refer to amino acid residues (ALLURED et al. 1986; GUID
RONTANI and COLLIER 1987)_ Disulfide bonds are indicated by bridges below the ETA 
molecule and are labeled, along with their cysteine residues. Domain Ia is involved in 
secretion of the toxin from the bacterial cell and binding to the armacroglobulin/low
density lipoprotein-receptor-related protein. Domain II is involved in the internaliza
tion and translocation of ETA, and domain III possesses enzymatic activity (CHUNG 
and COLLIER 1977b; VASIL et al. 1977; LORY and COLLIER 1980; GUIDI-RoNTANI and 
COLLIER 1987; HWANG et al. 1987; GUIDI-RoNTANI 1991; Lu et al. 1993; Lu and LORY 
1996). Sites of proteolytic cleavage are indicated by a bold arrow. The endopeptidase 
furin cleaves ETA between Arg279 and Gly280 to yield a 28-kDa, N-terminal fragment 
containing domain la and part of domain II and a 37-kDa, enzymatically active frag
ment containing part of domain II and domains Ib and III (OGATA et al. 1990, 1992; 
CHIRON et al. 1994, INOCENCIO et al. 1994; GORDON et al. 1995). The terminal lysine 
residue is removed by a serum carboxypeptidase (HESSLER and KREITMAN 1997). 
Amino acid residues conserved among ADP-ribosyltransferases are shown, and those 
implicated in enzymatic activity are indicated by an asterisk (DOMENIGHINI et al. 1991, 
1996) 

Before it can catalyze the ADP-ribosylation of elongation factor 2, the 
proenzyme form of ETA must undergo a conformational change to remove 
the steric constraints imposed on domain III by the other parts of the mole
cule (VASIL et al. 1977). In vitro, the activation of ETA can be achieved either 
by treatment with denaturing and reducing agents, such as urea and dithio
threitol, or by proteolytic cleavage to yield an enzymatically active fragment 
(CHUNG and COLLIER 1977b; VASIL et al. 1977; LEPPLA et al. 1978; LORY and 
COLLIER 1980). In vivo, ETA is activated by proteolytic cleavage and by break
age of a disulfide bond to yield an enzymatically active 37-kDa fragment 
(CHIRON et al. 1994). Activation of the proenzyme form is not necessary for 
NAD-glycohydrolase activity (CHUNG and COLLIER 1977b). Figure 1 depicts 
the structure-function relationships of ETA. 
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II. Role of ETA in Disease 

P. aeruginosa is a metabolically diverse, obligate respiring, motile, Gram-neg
ative microorganism which has a predilection for moist environments. It is pri
marily found in water and soil and on vegetation. P. aeruginosa infects injured, 
immunodeficient, or otherwise compromised patients; it rarely causes disease 
in a healthy person. For this reason, P. aeruginosa is considered to be an oppor
tunistic pathogen. In compromised patients, P. aeruginosa causes acute infec
tions, such as corneal ulcers, otitis media, septicemia, acute pneumonia, 
systemic infections associated with severe burns or neutropenia, and a chronic 
lung infection in cystic-fibrosis patients (FERGIE et al. 1994; RICHARD et al. 
1994; MENDELSON et al. 1994; DUN NARD and WUNDERINK 1995; BERGEN and 
SHELHAMER 1996; BREWER et al. 1996). P. aeruginosa lung infections are the 
eventual cause of death in 90% of cystic-fibrosis patients (GOVAN and DERETIC 
1996). P. aerllginosa is the most common Gram-negative bacterium found in 
nosocomial infections, which are often life threatening because of the innate 
resistance of this organism to most antimicrobial agents (POLLACK 1995; 
KLUYTMANS 1997; WIBLIN 1997; GORDON et al. 1998). 

A considerable amount of evidence has been generated, indicating that 
ETA plays a significant role in infections caused by P. aeruginosa. ETA is pro
duced by 95% of all clinical isolates of P. aeruginosa (BJORN et al. 1977; V ASH. 
et al.1986). Saelinger and colleagues (1977,1985,1987) demonstrated that ETA 
is produced by P. aerllginosa multiplying at burn sites. Early in these infections, 
ETA enters the bloodstream and initially blocks protein synthesis in the liver 
(SAELINGER et al. 1977); later, the spleen, heart, kidneys, and lungs are affected 
(SNELL et al. 1978). PAVLOVSKIS et al. (1977) demonstrated that the levels of 
active elongation factor 2 were reduced 70-90% in the livers of P. aeruginosa
infected mice; other organs were affected to a lesser extent. Thus, the liver 
appears to be the primary organ that is affected by ETA in septicemic burn 
patients. Administration of anti-ETA antiserum to burned mice infected with 
P. aerllginosa PA103 , an ETA-hyperproducing strain which produces low levels 
of protease, significantly increased survival (PAVLOVSKIS et al. 1997). This result 
suggested that ETA contributed to the lethality of P. aeruginosa in a burn-infec
tion model. The role of ETA in septicemia, bacteremic pneumonia, and burn
wound infections has been established through both the protective effects of 
anti-ETA antiserum in an experimental burn model and the presence of anti
ETA antibodies in the sera of infected patients (POLLACK et al. 1976, 1979, 1983; 
PAVLOSKIS et al. 1977; SAELINGER et al. 1977; CROSS et al. 1980). 

The precise role of ETA in the chronic lung infections of cystic-fibrosis 
patients is unclear, since evidence of direct tissue damage by ETA is lacking. 
However, ETA is a polyclonal T cell mitogen, or "super antigen" which, at sub
cytotoxic levels, generates cytotoxic T lymphocytes and induces interleukin-l 
production from peritoneal macrophages (ZEHAVI-WILNER 1988; MISFELDT 
1990; MISFELDT et al. 1990; LEGAARD et al. 1992; DIXON and MISFELDT 1994). 
These data suggest that ETA may be responsible for eliciting an inappropri-
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ate inflammatory response that contributes to host-tissue damage. Small 
amounts of ETA have been found in the sputa of cystic-fibrosis patients during 
periods of exacerbated lung disease (GRIMwOOD et al. 1993; JAFFAR-BANDJEE 
et al. 1995). Storey and colleagues have also detected the presence of ETA 
transcripts in a majority of patients and, in some patients, they detected high 
levels of ETA messenger RNA (mRNA) (STOREY et al. 1992; RAVIO et al. 
1994). Significantly higher levels of anti-ETA antibodies were found in the sera 
and sputum of cystic-fibrosis patients than in control groups of P. aeruginosa
infected patients (JAGGER et al. 1982; CUKOR et al. 1983; GRANSTROM et al. 1984; 
Moss et al. 1986). Thus, the prognosis of cystic-fibrosis patients is inversely cor
related with high levels of circulating immune complexes as a result of an 
immunoglobulin-G response to ETA. 

In several animal models mimicking the various types of P. aeruginosa 
infections, the virulence of ETA-deficient mutants was found to be signifi
cantly less than that of the wild-type parental strain, thus strengthening the 
evidence that ETA plays a significant role in the virulence of P. aeruginosa. 
These models include acute and chronic lung infections, bacteremia associated 
with severe burn infections, and corneal infections (STIERITZ and HOLDER 1975; 
OHMAN et al. 1980; WOODS et al. 1982; BLACKWOOD et al. 1983; NICAS and 
IGLEWSKI 1985). 

B. Production of ETA by the Bacterial Cell 

I. Characterization of the toxa Structural Gene 

The gene encoding the 638-amino-acid ETA precursor was first cloned by 
GRAY et al. (1984) and was designated toxA . VASIL et al. (1986) found that the 
toxA gene is present in 95% of P. aeruginasa strains as a single copy per 
genome. toxA is transcribed as a monocistronic message from two apparent 
transcriptional start sites (GRAY et al. 1984; GRANT and VASIL 1986). The most 
upstream start site, designated S I a and located 89 bp 5' of the translational 
start, appears to be used more frequently than the downstream site, designated 
SIb, which is located 62 bp 5' of the translational start. When the taxA tran
scriptional start sites are aligned, the regions extending 45-46 bp upstream of 
each start site are 58% identical (WEST et al. 1994a). Thus, the toxA promoter 
region appears to consist of two similar, overlapping promoters. The toxA pro
moter region shares no sequence similarity with other known P. aeruginosa 
promoters or with the consensus sequences for Escherichia coli promoters. 

II. Environmental and Temporal Signals Affecting ETA Production 

Several external stimuli that regulate ETA synthesis have been identified and 
include iron limitation, the presence or absence of divalent cations and various 
metals, glycerol, and temperature (LIU 1973; LORY 1986; BLUMENTALS et al. 
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19X7). LORY (1986) showed that concentrations of iron above 2JiM repress 
taxA-mRNA production in a dose-dependent manner: at concentrations 
above 30JiM, production of both toxA mRNA and extracellular ETA arc 
repressed approximately 95%. Although not as well characterized as the 
repression of ETA synthesis by iron, the addition of either 3.5% glycerol or 
500 JiM Ca2t to the culture medium results in an approximately threefold 
increase in the quantity of toxA mRNA (BWMENTALS et al. 19X7).ln contrast, 
the addition of 500 JiM Mn2+ to the culture medium decreased production of 
taxA mRNA by 63% (BLUMENTALS et al. 19X7). LIU (1973) initially demon
strated that temperature inversely regulates ETA production: other laborato
ries have characterized this effect and found that increasing the temperature 
from 27°C to 37°C resulted in 70% and X4% decreases in ETA production in 
the P aeruginosa strains PAl03 and PA01, respectively (Vasil, personal com
munication; West and Runyen-Janecky, unpublished). These results suggest 
that the effect of temperature on ETA production is as great as the effect 
of iron. 

ETA production is also regulated in a temporal manner. FRANK and 
IGLEWSKI (1988) found that, under iron-limiting conditions, toxA is transcribed 
in a biphasic manner. During the early phase of logarithmic growth, a small 
peak of taxA mRNA accumulates, which corresponds to the production of a 
small quantity of intracellular toxin. A second and greater accumulation of 
taxA mRNA, which is associated with the maximal production of extracellu
lar ETA, peaks as the cells enter the stationary phase of growth. This second 
phase of taxA transcription is stringently repressed by iron (FRANK et al. 19X9). 
The mechanism responsible for the temporal regulation of ETA production 
has not been identified. 

III. Regulation of ETA Production 

Several trans-acting regulatory factors, including the P aeruginos{[ cyclic 
adenosine monophosphate (AMP)-receptor-protein (CAP) homologue Vfr. 
the novel proteins RegA and RegB, the quorum-sensing regulator LasR. the 
iron-responsive transcriptional repressor Fur, the PtxR protein. and the alter
native (J factor PvdS, influence toxA expression (HEDSTROM et al. 1986: 
HINDAHL 198X; WICK et al. 1990: GAMBELLO et al. 1993: WEST et al. \994b: 
OSCHNER et a1. 1995, 1996; HAMOOD et a1. 1996). Several of these regulatory 
factors also affect the production of other P aeruginosa virulence factors. Thus. 
the regulation of ETA synthesis appears to be intricately interwoven into the 
regulatory networks that control production of the LasB and LasA elastases. 
alkaline protease, rhamnolipid, and the siderophore pyoverdin. This control of 
ETA production through inter-connected regulatory circuits is in contrast to 
the coordinate regulation of multiple virulence factors by a single regulatory 
system in response to one or more environmental signals. as occurs in Vihrio 
cholerae and Bordete/!a pertllsssis. The way in which the various proteins that 
modulate ETA expression interact is depicted in Fig. 2. 
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Fig. 2. Regulation of ETA production. Regulatory proteins are shown as ellipses. 
Genes are indicated by italics and are underlined with an arrow. Bold arrows indicate 
regulatory relationships which have been confirmed by gel-shift analysis and/or 
DNase I footprinting; other interactions are based solely on genetic data. Positive inter
actions are indicated by +; negative interactions are indicated by -

Of the numerous regulatory proteins that influence ETA production, Vfr 
is the only one that has been shown by DNase-J footprinting to interact 
directly with the toxA promoter; Vfr also binds to the regAS and lasR pro
moters (RUNYEN-JANECKY et at. 1996; ALBUS et at. 1997). Vfr is the P. aerugi
nosa homologue of E. coli CAP, which regulates the transcription of numerous 
genes in E. coli, most notably those involved in the utilization of various 
carbon sources (WEST et at., 1994b). The derived amino acid sequences of 
these two proteins are 67% identical and 91 % similar. Unlike CAP, Vfr is not 
involved in catabolite-repression control (MACGREGOR et al. 1995). In addition 
to toxA, the genes that are activated by Vfr include the ETA regulators regA 
and regS , lasR, which encodes a quorum-sensor regulator, and the gene encod
ing protease IV or its regulator (WEST et at. 1994b; ALBUS et at. 1997; ENGEL 
et at. 1998). ETA production is reduced 99% in a vfr mutant (WEST et at. 
1994a). In a DNase-I footprinting assay, Vfr protected the sequence 
5'ACCACTCTGCAATCCAGTTCATAAA3' centered 70bp 5' of the Sla 
start site in the toxA promoter (RUNYEN-JAN ECKY et at. 1996). 

The regA gene was identified by its ability to complement in trans the 
ETA-deficient phenotype of the nitrosoguanidine-generated mutant PA 103-
29 (HEDSTROM et at. 1986; HINDAHL et at. 1988). regA Encodes a 29-kDa 
protein which has been localized to the inner membrane. The deduced amino 
acid sequence of regA shares no homology with any known proteins; there
fore, it has been difficult to ascribe a function to RegA. HAMOOD and IGLEWSKI 
(1990) postulated that RegA is a transcriptional activator, because it contains 
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a helix-tum-helix motif characteristic of DNA-binding proteins. However. 
they were unable to demonstrate that RegA could bind the foxA promoter. 
WALKER et al. (1994) demonstrated that purified RegA stimulated a 15-fold 
increase in in vitro transcription of toxA by purified P. aeruginosa RNA poly
merase; addition of P. aeruginosa cell extracts resulted in another threefold 
enhancement of transcription. Because RegA co-purified with RNA poly
merase on a gel-filtration column and because an RNA polymerase/RegA 
complex could be immunoprecipitated with RegA-specific antisera. WALKER 
et al. (1994) proposed that RegA and RNA polymerase interact. 

The regB gene product is responsible for hyperproduction of ETA in 
strain PA 103 (WICK et al. 1990). The regB gene is located immediately down
stream of regA and has no apparent ribosome-binding site. There does not 
appear to be an absolute requirement of RegB for ETA production. 

PvdS is an alternative o-factor that is required for production of both ETA 
and the siderophore pyoverdin (OCHSNER et al. 1996). In a jJvdS-deletion 
mutant, there is a 95% reduction in the amount of ETA produced in response 
to iron starvation. In addition, both toxA and regAB mRNA were not 
detected. When the pvdS gene was overexpressed under the control of the 
inducible tac promoter, high levels of ETA were produced independent of the 
iron concentration of the culture medium. ETA was not produced when pvdS 
was overexpressed in a regA-deletion mutant. This finding suggests that PvdS 
is required for activation of the regAB promoters (OSCHNER et al. 1996). It is 
not clear whether PvdS directly regulates both toxA and regAB or indirectly 
regulates taxA through either RegA or an unidentified regulatory protein. 

In E. coli and other enteric microorganisms, the Fur protein represses the 
expression of numerous iron-regulated genes, most notably those involved in 
iron acquisition. This repression occurs when a Fe:'+/Fur complex binds to 
the "Fur box" present in the promoters of fllr-regulated genes. OCHSNER 
et al. (1995) demonstrated that purified Fur protein bound DNA fragments 
containing the pvdS promoter but not the toxA or regAB promoters. Thus. 
in response to changing iron levels, P. aeruginosa Fur appears to regulate 
toxA production indirectly by repressing expression of pvdS (OCHSNER et al. 
1996). 

LasR is a quorum-sensing regulator which enhances foxA expression and 
also activates transcription of the elastase structural genes lasA and lasB and 
the alkaline-protease structural gene apr (GAMBELLO et al. 1993). In a P. aerug
inosa PA01 lasR mutant, ETA expression was reduced by 33'10; the addition 
of lasR on a multicopy plasmid increased ETA levels threefold. This effect 
was not mediated through RegA, as LasR did not affect transcription of 
regAB. 

PtxR is a 35-kDa protein which shares sequence similarity with the LysR 
family of transcriptional activators (HAMoon et al. 1996). In an iron-deficient 
medium. the presence of a plasmid carrying ptxR increased ETA synthesis by 
four- to fivefold. In an in vitro. constructed ptxR-deletion mutant, ETA pro
duction was reduced 40-50%; however. upon extensive suhculturing. the level 
of ETA produced by the ptxR mutant returned to parental levels. 
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In summary, production of ETA is a finely tuned event that occurs in 
response to one or more environmental signals and is mediated by multiple 
proteins which also function in the regulatory circuits that control expression 
of other P aeruginosa virulence factors, such as elastase, alkaline protease, and 
siderophores. 

IV. Secretion from the Bacterial Cell 

In gram-negative bacteria, secretion of an extracellular protein requires that 
the protein be transported across two hydrophobic lipid bilayers and an 
aqueous periplasmic space. ETA and several other P aeruginosa exoproteins 
are secreted from the bacterial cell by the type-II general secretion pathway 
(PUGSLEY 1993). In this process, the secreted proteins are initially translocated 
from the inner membrane into the periplasm and then are translocated across 
the outer membrane. To aid this process, specific targeting signals or structures 
that are present in the ETA molecule direct its secretion to the periplasm and 
to the extracellular milieu. 

ETA possesses a 25-amino-acid N-terminalleader peptide which directs 
the ETA protein across the cytoplasmic or inner membrane (GRAY et al. 1984; 
DOUGLAS et al. 1987). This leader peptide is similar to other bacterial leader 
sequences in that it contains basic amino acid residues at the N-terminus (his
tidine residues at positions -24 and -20), a 13-amino-acid central core region 
that contains ten hydrophobic residues, and a consensus Ala-(Ser)-Ala leader 
peptidase-recognition site. DOUGLAS et al. (1987) demonstrated that enzymat
ically active ETA is secreted into the periplasm of E. coli and that a mutation 
in the secA gene blocked secretion, processing, and conversion of the protein 
to a fully toxic conformation. Thus, the translocation of ETA across the inner 
membrane is presumably mediated by a secretion apparatus similar to that 
encoded by the sec genes of E. coli. However, a sec-like secretion apparatus 
has not been described in P aeruginosa. 

In P aeruginosa, after removal of the signal peptide, ETA is released into 
the periplasm without the accumulation of a significant periplasmic pool (LORY 
et al. 1983). Initially, this failure to detect ETA in the periplasm led to the 
hypothesis that ETA is secreted by a novel mechanism in which it is inserted 
into the inner membrane and is transported to the outer membrane through 
zones of adhesion between the two membranes. However, Lu et al. (1993) 
demonstrated that mutagenesis of amino acid residues at the extreme N
terminus results in transient accumulation of ETA in the periplasm. Specifi
cally, if lysine and glutamine were substituted for the +2 and +3 glutamic acid 
residues, the mutant ETA proteins accumulated in the periplasm and mem
brane fractions before their eventual transport into the extracellular milieu. 
This study provided evidence that ETA is secreted by a two-step process. 

The terminal branch of the P. aeruginosa general-secretory pathway is 
comprised of at least 12 xcp genes, which are similar to the Klehsiella oxytoca 
pul genes that are involved in the specific secretion of pullulanase (BALLY ct 
al. 1992; NUNN and LORY 1992; AKRIM et al. 1993; PUGSLEY 1993). The XcpQ, 
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X cpT, XcpU, XcpV, and XcpW proteins comprise the secretory apparatus: 
XcpO is the only Xcp protein that is located in the outer membrane. It has 
been proposed that these proteins recognize a specific conformational 
structure on the surface of the folded ETA molecule. The Xcp P. XcpX, Xcp Y. 
and XcpZ proteins are inner-membrane components; their function has 
not been determined (BLEvEs et al. 1996). The XcpA, XcpR. and XcpS pro
teins are required for the assembly of the secretion apparatus. Specifically. 
XcpR contains an adenosine triphosphate (ATP)-binding site and presumably 
hydrolyzes ATP to provide energy for the translocation of secreted proteins 
across the outer membrane (TURNER et al. 1993). XcpA. also identified as 
PiID, is a leader peptidase and N-methyl transferase that is responsible for 
the cleavage of the type IV pilin-like leader peptides of the XcpT. Xcpu. 
XcpV, and XcpW proteins (STROM et al. 1991: BALLY et a!. 1992). This pro
tein is also required for the processing of several proteins that are involved 
in the assembly or are structural components of the type-IV pili produced 
by P aeruginosa. If the leader peptide is not cleaved from XcpT, Xcpu. 
XcpV, and XcpW. the secretory apparatus does not form properly. and 
ETA and other secreted proteins accumulate in the periplasm (STROM et al. 
1991). In a piLD (xcpA) mutant. ETA accumulated in thc periplasm: this 
protein was fully mature in size, contained all cysteines in disulfide bonds and 
was toxic in a tissue-culture cytotoxicity assay. This result suggests that ETA 
is folded into its native conformation before translocation across the outer 
membrane. 

For transport across the outer membrane, a protein must possess a spe
cific signal that distinguishes it from those proteins that remain in the 
periplasm. Using ETA-f3-lactamase hybrid proteins, Lu and LORY (1996) 
demonstrated that residues 60-120 within ETA domain Ia can target the secre
tion of mature f3-lactamase across the outer membrane of P (/cruginosa. Nor
mally, f3-lactamase is only secreted to the periplasm of P aeruKinosa. In this 
region of ETA, there are three anti-parallel f3-strands which appear as a pro
truding knob; no other recognizable structural motifs are found within this 
region. Lu and LORY (1996) hypothesized that this knob is the signal recog
nized by the terminal branch of the P aeruginosa general-secretory apparatus 
for translocation of ETA across the outer membrane. 

C. Intoxication of Eukaryotic Cells 
Intoxication of a eukaryotic cell by ETA requires that ETA he transported to 
the cytosol, where elongation factor 2 is located. If ETA is not delivered to the 
cytosol, the target cell will escape intoxication. The intoxication process involves 
the following steps: (1) binding of ETA to a specific receptor. (2) internalization 
by receptor-mediated endocytosis, (3) activation of the protein by proteolytic 
cleavage and a conformational change, (4) removal of the terminal lysine 
residue and movement from the trans-Goigi to the endoplasmic reticulum, and 
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(5) translocation to the cytosol, where (6) ETA ADP-ribosylates elongation 
factor 2. The steps subsequent to endocytosis, which result in the transport of 
ETA to the cytosol, are not completely understood. Figure 3 depicts the steps 
involved in the intoxication of eukaryotic cells by ETA. 

I. Binding to a Specific Receptor on the Eukaryotic Cell Surface and 
Internalization by Receptor-Mediated Endocytosis 

The initial step in the intoxication of the eukaryotic cell by ETA is binding to a 
specific receptor on the surface of susceptible cells. Saelinger and colleagues 
have purified and characterized a protein (from mouse LM fibroblasts and from 
mouse liver) which binds ETA (FORRISTAL et al.1991;THOMPSON et al.1991). This 
protein was shown to be immunologically and functionally identical to the 
heavy chain of the multi-functional receptor known as the az-macroglobulin/ 
low-density lipoprotein-receptor-related protein (LRP) on the cell surface 
(KOUNNAS et al. 1992). LRP is widely distributed on many types of tissues and 
is present at high levels on the surfaces of fibroblasts and hepatocytes. LRP 
mediates the clearance of proteases, protease-inhibitor complexes, and various 
ligands associated with lipid metabolism. As further confirmation that LRP is 
the ETA receptor, WILLNOW and HERZ (1994) and FITZGERALD et al. (1995), by 
selecting for resistance to ETA, have isolated mutant cell lines that are deficient 
in the surface expression of LRP. AVRAMOGLU et al. (1998) demonstrated that 
transfection with expression plasmids carrying full-length chicken LRP 
restored sensitivity to ETA in a mutant Chinese hamster ovary cell line that 
lacked expression of endogenous LRP. Thus, ETA appears to bind to mam
malian cells by utilizing an "opportunistic" receptor. 

MUCCI et al. (1995) proposed that the level of LRP and/or the level of 
receptor-related protein (RAP) on the surfaces of susceptible cells modulates 
susceptibility to ETA. RAP is a 39-kDa protein which co-purifies with LRP 
and blocks the binding of ETA and other ligands to LRP. Cells expressing low 
levels of LRP were 200-fold more resistant to ETA than sensitive cells, and 
cells expressing high levels of both LRP and RAP were also resistant to ETA. 
In the latter case, RAP presumably prevents ETA from binding to LRP. 

The specific amino acids in domain Ia of ETA that interact with LRP have 
not been identified. However, ETA binding and/or cytotoxicity were abolished 
or greatly diminished when Lys57 was mutated to Glu or Gly (JINNo et al. 
1988) or when a dipeptide was inserted between positions 60 and 61 (CHAUDRY 
et al. 1989). 

Once bound to LRP, ETA enters mammalian cells by receptor-mediated 
endocytosis, the process by which many growth factors, hormones, and trans
port proteins enter cells (MORRIS 1990). Using electron microscopy, several 
investigators have followed the entry of ETA into mouse LM fibroblasts 
(MORRIS et al. 1983; MORRIS and SAELINGER 1985, 1986; SAELINGER et al. 1985, 
1987). In these studies, biotinylated ETA was detected with avidin-gold col
loids. Following binding of ETA to LRP, the LRP-ETA complex moved to 
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Fig. 3. Intoxication of eukaryotic cells by ETA. The following steps have heen pro
posed as the mechanism hy which ETA intoxicates eukaryotic cells. (I) Removal of the 
terminal lysine residue from ETA (CHAUDHARY et al. 1990). (2) Binding of ETA to the 
lXrmacroglobulin/low-density Iipoprotein-receptor-related protein (LRP) (FOKKISTAL 
et al. 1991;THOMI'SON et al. 1991). (3) Movement of the ETA/LRP complex to clathrin 
coated pits (MORRIS et al. 1983; MORRIS and SAELlNG EK 19X5. 1986; SAELlNGEK et al. 
1985.1987). (4) Fusion of the coated pit with an endosome. (5) Translocation to the 
Golgi apparatus. (6) Cleavage of ETA by the eukaryotic endopeptidase furin. and 
reduction of the disulfide bond between Cys265 and Cys287 (OGAIA et a!. 1990. 1992: 
CHIRON et al. 1994; INOCENCIO et a!. 1994; GOKDON et a!. 1(95). (7) Binding to 
the KDEL receptor. (8) Translocation to the endoplasmic reticulum. (9) Release of the 
enzymatically active 37-kDa ETA fragment into the cytosol . where it can catalyze the 
adenosine-diphosphate-ribosylation of elongation factor 2 (lGl.EWSKI and KABAT 1975: 
CHUNG and COl.LlER 1977a). Not all of these steps have bee n characterized 
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clathrin-coated pits, which were pinched off to become coated vesicles. At 
37°C, this step occurred 30s to 2.5 min after the addition of the biotinylated 
ETA to the LM cells. Within lOmin, ETA was found in endosomes, the result 
of fusion of the coated vesicle with a non-coated vesicle. After 10-20 min, the 
toxin appeared in the trans-Golgi region and, after 30-60min, it could be 
detected in the lysosomal compartment. This process could be blocked by 
agents, such as methylamine, ammonium chloride, and chloroquine, which 
prevent receptor-mediated endocytosis (FITZGERALD et al. 1980; MORRIS et al. 
1983); the process could also be altered by reduced temperatures (MORRIS and 
SAELINGER 1986). 

II. Activation by Proteolytic Cleavage and/or a 
Conformational Change 

Several investigators (OGATA et al. 1990, 1992; CHIRON et al. 1994; INOCENCIO 
et al. 1994; GORDON et al. L 995) recently demonstrated that the trans-Golgi 
endopeptidase furin cleaves ETA to generate an N-terminal28-kDa fragment 
and an enzymatically active 37-kDa C-terminal fragment. Furin is a subtilisin
like Ca2+ -dependent endoprotease which has been localized to the trans-Golgi 
network and also to the cell surface (NAKAYAMA 1997). Cleavage of ETA 
occurred as early as 10 min after internalization; this timing corresponds to 
arrival of the ETA molecule in the trans-Golgi (OGATA et al. 1990). 

Furin recognizes the sequence RXK/RR and cleaves ETA at the C
terminal side of the sequence RHRQPR (amino acids 276-279), which is 
located within a loop in domain II formed by a disulfide bond (Cys-265 to Cys-
287; CHI RON et al. 1994). ETA molecules containing mutations that change 
Arg-276 and Arg-279 to Gly are resistant to cleavage and are approximately 
5(lO-fold less cytotoxic. Mutations that change Cys-265 and Cys-287 to Ser or 
Ala decrease cytotoxic activity about tenfold (MADSHUS and COLLIER 1989); 
these mutations would prevent formation of the arginine-rich loop containing 
the furin cleavage site. 

To confirm that furin is the protease responsible for cleaving ETA in vivo, 
MOEHRING et al. (1993) transfected a complementary DNA (cDNA) encoding 
furin into an ETA-resistant cell line. This cell line, which is deficient in the 
cleavage of ETA and, therefore, is resistant to ETA, contains a defect in the 
gene encoding furin (INOCENCIO et al. ] 994). Transfection with the furin cDNA 
rendered these cells sensitive to ETA (MOEHRING et al. 1993). 

After ETA is cleaved by furin, the 28-kDa N-terminal fragment and the 
37-kDa C-terminal fragment remain linked by a disulfide bond between 
Cys265 and Cys287 (OGATA et al. 1990). This bond is subsequently reduced (by 
an unknown mechanism) to release the two fragments. Fractionation of cells 
exposed to radiolabeled ETA demonstrated that the 37-kDa fragment was 
enriched in the cytosol, indicating that this fragment had been translocated to 
the cytosol. The membrane fraction contained the 37-kDa fragment, still 
linked by a disulfide bond to the 28-kDa fragment. 
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III. Removal of the Terminal Lysine and Translocation 
into the Cytosol 

The presence of a KDEL-Iike sequence (REDLK) at the C-terminus of ETA 
suggests that the 37-kDa fragment is transported from the trans-Golgi to the 
endoplasmic reticulum before translocation into the cytosol (CHAUDHARY 
et al. 1990). Newly synthesized proteins that are destined to remain in the 
endoplasmic reticulum have the sequence KDEL at their C>terminus. This 
sequence mediates their binding to the KDEL receptor and their subsequent 
return to the endoplasmic reticulum. Removal of the ETA terminal lysine 
residue allowed ETA to bind to the KDEL receptor; removal of additional 
residues blocked cytotoxicity, presumably by preventing binding of ETA to 
the KDEL receptor. thus preventing translocation of ETA to the endoplasmic 
reticulum (CHAUDHARY et al. 1990). Removal of these residues did not block 
in vitro ADP-ribosyltransferase activity. The native 37-kDa fragment binds to 
the KDEL receptor with approximately I % of the affinity of mutant proteins 
containing a KDEL-receptor-binding consensus sequence at their C-teminus 
(KREITMAN and PASTAN 1995). HESSLER and KREITMAN (1997) have shown that 
the terminal lysine residue of ETA can be removed by a carboxypeptidase 
present in serum. This occurred when ETA was incubated with cells in medium 
containing serum or when ETA was incubated in plasma without cells. 111US. 
this step appears to occur before ETA enters the eukaryotic cell and is trans
ported to the trans-Golgi. 

IV. ADP-Ribosylation of Elongation Factor 2 

In the cytosol, the 37-kDa fragment of ETA catalyzes the transfer of the 
ADP-ribose moiety of NAD+ to diphthamide. a unique residue present in 
elongation factor 2. NAD+ initially binds to the 37-kDa fragment of ETA to 
form a binary complex, which then binds to elongation factor 2 (CHUNG and 
COLLIER 1977a). To define the site of NAD binding and the mechanism of acti
vation of ETA. LI et al. (1995, 1996) determined. at 2.3-A. resolution. the 
crystal structure of domain III (amino acids 400-613) complexed with either 
the hydrolysis-resistant NAD analog p-methylene-thiazole-4-carboxamide 
adenine dinucleotide (P-TAD) or the products of NAD hydrolysis (AMP and 
nicotinamide). Unlike the proenzyme form of ETA, domain III. which does 
not contain any disulfide bonds, does not need to be activated by treatment 
with denaturing agents to express ADP-ribosyltransferase activity. Thus. the 
results obtained with this study should yield a conformation that resembles 
the binary complex of NAD+ bound to an enzymatically active fragment of 
ETA. Ll et al. (1995, 1996) found that the site for NAD' binding and enzy
matic activity resided within the extended cleft previously identified by 
ALLURED et al. (1984) and BRANDHUBER et al. (1988). This cleft consists of two 
approximately orthogonal, antiparallcl p-sheets flanked by several helices. The 
only significant conformational change in structure observed between the 
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proenzyme form of ETA and domain III bound to f3-TAD occurred in the loop 
between residues 457 and 464. In crystals of domain III bound to f3-TAD, this 
loop is moved away from the active site; however, in the proenzyme form of 
ETA, helix 333-335 of domain II prevents this loop from moving. Presumably, 
activation of ETA enzymatic activity removes the steric constraints of helix 
333-335 in domain II, thus allowing the loop between residues 457 and 464 to 
move making the extended cleft accessible to NAD+ (DOMENIGHINI et al. 1996; 
LI et al. 1996). 

DOMENIGHINI et al. (1991) used computer-based molecular modeling of the 
NAD+-binding sites of ETA and diphtheria toxin to identify specific residues 
that may be involved in catalysis or NAD+ binding. Seven residues, which are 
present at equivalent sites in the two toxins, were identified. For ETA, these 
residues are: His-440, Trp-466, Phe-469, Tyr-470, Tyr-481, Glu-553, and Trp-558. 
Chemical modification or site-directed mutagenesis of several of these 
residues has confirmed their role in NAD+ binding and/or catalytic activity. 
Mutations at His-440 reduced ADP-ribosyltransferase activity 1000-fold 
but had no effect on NAD-glycohydrolase activity or NAD+ binding (HAN 
and GALLOWAY 1995). HAN and GALLOWAY (1995) proposed that His-440 is 
involved in the transfer of the ADP-ribose moiety to elongation factor 2. Glu-
553 was initially identified as an active-site residue by photoaffinity labeling 
(CARROLL and COLLIER 1987). Replacement of Glu-553 with Asp reduced 
ADP-ribosyltransferase activity 3200-fold and cytotoxicity 400000-fold 
(DOUGLAS and COLLIER 1987, 1990). Using site-directed mutagenesis, LUKAC 
et al. (1988) constructed a mutant toxin with Glu-553 deleted. The mutant 
toxin was devoid of ADP-ribosyltransferase activity and cytotoxic activities. 
When administered to mice, 400 lethal doses produced no ill effects. This 
mutant toxin could block binding of native ETA to LRP and elicited high 
levels of neutralizing anti-ETA antibodies in mice. BEATTIE et al. (1996) sub
stituted phenylalanine for the domain-III tryptophan residue Trp-466. 
ADP-ribosyltransferase and NAD+-glycohydrolase activities were reduced 
20- and threefold, respectively. BEATTIE et al. (1996) proposed that Trp-466 
plays an indirect role in ADP-ribosyltransferase activity by maintaining the 
structural integrity of the active site. Substitution of Trp-417 and Trp-558 with 
phenylalanine had minimal effects on ADP-ribosyltransferase and NAD+
glycohydrolase activities. Mutation of Tyr-481 to Phe resulted in a tenfold 
reduction in ADP-ribosyltransferase activity and cytotoxicity, but no reduc
tion in NAD-glycohydrolase activity; iodination of this residue abolished 
ADP-ribosyItransferase activity (BRAND HUBER et al.1988; LUKAC and COLLIER 
1988). Mutation of Tyr-470 to Phe had no effect on ADP-ribosyItransferase 
activity, cytotoxicity, or NAD+-glycohydrolase activity, implying that this 
residue is not directly involved in catalysis (LUKAC and COLLIER 1988). 

An additional residue required for ADP-ribosyltransferase activity (but 
not involved in NAD+ binding) was identified by determining the nucleotide 
sequence of CRM66, an immunologically cross-reactive, ADP-ribosyltrans
ferase-deficient molecule produced by P aeruginosa strain PAO-PRI (WICK 
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and IGLEWSKI 1988; WOZNIAK et a1. 1988). In CRM66, His-42fl is replaced with 
tyrosine. When Tyr-426 of CRM66 was replaced with histidine (a change which 
renders CRM66 identical to wild-type ETA), cytotoxicity and ADP
ribosyltransferase activity were restored (GALLOWAY et a!. 1989). Using an 
immobilized-elongation-factor-2-hinding assay, KESSl.ER and GALLOWAY 
(1992) have shown that CRM66 cannot bind to immohilized elongation factor 
2, implying that His-426 interacts with elongation factor 2. 

In summary, the NAD-hinding and catalytic sites of ETA share a con
served three-dimensional structure with other ADP-rihosylating enzymes 
(DOMENIGHINI and RAPPUOLI 1996). Specifically, these toxins share a common 
folding of the NAD-hinding site, conserved amino acids that are involved in 
catalysis, and a requirement for a conformational change. In the current model, 
the NAD-binding and catalytic sites of these toxins are formed hy a /3-strand 
followed by a slanted a-helix. Conserved motifs in these toxins include: (I) an 
aromatic amino acid followed hy a histidine (His-440 in ETA) or arginine 
residue, (2) the motif Glu/Gln (Glu-553 in ETA)-X-Glu, and (3) in ETA and 
diphtheria toxin, a Tyr-X,o-Tyr NAD-hinding motif (Tyr-470-Tyr-48I in ETA). 

Acknowledgement. The author's work descrihed in this review was supported hy Public 
Health Service grant AI31477 from the National Institute of Allergy and Infectious 
Disease. 

References 

Akrim M. Bally M, Ball G. Tommassen 1 Teerink H. Pilloux A. Lazdunski A (llJlJ3) 
Xcp-mediated protein secretion in Pseudol1lonas aerugillosa: identification of two 
additional genes and evidence for regulation of xCfJ gene expression. Mol Micro
bioi 10:431-443 

Albus AM. Pesci EC Runyen-Janecky LJ, West SE. Iglcwski BH (1997) Vfr controls 
quorum sensing in Pseudomonas aeruginosa. J Bacteriol 179:.1921-:-3935 

Allured VS, Collier RJ, Carroll SF. JY1ckay DB (191-:6) Structure of exotoxin A of 
Pscw/()}nonas aerllginosa at 3.0-Angstrom resolution. Proc Natl Acad Sci USA 
1-:3:1320-1324 

Avramoglu RK, Nimpf 1 McLeod RS. Ko KW. Wang Y. Fitzgerald D. Yao WZ (]9lJK) 
Functional expression of the chicken low density lipoprotein receptor-related 
protein in a mutant Chinese-hamster-ovary cell line restores toxicity of 
Pselldoll1onas exotoxin A and degradation of a,-macroglobulin. J BioI Chem 
273:6057-6065 

Bally M, Filloux A, Akrim M, Ball G. Lazdunski A. Tommassen J (19l)2) Protein secn:
tion in Pselldomonas aeruginosa: characterization of seven XCjJ genes and pro
cessing of secretory apparatus components by prepilin peptidase. Mol Microbiol 
6:1121-1131 

Beattie BK. Prentice GA. Merrill AR (l990) Investigation into the catalytic role ror 
the tryptophan residues within domain III or PselU/o/l/O/las acrugillosil exotoxin 
A. Biochem 35:15134-15142 

Bergen GA, Shelhamer JH (1996) Pulmonary infiltrates in the cancer patient. Infect 
Dis Clin North Am 10:2997-326 

Bjorn MJ, Vasil ML Sadoff Jc, Iglewski BH (1977) Incidence of exotoxin production 
by Pseudomonas lleruginosa species. Infect Immun 16:362-366 



Pseudomonas aeruginosa Exotoxin A 113 

Blackwood LL, Stone RM, Iglewski BH, Pennington PE (1983) Evaluation of 
Pseudomonas aeruginosa exotoxin A and elastase as virulence factors in acute lung 
infection. Infect Immun 39:198-201 

Bleves S, Voulhoux R, Michel G, Lazdunski A, Tommassen J, Filloux A (1996) 
The secretion apparatus of Pseudomonas aeruginosa: identification of a fifth 
pseudopilin, XcpX (GspK family). Mol Microbiol 27:31-40 

Blumentals II, Kelly RM, Gorziglia M, Kaufman JB, Shiloach J (1987) Development 
of a defined medium and two-step culturing method for improved exotoxin A 
yields from Pseudomonas aeruginosa. Appl Environ Microbiol 53: 2013-2020 

Brandhuber BJ, Allured VS, Fabel TG, McKay DB (1988) Mapping the enzymatic 
active site of Pseudomonas aeruginosa exotoxin A. Proteins 3:146-154 

Brewer SC Wunderink RG, Jones C8, Leeper KVJ (1996) Ventilator-associated pneu
monia due to Pseudomonas aeruginosa. Chest 109: I 019-1029 

Carroll SF, Collier RJ (1987) Active site of Pseudomonas aeruginosa exotoxin A. Glu
tamic acid 553 is photolabeled by NAD and shows functional homology with glu
tamic acid 1411 of diphtheria toxin. J Bioi Chern 262:8707-8711 

Carroll SF, Collier RJ (1988) Amino acid sequence homology between the enzymic 
domains of diphtheria toxin and Pseudomonas aeruginosa exotoxin A. Mol Micro
bioi 2:293-296 

Chaudhary VK, Jinno Y, Fitzgerald D, and Pastan I (1990) Pseudomonas exotoxin con
tains a specific sequence at the carboxyl terminus that is required for cytotoxicity. 
Proc Natl Acad Sci USA 87:3011-312 

Chaudry GJ, Wilson RB, Draper RK, Clowes RC (1989) A dipeptide insertion in domain 
I of exotoxin A that impairs receptor binding. J Bioi Chern 264:15151-15156 

Chiron MF, Fryling CM, FitzGerald OJ (1994) Cleavage of Pseudomonas exotoxin and 
diphtheria toxin by a furin-like enzyme prepared from beef liver. J Bioi Chern 
269:111167-18176 

Chung D-W, Collier RJ (1977a) The mechanism of ADP-ribosylation of elongation 
factor 2 catalyzed by fragment A from diphtheria toxin. Biochim Biophys Acta 
483:248-257 

Chung D-W, Collier RJ (1977b) Enzymatically active peptide from the adenosine 
diphosphate-ribosylating toxin of Pseudomonas aeruginosa. Infect Immun 
16:1132-841 

Cross AS, Sadoff lC, Iglewski BH, Sokol PA(1980) Evidence for the role of toxin A in 
the pathogenesis of infection with Pseudomonas aeruginosa in humans. 1 Infect 
Dis 142:538-546 

Cukor G, Blacklow NR, Nowack NN, Rich CM, Braverman LE, Fischer RA (19113) 
Comparative analysis of serum antibody responses to Pseudomonas aeruginosa 
exotoxin A by cystic fibrosis and intensive care patients. 111:457-462 

Dixon DM, Misfeldt ML (1994) Proliferation of immature T cells within the spleno
cytes of athymic mice by Pseudomonas exotoxin A. Cell Immunol 158:71-82 

Domenighini M, Rappuoli R (1996) Three conserved consensus sequences identify the 
NAD-binding site of ADP-ribosylating enzymes, expressed by eukaryotes, bacte
ria, and T-even bacteriophages. Mol MicrobioI21:667-674 

Domenighini M, Montecucco C Ripka WC, Rappuoli R (1991) Computer modeling of 
the NAD binding site of ADP-ribosylating toxins: active site structure and mech
anism of NAD binding. Mol Microbiol 5:23-31 

Douglas eM, Collier Rl (1987) Exotoxin A of Pseudomonas aeruginosa: substitution 
of glutamic acid 553 with aspartic acid drastically reduces toxicity and enzymatic 
activity. 1 Bacteriol 169:4967-4971 

Douglas CM, Collier RJ (1990) Pseudomonas aeruginosa exotoxin A: alterations of 
biological and biochemical properties resulting from mutation of glutamic acid 553 
to aspartic acid. Biochem 29:5043-5049 

Douglas CM, Guidi-Rontani C, Collier RJ (J 9117) Exotoxin A of Pseudomonas aerug
inosa: active, cloned toxin is secreted into the periplasmic space of Escherichia coli. 
J Bacteriol 169:4962-4966 



H4 S.E.H. West 

Dunn M. Wunderink RG (1995) Ventilator-associated pneumonia caused bv 
Pseudomonas infection. Clinics in Chest Medicine 16:95-109 

Engel LS. Hill 1M. Caballero AR. Green LC O'Callaghan Rl (199H) Protease IV, a 
unique extracellular protease and virulence factor from PSCUdOIllOllllS ({crtlgil1oslI. 
] Bioi Chem 273:16792-16797 

Fergie lE. Shema SJ. Lott L. Crawford R. Patrick CC (1994) Pseudomonas aeruginosa 
bacteremia in immunocompromised children: analysis of factors associated with a 
poor outcome. Clin Infect Dis 18:390-394 

FitzGerald D (1996) Why toxins? Cancer BioI 7:87-95 
Fitzgerald D. Morris RE. Saelinger CB (1980) Receptor-mediated internalization of 

Pseudomonas toxin by mouse fibroblasts. Cell 21 :867-H73 
Fitzgerald DJ. Fryling CM. Zdanovsky A. Saelinger CB. Kounnas M. Winkles .IA. 

Strickland D. Leppla S (1995) Pseudomonas exotoxin-mediated selection yields 
cells with altered expression of low-density-lipoprotein receptor-related protein. 
] Cell BioI 129:1533-1541 

Forristal JJ. Thompson MR. Morris RE. Saelinger CB (1991) Mouse liver contains a 
PSClldomonas aeruginosa exotoxin-A-binding protein. Infectlmmun 59:2HHO-2HH4 

Frank DW, Iglewski BH (19HH) Kinetics of toxA and regA mRNA accumulation in 
Pseudomonas aeruginosa. 1 Bacteriol 170:4477-44H3 

Frank DW. Storey DG. Hindahl MS. Iglewski BH (J 9H9) Differential regulation by iron 
of rq;A and toxA transcript accumulation in Pseudomonas ({crugil1osa. 1 Bactcriol 
171 :5304-5313 

Galloway DR. Hedstrom RC McGowan lL. Kessler SP. Wozniak 01 (1989) Biochem
ical analysis of CRM 66. A nonfunctional Pseudomonas IIcrtigiflosa exotoxin A. 
J BioI Chern 264:14869-14H73 

Gambello Ml Kaye S. Iglewski BH (1993) LasR of Pscudoll1onas aCrtigino.I'{{ is a tran
scriptional activator of the alkaline protease gene (apr) and an enhancer of exo
toxin A expression. Infect lmmun 61: 1180-1184 

Gordon SM. Serkey 1M. Keys TF, Ryan T. Fatica CA. Schmitt SK. et al. (199H) Secular 
trends in nosocomial bloodstream infections in a 55-bed cardiothoracic intensive 
care unit. Ann Thorac Surg 65:95-100 

Gordon VM. Klimpel KR,Arora N. Henderson MA. Leppla SH (1995) Proteolytic acti
vation of bacterial toxins by eukaryotic cells is performed by furin and by addi
tional cellular proteases. Infect Immun 63:82-97 

Govan lR. Deretic V (1996) Microbial pathogenesis in cystic fibrosis: mucoid 
Pseudomonas aeruginosa and Blirkholderia cepacia. Microbiol Rev 60:539-
74 

Granstrom MA. Ericsson MA. Strandvik B. Wretlind B. Pavlovskis OR. Berka R, Vasil 
ML (1984) Relation between antibody response to Pseudoll1o/lils aeruginosa exo
proteins and colonizationlinfcction in patients with cystic fibrosis. Acta Paediatr 
Scand 13:772-777 

Grant CCR. Vasil ML (J (86) Analysis of transcription of the exotoxin-A gene of 
Pseudomonas aeruginosa. J Bacteriol 16H: 11 J 2-1119 

Gray GL, Smith DH. Baldridge JS. Harkins RN. Vasil ML. Chen EY, Heyneker tiL 
(1984) Cloning. nucleotide sequence. and expression in f:'scherichia coli of the exo
toxin A structural gene of Pselldomonlls aemginosa. Proc Natl Acad Sci USA HI: 
2645-2649 

Grimwood K, Semple RA. Rabin HR. Sokol PA Woods DE (1993) Elevated exoen
zymes expression by Pselldomonas aeruginosa is correlated with exacerbations of 
lung disease in cystic fibrosis. Pediatr Pulmon 15:135-139 

Guidi-Rontani C (1991) Functional analysis of exotoxin A-related protein of 
Pseudomonas aeruginosll lacking residues 225-412. FEMS Microbiol Lell 
HO: 103-] 09 

Guidi-Rontani C, Collier RJ (t (87) Exotoxin A of Pseudolllollas aemginosa: evidence 
that domain I functions in receptor binding. Mol Mierobiol 1 :67-72 

Hamood AN. Iglcwski BH (J (90) Expression of the Pseudol7lonas ({cmgillosa loxA 
positive regulatory gene (regA) in Escherichia coli. J Bactcriol 172: 5H9-594 



Pseudomonas aeruginosa Exotoxin A 85 

Hamood AN, Colmer JA, Oschner UA, Vasil ML (1996) Isolation and characterization 
of a Pseudomonas aeruginosa gene ptxR which positively regulates exotoxin A 
production. Mol Microbiol 21:97-110 

Han XY, Galloway DR (1995) Active-site mutations of Pseudomonas aeruginosa exo
toxin A. Analysis of the His 440 residue I Bioi Chem 270:679-684 

Hedstrom RC, Funk CR, Kaper JB, Pavlovskis OR, Galloway DR (1986) Cloning of a 
gene involved in regulation of exotoxin A expression in Pseudomonas aeruginosa. 
Infect Immun 51: 37-42 

Hessler lL, Kreitman Rl (1997) An early step in Pseudomonas exotoxin action is 
removal of the terminal lysine residue. which allows binding to the KOEL recep
tor. Biochem 36:14577-14582 

Hindahl MS. Frank OW, Hamood A. 19lewski BH (1988) Characterization of a gene 
that regulates toxin A synthesis in Pseudomonas aeruginosa. Nucleic Acids Res 
16:5699,8752 

Hwang I, Fitzgerald OJ, Adhya S, Pastan I (1987) Functional domains of Pseudomonas 
exotoxin identified by deletion analysis of the gene expressed in E. coli. Cell 
48:129-136 

Iglewski BH, Kahat 0 (1975) NAO-dependent inhibition of protein synthesis by 
Pseudomonas aeruginosa toxin. Proc Natl Acad Sci USA 72:2284-2288 

Iglewski BH. Liu PY, Kabat 0 (1977) Mechanism of action of Pseudomonas aerugi
nosa exotoxin A: adenosine diphosphate-ribosylation of mammalian elongation 
factor 2 in vitro and in vivo. Infect Immun 15:138-144 

Inocencio NM. Moehring 1M, Moehring Tl (1994) Furin activates Pseudomonas 
exotoxin A by specific cleavage in vivo and in vitro. I BioI. Chern 269:31831-
31835 

laffar-Bandjee MC, Lazdunski A, Bally M. Carrere I, Chazalette IP, Galabert C 
(1995) Production of elastase, exotoxin A, and alkaline protease in sputa during 
pulmonary exacerbation of cystic fibrosis in patients chronically infected by 
Pseudomonas aeruginosa. I Clin Microbiol 33:924-929 

lagger KS, Robinson, OL. Franz MN, Warren RL (1982) Detection by enzyme-linked 
immunosorbent assays of antibody specific for Pseudomonas proteases and exo
toxin A in sera from cystic fibrosis patients I Clin MicrobioI15:1054-1058 

linno Y, Chaudhary VK, Kondo T, Adhya S. Fitzgerald 01, Pastan I (1988) Mutational 
analysis of domain I of Pseudomonas exotoxin: mutations in domain I of 
Pseudomonas exotoxin which reduce cell binding and animal toxicity. I Bioi Chem 
263: 13203-13207 

Kessler Sp, Galloway DR (1992) Pseudomonas aeruginosa exotoxin A interaction with 
eucaryotic elongation factor 2. Role of the His426 residue. I Bioi Chem 267: 
19107-19111 

Kihara A. Past an I (1994) Analysis of sequences required for the cytotoxic action of a 
chimeric toxin composed of Pseudomonas exotoxin and transforming growth 
factor a. Bioconjugate Chemistry 5:532-538 

Kluytmans I (1997) Surgical infections including burns. In Wenzel RP ed. Prevention 
and control of nosocomial infections. 3rd ed. Baltimore. Williams and Wilkins. pp. 
841-865 

Kounnas MZ, Morris RE, Thompson MR, FitzGerald 01, Strickland OK, Saelinger CB 
(1992) The a2-macroglobulin receptor/low-density lipoprotein-receptor-related 
protein binds and internalizes Psetldomonas exotoxin A. I Bioi Chem 267: 
12420-12423 

Kreitman Rl. Pastan I (1995) Importance of the glutamate residue of KOEL in increas
ing the cytotoxicity of Pseudomonas exotoxin derivatives and for increased 
binding to the KOEL receptor. Biochem I 307:29-37 

Krueger KM. Barbieri JT (1995) The family of bacterial AO P-ribosylating exotoxins. 
Clin Microbiol Rev 8:34-47 

Legaard PK, LeGrand RO, Misfeldt ML (1992) Lymphoproliferative activity of 
Pseudomonas exotoxin A is dependent on intracellular processing and is associ
ated with the carboxyl-terminal portion. Infect Immun 60:1273-1278 



86 S.E.H. West 

Leppla SH, Martin OC, Muelh LA (1978) The exotoxin of P. aeruginosa: a pro-enzyme 
having an unusual mode of activation. Biochim Biophys Res Comm 81:532-538 

Li M, Dyda F, Benhar I, Pastan I, Davies DR (1995) The crystal structure of 
Pseudomonas aeruginosa exotoxin domain III with nicotinamide and AMP: con
formational differences with the intact exotoxin. Proc Natl Acad Sci USA 
92:9308-9312 

Li M, Dyda F, Benhar I, Pastan I, Davies DR (1996) Crystal structure of the catalytic 
domain of Pseudomonas exotoxin A complexed with a nicotinamide adenine din
ucleotide analog: Implications for the activation process and for ADP ribosyla
tion. Proc Natl Acad Science USA 93:6902-6906 

Liu PV (1966) The roles of various fractions of Pseudomonas aerugi/1osa in its patho
genesis III. Identity of the lethal toxins produced in vitro and in vivo. J Infect Dis 
116:481-489 

Liu PV (1973) Exotoxins of Pseudomonas aeruginosa. I. Factors that influence the pro
duction of exotoxin A. J Infect Dis 128:506-513 

Lory S (1986) Effect of iron on accumulation of exotoxin-A-specific mRNA in 
Pseudomonas aeruginosa. J Bacteriol 168:1451-1456 

Lory S, Collier RJ (1980) Expression of enzymic activity by exotoxin A from 
Pseudomonas aeruginosa. Infect Immun 28:494-501 

Lory S, Tai PC, Davis BD (1983) Mechanism of protein excretion by gram-negative 
bacteria: Pseudomonas aeruginosa exotoxin A. J Bacteriol 156:695-702 

Lu H-M, Lory S (I 9(6) A specific targeting domain in mature exotoxin A is required 
for its extracellular secretion from Pseudomonas aeruginosa. EMBO J 15:429-
436 

Lu H-M, Mizushima S, Lory S (1993) A periplasmic intermediate in the extracellular 
secretion pathway of Pseudomonas aerllgino.l'a exotoxin A. J Bacteriol 175: 
7463-7467 

Lukac M, Collier RJ (1988) Pseudomonas aeruginosa exotoxin A: effects of mutating 
Tyr470 and Tyr48l to phenylalanine. Biochemistry 27:7629-7632 

Lukac M, Pier GB, Collier RJ (1988) Toxoid of Pseudomonas aeruginosa exotoxin A 
generated by deletion of an active-site residue. Infect Immun 56:3095-3098 

MacGregor CH, Runyen-Janecky LJ, Zielinski NA, Phibbs PV Jr., West SEH (1995) 
The vfr gene, a member of the crp family, is not required for catabolite repression 
in Pseudomonas aeruginosa. Abstr. Ann. Meet. Am. Soc. MicrohioI. Abstr. K56 

Madshus IH, Collier RJ (1989) Effects of eliminating a disulfIde bridge within domain 
II of Pseudomonas aeruginosa exotoxin A. Infect Immun 57:1873-1878 

Mendelson MH, Gurtman A, Szabo S, Neibart E. Meyers BR Policar M. et al. (1994) 
Pseudomonas aeruginosa bacteremia in patients with AIDS. Clin Infect Dis 
18:886-895 

Middlebrook JL, Dorland RB (1977) Response of cultured mammalian cells to the exo
toxins of Pseudomonas aeruginosa and CorynehacteriulI1 diphtheriae: differential 
cytotoxicity. Can J Microbiol 23:183-189 

Misfeldt, ML (1990) Microbial "superantigens". Infect Immun 58:2409-2413 
Misfeldt ML, Legaard PK. Howell SE, Fornella MH. Legrand R D (1990) Induction of 

interleukin-l from peritoneal macrophages by Pseudoll1o/1as aeruginosa exotoxin 
A. Infect Immun 58:978-982 

Moehring JM, Inocencio NM. Robertson BJ. Moehring TJ (1993) Expression of mouse 
furin in a Chinese hamster cell resistant to Pseudomonas exotoxin A and viruses 
complements the genetic lesion. J Bioi Chern 268:2590-2594 

Morris RE (1990) Interaction between Pseudomonas exotoxin A and mouse LM 
fibroblasts pg 49-71. In CB Saelinger (ed) Trafficking of bacterial toxins. CRC 
Press, Boca Raton 

Morris RE, Saelinger CB (1985) Route of Pseudomonas and diphtheria toxin entry into 
mammalian cells: basis for susceptibility to toxin. Surv Synth Pathol Res 4:34-43 

Morris RE, Saelinger CB (1986) Reduced temperature alters Pseudolllo/1as exotoxin 
A entry into the mouse LM cell. Infect Immun 52:445-453 



Pseudomonas aeruginosa Exotoxin A 87 

Morris RE, Manhart MD, Saelinger CB (1983) Receptor-mediated entry of 
Pseudomonas toxin: methylamine blocks clustering step. Infect Immun 40:806-811 

Moss RB, Hsu Y-P, Lewiston NJ, Curd JG, Milgrom H, Hart S, Dyer B Larrick JW 
(1986) Association of systemic immune complexes, complement activation, and 
antibodies to Pseudomonas aeruginosa lipopolysaccharide and exotoxin A with 
mortality in cystic fibrosis. Am Rev Respir Dis 133:648-652 

Mucci D, Forristal J, Strickland D, Morris R, Fitzgerald D, Saelinger CB (1995) Level 
of receptor-associated protein moderates cellular susceptibility to Pseudomonas 
exotoxin A. Infect Immun 63:2912-2918 

Nakayama K (1997) Furin: a mammalian subtilisin/Kex2p-like endoprotease involved 
in processing of a wide variety of precursor proteins. Biochem J 327:625-635 

Nicas TI, Iglewski BH (1985) The contribution of exoproducts to virulence of 
Pseudomonas aerltginosa. Can J Microbiol 31 :387-392 

Nunn D, Lory S (1992) Components of the protein-excretion apparatus of 
Pseudomonas aeruginosa are processed by the type IV prepilin peptidase. Proc 
Natl Acad Sci USA 89:47-51 

Ogata M, Chaudhary VK, Pastan I, Fitzgerald DJ (1990) Processing of Pseudomonas 
exotoxin by a cellular protease results in the generation of a 37000-Da toxin frag
ment that is translocated to the cytosol. J Bioi Chern 265:20678-20685 

Ogata M, Fryling CM, Pastan I, Fitzgerald DJ (1992) Cell-mediated cleavage of 
Pseudomonas exotoxin between Arg279 and Gly280 generates the enzymatically 
active fragment which translocates to the cytosol. J Bioi Chern 267:25396-25401 

Ohman DE, Burns RP, Iglewski BH (1980) Corneal infections in mice with toxin A 
and elastase mutants of Pseudomonas aeruginosa. J Infect Dis 142:547-555 

Oschner UA. Vasil AI, Vasil ML (1995) Role of the ferric uptake regulator (FUR) of 
Pseudomonas aeruginosa in the regulation of siderophores and ETA expression: 
purification and activity on iron-regulated promoters. J Bacteriol 177:7194-7201 

Oschner UA, Johnson Z, Lamont lA, Cunliffe HE, Vasil ML (1996) ETA production 
in Pseudomonas aeruginosa requires the iron-regulated pvdS gene encoding an 
alternative (J' factor. Mol Microbiol 21:1019-1028 

Past an I (1997) Targeted therapy of cancer with recombinant immunotoxins. Biochim 
Biophys Acta 1333:CI-C6 

Pastan I, Pai LH, Brinkman U, Fitzgerald D (1996) Recombinant immunotoxins. Breast 
Cancer Res Treatment 38:3-9 

Pavloskis OR, Callahan LT III, Meyer RD (1974) Characterization of exotoxin of 
Pseudomonas aeruginosa. J Infect Dis 130:SI00-S102 

Pavloskis OR, Pollack M, Callahan LT III, Iglewski BH (1977) Passive protection by 
antitoxin in experimental Pseudomonas aeruginosa burn infections. Infect Immun 
18:596-602 

Pavloskis OR, Iglewski BH, Pollack M (1978) Mechanism of action of Pseudomonas 
aeruginosa exotoxin A in experimental mouse infections: adenosine diphos
phate-ribosylation of elongation factor 2. Infect Immun 19:29-33 

Pollack M (1995) Pseudomonas aeruginosa. In Mandell GL, Bennett JE, Dolin R, eds. 
Principles and practice of infectious diseases. 4th ed. New York: Churchill Living
stone; pp 1980-2003 

Pollack M, Young LS (1979) Protective activity of antibodies to exotoxin A and 
lipopolysaccharide at the onset of Pseudomonas aeruginosa septicemia in man. J 
Clin Invest 63:276 

Pollack M, Callahan LT III, Taylor NS (1976) Neutralizing antibody to Pseudomonas 
aeruginosa exotoxin in human sera: Evidence for in vivo toxin production during 
infections. Infect lmmun 14:942-947 

Pollack M, Longfield RN, Karney WW (1983) Clinical significance of serum antibody 
responses to exotoxin A and type-specific lipopolysaccharides in patients with 
Pseudomonas aeruginosa infections Am J Med 74:980-987 

Pugsley AP (1993) The complete general secretory pathway in Gram-negative bacte
ria. Microbiol Rev 57:50-108 



88 S.E.H. West 

Raivio TL, Ujack EE, Rabin HR, Storey DG (1994) Association between transcript 
levels of the Pseudomonas aeruginosa regA, reg B, and toxA genes in sputa of cystic 
fibrosis patients. Infect Immun 62:3506-3514 

Richard P, Lee Floc R, Chamoux C, Pannier M, Espaze E, Richet H (1994) 
Pseudomonas aeruginosa outbreak in a burn unit: role of antimicrobials in the 
emergence of mUltiply resistant strains. 1 Infect Dis 170:377-383 

Runyen-lanecky LJ,Albus AM, Iglewski BH, West SEH (1996) The transcriptional acti
vator Vfr binds to two apparently different binding sites in the promoters of 
Pseudomonas aeruginosa virulence genes Abstr Ann Meet Am Soc Microbiol 
p 160 

Sadoff lC, Buck GA, Iglewski BH, Bjorn Ml, Groman NB (J 982) Immunological cross
reactivity in the absence of DNA homology between Pseudomonas toxin A and 
diphtheria toxin. Infect Immun 37:250-254 

Saelinger CB, Morris RE (1987) Intracellular trafficking of Pseudomonas exotoxin A. 
Antibiot Chemother 39:149-159 

Saelinger CB, Snell K, Holder IA (1977) Experimental studies on the pathogenesis of 
infections due to Pseudomonas aeruginosa: direct evidence for toxin production 
during Pseudomonas infection of burned skin tissues. 1 Infect Dis 136:555-561 

Saelinger CB, Morris RE, Foertsch G (1985) Trafficking of Pseudomonas exotoxin A 
in mammalian cells. Eur 1. Clin Microbiol 4: 170-174 

Snell K, Holder lA, Leppla S, Saelinger CB (1978) Role of exotoxin and protease as 
possible virulence factors in experimental infections with Pseudomo/las aerugi
nosa. Infect Immun 19:839-845 

Stieritz DD, Holder IA (1975) Experimental studies of the pathogenesis of infections 
due to Pseudomonas aeruginosa: description of a burned-mouse model. 1 Inf Dis 
131:688-691 

Storey DG, Ujack EE, Rabin HR (1992) Population transcript accumulation of 
Pseudomonas aeruginosa exotoxin A and elastase in sputa from patients with 
cystic fibrosis. Infect Immun 60:4687--4694 

Strom MS, Nunn D, Lory S (1991) Multiple roles of the pilus biogenesis protein pilD: 
involvement of pilD in excretion of enzymes from Pseudomonas aeruginosa. 
1 Bacteriol 173:1175-1180 

Thompson MR, Forristal 1, Kauffmann P, Madden T, Kozak K. Morris RE, Saclinger 
CB (1991) Isolation and characterization of Pseudomonas aerugillosa exotoxin-A
binding glycoprotein from mouse LM cells. 1 Bioi Chern 266:2390-2396 

Turner LR, Lara lC, Nunn DN, Lory S (1993) Mutations in the consensus ATP-binding 
sites of XcpR and PilB eliminate extracellular protein secretion and pilus bio
genesis in Pseudomonas aeruginosa. 1 Bacteriol 175:4962-4969 

Van Ness BG, Howard 18, Bodley lW (1980) ADP-ribosylation of clongation factor 2 
by diphtheria toxin: Isolation and properties of the novel ribosyl amino acid and 
its hydrolysis products 1 Bioi Chern 255:10717-10720 

Vasil ML, Iglewski BH (1978) Comparative toxicities of diphtherial toxin and 
Pseudomonas aeruginosa exotoxin A: evidence for different cell receptors. J Gen 
Microbiol 108:333-337 

Vasil ML, Kabat D, Iglewski BH (1977) Structure-activity relationships of an exotoxin 
of Pseudomonas aeruginosa. Infect Immun 16:353-361 

Vasil ML, Chamberlain C, Grant CC (1986) Molecular studies of Pselldol1lolllls exo
toxin A gene. Infect Immun 52:538-548 

Walker SL, Hiremath LS, Wozniak Dl, Galloway DR (1994) ToxR (RegA)-mcdiated 
in vitro transcription of Pseudomonas aerugil10sa toxA. Gene 150:87-92 

West SEH, Kaye SA, Hamood AN, Iglewski BH (1994a) Characterization of 
Pseudomonas aeruginosa mutants that are deficient in exotoxin A synthesis and 
are altered in expression of regA, a positive regulator of exotoxin A. Infect Immun 
62:897-903 

West SEH, Sample AK. Runyen-lanecky LJ (1994b) The vf;' gene product. required 
for Pseudomonas aerugil10sa exotoxin A and protease production, belongs to the 
cyclic AMP receptor protein family. 1 Bacteriol 176:7532-7542 



Pseudomonas aeruginosa Exotoxin A 89 

Wiblin RT (1997) Nosocomial pneumonia. In Wenzel RP, ed. Prevention and control 
of nosocomial infections. 3rd edn. Baltimore: Williams and Wilkins. pp 807-819 

Wick MJ, Iglewski BH (1988) Determination of the amino acid change responsible for 
the nontoxic, cross-reactive exotoxin A protein (CRM66) of Pseudomonas aerug
inosa PAO-PRl. J BacterioI170:5385-5388 

Wick MJ, Frank OW, Storey DG, Iglewski BH (1990) Identification of regB, a gene 
required for optimal exotoxin A yields in Pseudomonas aeruginosa. Mol Micro
bioi 4:489-497 

Willnow TE, Herz J (1994) Genetic deficiency in low density lipoprotein receptor
related protein confers cellular resistance to Pseudomonas exotoxin A. Evidence 
that this protein is required for uptake and degradation of multiple ligands. J Cell 
Sci 107:719-726 

Woods DE, Cryz SJ, Friedman RL, Iglewski BH (1982) Contribution of toxin A and 
elastase to virulence of Pseudomonas aeruginosa in chronic lung infections of rats. 
Infect Immun 36:1223-1228 

Wozniak OJ, Hsu L-Y, Galloway DR (1988) His-426 of the Pseudomonas aeruginosa 
exotoxin A is required for AOP-ribosylation of elongation factor II. Proc Nat! 
Acad Sci USA 85:8880-8884 

Zehavi-Wilner T (1988) Induction of murine cytolytic T lymphocytes by Pseudomonas 
aeruginosa exotoxin A. Infect Immun 56:213-218 



CHAPTER 5 

Diphtheria-Toxin-Based Fusion-Protein Toxins 
Targeted to the Interleukin-2 Receptor: Unique 
Probes for Cell Biology and a New Therapeutic 
Agent for the Treatment of Lymphoma 

IR. MURPHY and Ie. VANDERSPEK 

A. Introduction 
ONTAK (denileukin diftitox) is the trade and generic name for the 
diphtheria-toxin-based interleukin-2 (IL-2) fusion-protein toxin DAB389IL-2 
(WILLIAMS et al. 1987, 1990). The Food and Drug Administration has recently 
granted approval for the use of ONTAK for the treatment of patients who 
present with persistent or recurrent cutaneous T-cell lymphoma (CTCL) and 
whose malignant cells are shown to express the low-affinity p55 chain (CD25) 
of the IL-2 receptor. Since ONTAK is the first of the rationally designed, tar
geted fusion-protein toxins to be approved for human use, we shall, in this 
chapter, review the pre-clinical and clinical development of this biologic and 
discuss the use of this agent as a novel probe for furthering our understand
ing of the molecular mechanism by which the catalytic domain of DAB389IL-
2 is translocated to the cytosol of target eukaryotic cells. 

B. Diphtheria-Toxin-Based Cytokine Fusion Proteins 
By the early 1980s, both biochemical and genetic evidence supported the 
hypothesis that native diphtheria toxin is a protein with at least three domains: 
an N-terminal, enzymatically active fragment (fragment A), which catalyzes 
the nicotinamide adenine dinucleotide dependent adenosine diphosphate 
(ADP)-ribosylation of eukaryotic elongation factor 2 (EF2); a middle portion, 
which was postulated to facilitate the delivery of fragment A to the eukary
otic cell cytosol; and a C-terminal portion, which serves as the native recep
tor-binding domain of the toxin. The middle and C-terminal portions of the 
toxin comprise fragment B (DRAZIN et al. 1971; GILL and PAPPENHEIMER 1971; 
UCHIDA et al. 1971; BOQUET et al. 1976). In addition, it was clear that, upon 
binding to its cell-surface receptor [a heparin-binding epidermal growth factor 
(EGF)-like precursor (NAGLICH et al. 1992)], diphtheria toxin is internalized 
by receptor-mediated endocytosis. The productive delivery of fragment A to 
the cytosol requires the toxin to traffic through an acidic compartment 
(SANDVIG and OLSNES 1980; MOYA et aI.1985). The solution of the X-ray crystal 
structure of native diphtheria toxin confirmed and provided precise definition 
of the three-domain structure. Fragment A is composed of the N-terminal cat-
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alytic (C) domain, and fragment B is composed of the centrally positioned 
transmembrane (T) domain and a C-terminal receptor-binding (R) domain 
(CHOE et al. 1992; BENNETf et al. 1994). 

With the advent of methodology to isolate monoclonal antibodies in the 
mid-1970s, it was envisioned that the catalytic domain (i.e., A chain. or A frag
ment) of either a microbial or plant toxin could be chemically coupled to a 
monoclonal antibody, resulting in the formation of cell-specific cytotoxic 
agents. Furthermore, these agents might serve as prototypes in the develop
ment of new human biologics (GILLILAND et al. 19RO; VITETTA et al. 19R3). In 
much of this early work, conjugate toxin molecules were assembled by chem
ically cross-linking (through a disulfide bond) a targeting ligand and either the 
A-chain of ricin and/or fragment A of diphtheria toxin. An interesting early 
observation was that conjugates assembled with ricin A chain were highly 
potent whereas. even at high concentrations, identical conjugates assembled 
with fragment A of diphtheria toxin were non-toxic (CAWLEY et al. 1980). Since 
KAGAN et al. (19Rl) and DONOVAN et al. (1981) demonstrated that the frag
ment-B portion of diphtheria toxin retained in CRM4S (i.e., a non-toxic 
mutant of diphtheria toxin lacking the native receptor-binding domain) was 
capable of inserting into planar lipid bilayers, BACHA et al. (19R3) examined 
the potential role that this portion of diphtheria toxin played in the delivery 
of fragment A to the cytosol of target cells. In this study, conjugates were 
assembled with a modified thyrotropin-releasing hormone (TRH) to which 
both fragment A and CRM45 were separately cross-linked. While both con
jugate toxins were found to bind with high affinity to the cell-surface TRH 
receptor, only CRM45-TRH was found to be toxic [concentration required to 
inhibit protein synthesis in target cells by SO% (I CSO) = 3 x 10 ') M] for rat 
pituitary cells in culture. Since both conjugate toxin molecules bound to the 
TRH receptor and were internalized by receptor-mediated endocytosis. these 
results provided the first demonstration that the N-terminal portion of diph
theria toxin fragment B (i.e., the transmembrane domain) was both essential 
and sufficient to deliver fragment A across the eukaryotic cell membrane and 
into the target cell cytosol. Given the variation in specific toxicity found in dif
ferent preparations of chemically cross-linked TRH-CRM4S. we turned to 
recombinant DNA and protein engineering methods to assemble chimeric tar
geted toxins at the level of the gene. We reasoned early on that construction 
of chimeric genes encoding fusion-protein toxins would result in the expres
sion of precisely defined recombinant fusion proteins that could be subjected 
to detailed structure-function analysis by site-directed mutagenesis. 

The underlying rationale for the development of microbial or plant toxin
based polypeptide hormone/growth factor fusion-protein toxins was that sub
stitution of the native receptor-binding domain with a surrogate ligand would 
result in the formation of a fusion-protein toxin directed toward only those 
cells that expressed surface receptors for that ligand. Implicit in this rationale 
is the assumption that. once expressed in recombinant Escherichia co/i. the 
fusion-protein toxin would. under appropriate conditions. fold into a biologi-
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cally active conformation. Given these assumptions, the fusion-protein 
toxin should bind to its receptor on the surface of target cells and, once bound, 
the complex would be internalized into the cell, and the delivery of its cat
alytic domain to the cytosol would be facilitated. Ironically, the first of the 
diphtheria-toxin-related fusion-protein toxins were approved by the Recom
binant DNA Advisory Committee at biosafety level four, whereas the fusion
protein toxins constructed with the equally potent Pseudomonas exotoxin A 
were approved at biosafety level two. 

The genetic construction and properties of the first of the diphtheria
toxin-based fusion-protein toxins was described by MURPHY et al. (1986). These 
investigators took advantage of an internal SphI restriction endonuclease site 
located in the C-terminal region of the fragment-B-encoding portion of the 
lox gene. The construct was composed of fragment A and all but the C-termi
nal50 amino acids of fragment B (i.e., amino acids 1-486 of native diphtheria 
toxin, DAB489) genetically fused to a synthetic gene encoding a-melanocyte
stimulating hormone (a-MSH). This initial fusion-protein toxin was expressed 
in precursor form and secreted into the periplasmic compartment of recombi
nant E. coli. Partially purified DAB486a-MSH was found to be highly cytotoxic 
for a-MSH-receptor-bearing human malignant melanoma cells in vitro, 
whereas cell lines that were sensitive to native diphtheria toxin but did not 
express the a-MSH receptor were found to be markedly resistant. 

In these early experiments, it was apparent that DAB486a-MSH was 
extremely sensitive to proteolytic degradation when purified from recombi
nant E. coli. In order to avoid these difficulties, we next turned our attention 
to the genetic construction of a protein-fusion toxin in which the 133-amino
acid sequence of human IL-2 was substituted for the native receptor-binding 
domain. Remarkably, the resulting fusion protein, DAB489IL-2, was found to 
be expressed in full length and good yield in recombinant E. coli. As antici
pated, this fusion-protein toxin was found to be highly active against eukary
otic cells that displayed the IL-2 receptor (WILLIAMS et al. 1987). BACHA et al. 
(\988) demonstrated that the cytotoxic action of DAB4861L-2 was mediated 
through the high-affinity IL-2 receptor and, once bound to its cell-surface 
receptor, the fusion-protein toxin was internalized and required passage 
through an acidic compartment in order to deliver its catalytic domain to the 
cytosol of target cells. In addition, these investigators demonstrated that, once 
the catalytic domain of DAB486IL-2 was delivered to the cytosol, it catalyzed 
the ADP-ribosylation of EF2. Both WATERS et al. (1990) and RE et al. (1996) 
have shown that the action of the IL-2-receptor-targeted fusion-protein toxins 
was mediated through the high (a, f3, y-chain)- and intermediate (f3, y-chain)
affinity forms of the IL-2 receptor in both continuous cell lines and peripheral 
blood monocyte cells (PBMC) in vitro. In these studies, target cells that 
expressed the high-affinity form of the IL-2 receptor were the most sensitive 
(IC50 = 1-\ 0 x 10 12 M), followed by cells that expressed the intermediate form 
of the receptor (IC50 = \-10 x lO-J(IM). In contrast, cells that display the low
affinity (a-, y-chain) form of the IL-2 receptor were resistant to the action of 
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these fusion-protein toxins (lC50 > 1O-7 M; RE et al. 1990). Thus, the mecha
nism of action of DAB4861L-2 for target cells that expressed the high- or inter
mediate-affinity receptor for IL-2 was analogous to that of native diphtheria 
toxin. Most importantly, the highly targeted action of DAB486IL-2 argued for 
the further development of this agent as an experimental therapeutic for those 
diseases in which cells that displayed the high-affinity form of the I L-2 recep
tor were directly involved in pathogenesis. 

By constructing a series of internal in-frame-deletion mutations within the 
structural gene encoding DAB486IL-2, WILLIAMS et al. (1990) genetically 
mapped the minimum number of diphtheria-toxin-rclated amino acids in the 
fusion protein that were necessary for the efficient delivery of the catalytic 
domain to the cytosol. The in-frame deletion of 97 amino acids from the C
terminal region of diphtheria-toxin-related sequences gave rise to a variant, 
DAB389IL-2, which was tenfold more potent for cells that expressed the high
affinity IL-2 receptor. In contrast, the further deletion of an additional 18 
amino acids gave rise to a variant, DAB37IIL-2, which was completely non
toxic. Since DAB371 IL-2 bound to the high-affinity IL-2 receptor with essen
tially the same Ku as DAB389IL-2, it was apparent that amino acids between 
371 and 389 of diphtheria toxin played an esscntial role in the productive deliv
ery of the catalytic domain to the cytosol of target cells. With the solution of 
the X-ray structure of native diphtheria toxin (CHOE et al. 1992), it became 
apparent that the region between amino acids 371 and 378 was positioned in 
transmembrane helix 9, a helix required for the formation of productive chan
nels in the transmembrane delivery of the catalytic domain (VA:"IDERSPEK et al. 
1994a). Most importantly, however, was that amino acid 386 was positioned at 
the end of a random coil linking the transmembrane and receptor-binding 
domains of the native toxin. Thus, the genetic fusion of human IL-2 sequences 
to amino acid 389 of diphtheria toxin gave rise to a fusion-protein toxin in 
which there was almost perfect receptor-binding-domain substitution. As 
shown in Table L a series of diphtheria-toxin-based fusion-protein toxins have 
been genetically constructed using amino acid 389 of diphtheria toxin as the 
protein-fusion junction. In the case of DAB389a-MSH, it is of interest to note 
that the fusion protein is expressed in good yield as a full-length fusion-protein 
toxin. These results strongly suggest that endoproteolytic degradation of 
DAB486a-MSH was primarily directed to sites between amino acids 389 and 
486 of the native toxin. 

While both DAB486IL-2 and DAB3891L-2 were remarkably potent 
and their action was directed toward target cells bearing the high- and 
intermediate-affinity forms of the IL-2 receptor in vitro, each of these closely 
related fusion proteins were found to have unique biochemical characteristics. 
Fusion proteins are by definition "non-evolved", and problems associated with 
their expression, refolding into a biologically active conformation, and physi
cal biochemistry often present challenges. For example, in the case of 
DAB486IL-2, human IL-2 sequences were genetically fused to the middle of 
the native receptor-binding domain of the toxin. As a consequence, this fusion 
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Table 1. Diphtheria-toxin-rclated cytokine/peptide hormone fusion-protein toxins 

Toxin 

DAB486a-MSH 
DAB389a-MSH 
DAB486IL-2 
DAB389IL-2 
DAB389mIL-3 
DAB389mIL-4 
DAB389IL-6 
DAB389IL-7 
DAB389IL-15 
DAB389EGF 
DAB389CD4 
DAB389sP 
DAB389-NT4 
DAB389GRP 
DAB389GM-CSF 
DAB389GM-CSF 

Receptor targeted 

a-MSH 
a-MSH 
IL-2 
IL-2 
mIL-3 
mILA 
IL-6 
IL-7 
IL-15 
EGF 
HIY gp120 
sP 
p75LNGFR/TrkB 
GRP 
GM-CSF 
GM-CSF 

IC50 

n.d. 
3xlO-11 

I x 10-11 

I x 10 12 

3x10-1O 

2x 10-10 

2 X 10-11 

1 X 10-10 

7 x 10-0 

I X 10-11 

I X 10-9 

5 X 10-12 

2xlO- 11 

2xlO-11 

1 X 10-11 

7 X 10-12 

Reference 

MURPHY et a!. (1986) 
WEN et a!. (1991) 
WILLIAMS et a!. (1987) 
WILLIAMS et a!. (1990) 
LIGER et a!. (1997) 
LAKKIS et a!. (1992) 
JEAN and MURPHY (1992) 
SWEENEY et a!. (1998) 
VANDERSPEK et a!. (1995) 
SHAW et a!. (1991) 
AULLO et a!. (1992) 
FISHER et a!. (1996) 
NEGRO and SKAPER (1997) 
VANDERSPEK et a!. (1997) 
BENDEL et a!. (1997) 
KREITMAN and PASTAN (1997) 

EGF, epithelial growth factor; GM-CSF, granulocyte-macrophage colony-stimulating 
factor; GRP, gastrin-releasing peptide; HlY. human immunodeficiency virus; lC50. 
inhibiting concentration in 50% of subjects; l L, interleukin; LNGFR, low-affinity 
nerve growth-factor receptors; mIL, murine intcrleukin; MSH, melanocyte-stimulating 
hormone; n.d., not determined; sP, substancep. 

protein tends to form aggregates primarily through hydrophobic interactions. 
In contrast, the fusion of IL-2 sequences in DAB389IL-2 represents an almost 
perfect domain substitution, and, as a result, the physical biochemistry of this 
form of the fusion-protein toxin more closely mimics that of an evolved 
protein (i.e., when refolded from inclusion-body preparations, DAB389IL-2 
readily forms biologically active monomers and is stable for extended 
periods). While these two fusion-protein toxins are closely related and selec
tively inhibit protein synthesis in IL-2-receptor-bearing target cells, there are 
important differences between their respective pharmacologic properties in 
VIVO. 

C. DAB389IL-2 as a Novel Biologic Probe 
for Cell Biology 

The fusion-protein toxins in general, and DAB389IL-2 in particular, have 
served as novel probes for the study of interactions between the toxin and its 
target cell. While the major steps in the intoxication process are known, there 
is still much to be learned about the precise molecular mechanisms that lead 
to the delivery of the catalytic domain from the lumen of the endocytic vesicle 
to the eukaryotic cytosol. Since the binding of DAB389IL-2 to the IL-2 recep
tor is highly specific, the cytotoxic potency of this fusion-protein toxin has heen 
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used to examine many of the steps in the intoxication process. It is well known 
that the first step in the intoxication process is the binding of DAB3INIL-2 to 
its cell-surface receptor. VANDERSPEK et al. (1996) used site-directed mutagen
esis to examine structure-function relationships in the receptor-binding 
domain of DAB389IL-2. In this study, mutants were evaluated for their intox
ication kinetics, dose-response relationships, and relative ability to bind to the 
IL-2 receptor and inhibit protein synthesis. Compared with the wild-type 
fusion-protein toxin, the T439P mutant appeared to have altered binding and 
signaling. In contrast, the Q514D mutant appeared to have altered kinetics of 
internalization into the cell. 

DAB389IL-2 binds to the high-affinity form of the I L-2 receptor and 
induces signal transduction, resulting in stimulation of RNA and DNA syn
thesis (WALZ et a1. 1989). Recent results (ZENG and MURPHY, unpublished) 
suggest that, soon after binding to its receptor, the C domain of DAB389IL-2 
becomes denatured and loses its ADP-ribosyltransferase activity. The fusion 
toxin is then processed by the cellular en do protease rurin, which introduces a 
"nick" in the a-carbon backbone of the fusion toxin at Argl94 (WILLIAMS et 
a1. 1990; TSUNEOKA et a1. 1993). While the transmembrane domain of both 
native diphtheria toxin and DAB389IL-2 arc clearly required for facilitating 
the delivery of the catalytic domain, the precise roles played by each of the 
individual a helices within this domain remain obscure. As the fusion toxin is 
internalized into the early endosomal compartment, the transmembrane 
domain of the fusion toxin appears to stabilize the toxin on the endosomal 
membrane by the amphipathic first helical layer (helixes 1-3). As this com
partment is acidified, the insertion of the third helix layer of the transmem
brane domain, helixes 8 and 9, may stabilize the toxin in the membrane and 
thereby facilitate the insertion of the second a-helix layer of the transmem
brane domain (a helixes 5, 6 and 7). As the nascent channel is forming, the 
denatured catalytic domain appears to be translocated by a mechanism that 
is likely to involve the insertion of transmembrane helix I into the channel. In 
this model, transmembrane helix 1 would function to thread the C-terminal 
end of the catalytic domain through the channel such that the N-terminal end 
of fragment B and the C-terminal end of the C domain would be delivered 
through the channel and presented to the cytosol. VANDERSPEK et al. (1994b) 
demonstrated that maintenance of the hydrophobic surface of transmembrane 
helix I is essential for the efficient delivery of the catalytic domain to the 
cytosol of target cells. More recently, SENZEL et al. (1998) have shown that the 
N-terminal portion of the diphtheria-toxin transmembrane domain is translo
cated through channels formed in planar lipid membranes. 

Preliminary studies by ZENG and MURPHY (unpublished) suggest that, 
once the first few hydrophobic residues of the C-terminal portion of the cat
a�ytic domain reach the cytosol, it is possible that cellular chaperonins facili
tate the entry process by sequentially binding and refolding the denatured 
polypeptide into an active conformation as it emerges from the lumen of the 
early endosome. In the case of the importation of proteins into mitochondria. 
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it has been shown that chaperonins facilitate membrane translocation, perhaps 
by the sequential binding and refolding of the denatured protein as it emerges 
from the inner membrane surface. It is intriguing to postulate that the deliv
ery of the catalytic domain of DAB389IL-2 to the cytosol of target cells 
employs cellular factors in an analogous fashion and that refolding into an 
active conformation occurs concomitantly. 

D. Pre-Clinical Characterization of DAB486IL-2 
and DAB389IL-2 

Since both DAB486IL-2 and DAB389IL-2 were selectively active towards 
cells which displayed the high-affinity form of the IL-2 receptor, a number of 
in vivo studies were performed to evaluate the potential pharmacologic effi
cacy of these fusion-protein toxins. It is well known that the de novo expres
sion of the a-chain (CD25, p55) of the IL-2 receptor is a critical and pivotal 
event in the development of an immune response. KELLEY et al. (1988) 
evaluated the effects of DAB486IL-2 on the development of delayed-type 
hypersensitivity (DTH) in a murine model. Mice were immunized with 
trinitrobenzenesulfonate (Tnbs) and, after 7 days of rest, were challenged by 
injection of Tnbs into the hind footpad. The treatment regimen consisted of 
daily intraperitoneal injection of DAB486IL-2 from day zero to day six. Com
pared with the control groups, treatment was found to be dose dependent and, 
at 50 pg/day, to abolish a DTH response. Perhaps most importantly, this study 
demonstrated that Tnbs-immunized animals carried large numbers of CD24-
positive CD4+ and CD8+ cells in the draining lymph nodes, whereas immu
nized animals treated with DAB486IL-2 failed to do so. These results suggest 
that Tnbs-reactive lymphocytes expressing the high-affinity IL-2 receptor were 
selectively eliminated during the treatment course. 

BACHA et al. (1992) determined the effect of DAB486IL-2 on the devel
opment of adjuvant arthritis in the rat. Rats treated during the induction phase 
of arthritis were found to have delayed onset of symptoms and a marked 
reduction of inflammation. These results also suggested that the administra
tion of DAB486IL-2 during the induction phase of the disease was able to 
largely eliminate the emergence of an immune response in vivo. Both of these 
early studies strongly suggested that DAB486IL-2 is capable of selective tar
geting and elimination of activated lymphocytes, resulting in modulation of 
the immune response. 

KIRKMAN et al. (1989) evaluated DAB486IL-2 as an immunosuppressive 
agent in a murine vascularized, heterotopic heart-transplant model. In this 
system, hearts from B10.BR mice were transplanted into C57BlII0 recipients. 
Following transplantation, mice were treated with lpg/day DAB486IL-2 for 
10 days. Compared with CRM45-treated controls, animals that received the 
fusion-protein toxin maintained their heart transplants for extended periods 
of time. 
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The analysis of atherosclerotic lesions in both human and experimental 
animals has revealed the presence of activated lymphocytes and monocytes in 
the pathogenesis of post-angioplasty restenosis. As a result of these observa
tions, MILLER et a1. (1996) examined the effects of DAB486IL-2 administra
tion following balloon angioplasty in rabbits. In this study, 11 rabbits were 
treated with the fusion-protein toxin at a level of 100,ug/kg/day for 10 days 
post-angioplasty. After 6weeks, the treated rabbits showed no change in the 
minimum luminal diameter at the angioplasty site whereas, in the placebo 
group (11 animals), the cross-sectional area at the angioplasty site was reduced 
by 34 ± 21 % (P = 0.01). 

RAMADAN et a1. (1996) examined the effect of the second-generation form 
of the IL-2-receptor-targeted fusion toxin, DAB389IL-2, in a murine model of 
schistosomiasis. In the case of schistosomiasis, clinical disease is caused by an 
immunopathologic response to parasite ova that are deposited in the tissues 
of the host. DAB389IL-2 treatment was found to suppress the developmcnt 
of granulomas and collagen deposition in the livers of infected animals. 

In the studies summarized above, both DAB486IL-2 and DAB389IL-2 
were found to be potent immunosuppressive agents in several animal models 
of disease and in a murine model of cardiac transplantation in vivo. Thesc 
studies underscore the potential utility of these IL-2-receptor-targeted fusion
protein toxins in the treatment of those human diseases in which activated 
lymphocytes and monocytes play either a direct or indirect role in pathogen
esis. It is likely that several attributes of these fusion-protein toxins contribute 
to their in vivo efficacy: (1) their cytotoxic potency, (2) their selectivity for acti
vated lymphocytes that display the high-affinity form of the IL-2 receptor, (3) 
their relatively low Kd for binding to the IL-2 receptor, and (4) their relatively 
short half-life in circulation (BACHA et a1. 1990). In concert, these factors 
appear to allow for the selective elimination of activated lymphocytes present 
at the time of fusion-protein-toxin administration. Moreover, since the half
life in circulation is relatively short, prolonged non-specific, cytotoxic effects 
would not be anticipated. However, in contradiction to the notion that "if a 
small dose is good, then a large dose will be better", the extraordinary potency 
of either DAB486IL-2 or DAB389IL-2 targeted fusion toxins suggests that the 
administration of relatively low but therapeutically effective doses over a 
longer period of time will likely be most efficacious. Indeed, JACOBSON et a1. 
(1996) have found that administration of daily low doses of recombinant 
native IL-2 to human immunodeficiency virus-positive individuals over an 
extended period enhanced immune function without the extreme toxicity nor
mally associated with the administrate of this cytokine. 

E. Clinical Evaluation of DAB486IL-2 and DAB389IL-2 
In general, there is an urgent medical need for the development of new agents 
for the treatment of both malignant and autoimmune disease. The progression 
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of disease in both settings often results in the emergence of resistance to 
chemotherapy and treatment failure. The diphtheria-toxin-based cytokine 
fusion proteins offer several desirable properties that one would like to 
employ in the development of new therapeutics. For example, the fusion
protein toxins are extremely potent and capable of inhibiting protein synthe
sis and eliminating target cells at picomolar concentrations. In contrast, cells 
that are devoid of the targeted receptor are resistant and require 104 to 105 

fold higher concentrations of the fusion toxins to inhibit cellular protein syn
thesis. In addition, EF2 represents a new and powerful target in therapeutic 
development. It is well known that EF2 plays an essential role in protein syn
thesis by catalyzing the movement of the ribosome one codon down on the 
messenger RNA strand. In this process, EF2 dissociates from the ribosome, 
binds guanosine triphosphate (GTP), and then returns to the complex. The 
hydrolysis of GTP then provides the energy for ribosomal translocation. In 
the intoxication process, once EF2 has been modified by ADP-ribosylation, it 
can no longer hydrolyze GTP and, as a result, protein synthesis becomes 
arrested. Since EF2 can only serve as a substrate in the ADP-ribosylation 
reaction when it cycles off the ribosome, the higher the rate of protein 
synthesis in a given cell, the more sensitive that cell will be toward an 
ADP-ribosylating toxin. 

The expression of the IL-2 receptor has been reported on a number of 
human hematologic malignancies, including Hodgkin's disease, low- and inter
mediate-grade non-Hodgkin's lymphoma, CTCL, human T-lymphotropic
virus-I-associated adult T-cell leukemia/lymphoma, and chronic lymphocytic 
leukemia (UCHIYAMA et al. 1985; WALDMANN 1990). In addition, the high
affinity receptor for IL-2 is a common and obligatory event in the development 
of an immune response. The expression of this receptor on auto-aggressive T 
cells marks an early common event in the pathogenesis of essentially all 
autoimmune diseases. Taken in aggregate, human autoimmune disease is the 
most prevalent human disease. Rheumatoid arthritis, psoriasis, autoimmune 
type-l onset diabetes, multiple sclerosis, and numerous other autoimmune dis
orders combine to affect a relatively large percent of the world population. 
Clearly, the presentation of autoimmune disease ranges from mild to severe 
and from manageable to refractory. While most autoimmune diseases are gen
erally not life threatening, patients who present with severe refractory illness 
are in need of new approaches for the treatment of the underlying basis of their 
disease rather than management of their symptoms. Given the results of pre
clinical studies of DAB486IL-2 and DAB389IL-2 in a variety of animal models, 
a series of phase-VII studies have been conducted in patients with refractory 
rheumatoid arthritis, psoriasis, and type-I onset diabetes. 

I. Rheumatoid Arthritis 

In a phase-VII protocol, SEWELL et al. (1993) treated with DAB486IL-2 19 
patients who presented with methotrexate-resistant rheumatoid arthritis. The 
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fusion toxin was administered intravenously at one of three dose levels daily 
for 5 days or 7 days. Arthritis response was assessed at 2X days post-treatment. 
In this study, 9 of 19 patients treated with the high or intermediate dose level 
had a substantial (>50%) or meaningful (>25 %) improvement in their disease. 
In this patient population, clinical benefit was found to be rapid, and full 
effects of fusion-protein-toxin administration were noted by 14 days after 
treatment. The most frequent adverse effects were transient elevations of 
hepatic transaminases and fever. 

This initial clinical trial was followed by a phase-II, double-blind. placebo
controlled study in which 45 rheumatoid-arthritis patients were enrolled 
(MORELAND et a!. 1995). In the double-blinded phase of this study, 4 of 22 
treated patients (I X%) met the criterion for a clinical response; none of the 
placebo group met this criterion. In the open-label phase of the study, II of 
36 patients (31 %) and 11 of 33 patients (33%) achieved a clinical response 
following two and three courses of treatment. respectively. 

II. Psoriasis 

While the underlying etiology of psoriasis remains unknown. this autoimmune 
disease is characterized by a hyperplasia of epidermal keratinocytes and a 
marked infiltration of both CD4+ and CDX+ lymphocytes into psoriatic lesions 
in the skin. Psoriasis is an extraordinarily common autoimmune disease, affect
ing approximately 2% of the U.S. population. The disease ranges from mild to 
a severely disfiguring and debilitating form. Since immunomodulating agents 
(cyclosporin, FK506, monoclonal anti-CD4+ antibodies) had been shown to 
induce clinical improvement in patients with severe disease, GOITLIEB et a!. 
(1995) evaluated DAB3891L-2 in the treatment of patients with a history of 
long-standing extensive psoriasis. In this refractory population. previously 
failed therapies included topicals, psoralen followed by ultraviolct-A irradia
tion (PUVA), cyclosporin, and methotrexate. Following either a 2-week 
washout period for topical agents or a 4-week period for cyclosporin and 
PUVA, patients were treated with either lOOkU/kg (2,ug/kg) or 200kU/kg 
(4,ug/kg) DAB389IL-2 administered intravenously daily for 5 days. Patients 
were monitored for 23 days and then treated with a second 5-day regimen. At 
the end of the second 23-day monitoring period, four patients showed marked 
clinical improvement, four patients showed moderate improvement, and two 
patients had only minimal improvement. 

Importantly, this study was the first to show that clinical improvement cor
related with a marked reduction of psoriatic-lesion-infiltrating T cells (both 
CD4+ and CD8+ subsets). Given that DAB3X9IL-2 action is specifically 
directed towards cells that express the high-affinity form of the IL-2 receptor 
and that human keratinocytes in culture are resistant to the fusion-protein 
toxin, this study also provided the first evidence suggesting that psoriasis is an 
autoimmune disease in which pathology is driven by auto-aggressive T cells 
rather than by keratinocyte proliferation. 
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III. Non-Hodgkin's Lymphoma 

A series of phase-llII clinical trials were conducted with DAB486IL-2 and 
DAB389IL-2 to establish their relative safety, pharmacokinetics, and potential 
efficacy in the treatment of non-Hodgkin's lymphoma. The first studies were 
conducted with DAB486 IL-2 in order to establish a "proof-of-principle" for 
the biological efficacy of IL-2-receptor-targeted cytotoxic therapy in lym
phoma (LEMAISTRE et al. 1992,1993; SCHWARTZ et al. 1992; HESKETH et al. 1993; 
Foss and KUZEL 1995; Foss et al. 1998). Patients enrolled in these studies pre
sented with refractory disease and had failed at least two prior chemotherapy 
treatment regimens. In these initial studies, the presence of IL-2 receptors on 
tumor biopsy was not a prerequisite for enrollment. Single and multiple doses 
of the fusion-protein toxin were administered by intravenous injection as a 
bolus or by 90-min infusions. Dose escalations were performed on three 
patient cohorts with a starting dose of 700ng/kg/day, which was gradually 
increased to 400.ug/kg/day. 

Adverse effects associated with the intravenous administration of 
DAB486IL-2 were transient and included fever, malaise, hypersensitivity, 
nausea/vomiting, and increased levels of serum hepatic transaminases. The 
maximum tolerated dose was determined to be 400.ug/kg/day; above this level, 
renal insufficiency occurred. Time-course studies indicated that this fusion
protein toxin cleared from the serum with a t1l2 of 11 min in dose ranges of 
200-400.ug/kg (LEMAISTRE et al. 1993). Increased levels of soluble IL-2 recep
tor were detected in the serum of many patients but had no effect on either 
clearance rates or potential efficacy. Furthermore, antibodies to IL-2 devel
oped in 50% of the patients during the course of the study but seemed to have 
no effect on anti-tumor response. Clinical responses occurred in 8% (4/51) of 
the patients with low- and intermediate-grade non-Hodgkin's lymphoma, 7% 
(1114) of the patients with Hodgkin's disease, and 17% (6/36) of patients with 
CTCL. One patient with tumor-stage CTCL had a complete remission and has 
remained disease-free for over 5 years (HESKETH et al. 1993). As anticipated 
from in vitro studies, it was notable that all patients who responded to 
DAB486IL-2 therapy had demonstrable IL-2-receptor expression, as shown 
by immunoreactivity with anti-Tac (CD25) antibody. 

These initial human clinical trials with DAB486IL-2 clearly demonstrated 
that treatment of diverse groups of patients who presented with refractory 
non-Hodgkin's lymphoma had the potential to offer meaningful results. Thus, 
these early studies established the "proof of principle" that a fusion-protein 
toxin directed towards the IL-2 receptor could be administered with a degree 
of safety and tolerability that warranted further study. As described above, the 
second-generation form of the fusion toxin, DAB389IL-2, bound to the IL-2 
receptor 5-fold more avidly and was at least tenfold more potent in the selec
tive elimination of high-affinity-receptor-bearing cells. Given that this fusion 
protein had more desirable biophysical properties and was easily purified 
to clinical grade, all additional human clinical trials were conducted with 
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DAB3R9IL-2. Moreover, the need to focus on a single disease entity for poten
tial regulatory approval was dictated, and further clinical trials with DAB389 
IL-2 were limited to patients with CTCL, non-Hodgkin's lymphoma, and 
Hodgkin's disease. The detailed analysis of results from earlier studies sug
gested that those patients who presented with tumors that expressed the IL-
2 receptor might have an increased likelihood of responding; therefore, only 
those patients with demonstrable IL-2 receptors were enrolled. 

As reported by LEMA ISTRE et al. (1998), this group of refractory patients 
had experienced a mean of five previous therapies and included 25 patients 
who had received bone-marrow transplants. A cohort dose-escalation trial was 
once again employed, and patients received doses ranging from 3 ,ug/kg/day to 
31,ug/kg/day for 5 days. Treatment cycles were repeated every 3 weeks. Side 
effects included fever/chills, nausea/vomiting, malaise, and reversible elevation 
of serum transaminases. Eight of the patients with CTCL experienced hypoal
buminemia, hypotension, and edema. which were considered to be symptoms 
of a mild vascular leak syndrome. Dose-limiting toxicity was determined to be 
31,ug/kg/day, based on malaise. All observed toxicities were reversible and 
were not cumulative. Thirty-nine (53%) patients discontinued the study 
because of disease progression, and 12 (16%) stopped treatment because of 
toxicity. Of the 73 patients who began the treatments, 52 completed two 
courses, 39 completed three courses, and 18 completed all six cycles. As in the 
earlier study, pre-existing antibodies and antibodies developed after treatment 
with DAB389 IL-2 did not appear to interfere with the clinical response or 
contribute to adverse reactions. Clinical responses were observed in 16 of the 
73 patients (22%), with effects occurring in 13 out of 35 patients (37%) with 
CTCL and 3 of the 17 (18%) non-Hodgkin's-Iymphoma patients. DAB3R9 
IL-2 did not elicit responses in Hodgkin's-disease patients. The median 
response was found to occur after two courses of treatment. and the median 
duration of response was 10 months. Since four of five complete responses 
were found in those patients who presented with CTCL, phase-III studies of 
DAB389IL-2 were initiated in this patient population. 

IV. Cutaneous T-Cell Lymphoma 

As a clinical entity, CTCL describes a series of low-grade non-Hodgkin's lym
phomas in which malignant T cells invade the skin (BRODER and BUNN 1980). 
This malignancy is also known as either mycosis fungoides or, in its erythro
dermic leukemic variant, Sezary syndrome. While mycosis fungoides is a 
disease of the skin in its early stages, in later stages, lymph nodes, spleen, liver. 
and other organs may also be involved. Skin lesions associated with this 
disease usually progress through patch, plaque, and tumor phases. Patch 
lesions are flat, scaly, erythematous macules which may itch, whereas plaques 
are generally raised, red to purple in color, and may be thick and scaly and 
usually intensely itchy. Reddened nodular tumors may arise from plaque 
lesions and tend to predominate on the face and other areas of the body. With 
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time, tumorous lesions usually become ulcerated and prone to secondary 
infection. Tumors may also spread to regional lymph nodes and visceral organs. 
In the case of Sezary syndrome, atypical lymphocytes are found in peripheral 
blood. 

Patients who present with CTCL become symptomatic even in early 
stages of their disease. Both the breakdown of the normal skin barrier and 
depression of their cell-mediated immune response is compromising, and this 
patient population is predisposed toward infection (AXELROD et al. 1992). 
While the 8-year to 10-year overall survival rate for these patients is similar 
to those with other non-Hodgkin's lymphomas, once disease has progressed 
to lymph-node or organ-system involvement, the median survival is less than 
3 years. While there are many therapeutic regimens that have shown efficacy 
in early-stage disease, patients with advanced disease are refractory, and com
plete clinical responses are rare. Once disease progresses beyond involvement 
of more than 10% of the total body surface area, spontaneous remission from 
disease does not occur, and the disease is usually fatal. 

Given the promising results from the open-label phase-II clinical trials 
with DAB389IL-2, a phase-III clinical study was designed to test rigorously 
the potential efficacy of treating CTCL patients with this fusion-protein toxin. 
This trial was designed to include two randomized, double-blinded studies in 
mutually exclusive patient popUlations. The first arm of the trial evaluated the 
intravenous administration of DAB389IL-2 for up to eight courses of therapy 
at either 9.ug/kg/day or 18.ug/kg/day in patients with advanced refractory dis
ease, whereas the second arm of the trial evaluated DAB389IL-2 in patients 
with less advanced disease at 9.ug/kg/day and 18.ug/kg/day and included a 
placebo control group. In the second arm of the study, patients whose disease 
progressed were un-blinded and, if they had received placebo, they were 
allowed to enroll in an open-label study in which they received the fusion
protein toxin at 18.ug/kg/day. 

Upon completion of the first arm of the phase-III trial, the overall 
response rate in patients who met the inclusion criteria demonstrated that 
30% of the patients had a 50% or greater reduction in their tumor burden for 
at least 6weeks following treatment with DAB389IL-2. Ten percent of the 
patients who were evaluable had either a complete or complete clinical 
response (i.e., complete responders were histologically free of disease). While 
there was a trend toward a higher response rate in patients treated at the 
18-.ug/kg/day level (36%) compared with those treated at 9.ug/kg/day (23%), 
the total number of patients in each group is too small to allow statistical sep
aration of the two groups. 

In this study, the most common adverse events experienced by this patient 
population was chillslfever, malaise, and nausea/vomiting. Less frequent 
adverse events were hypotension, edema, rash, and a capillary leak syndrome. 
As discussed above, CTCL patients suffer a substantial and often disfiguring 
disability during the course of their illness. Since the analysis of the first arm 
of the phase-III clinical trail demonstrated that DAB389IL-2 therapy has the 
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potential to offer substantial reduction in tumor burden and relief from con
stitutional symptoms in a large percentage of patients who are otherwise 
refractory, the Food and Drug Administration was petitioned to consider 
approval of this fusion-protein toxin for patients with refractory CTCL. As 
noted above, ONTAK (DAB389IL-2) was approved for the treatment of per
sistent or recurrent CTCL in patients whose malignant cells are shown to 
express at least the CD25 component of the IL-2 receptor. 

While much remains to be done, the fusion-protein toxins directed 
towards the IL-2 receptor have proven to be interesting probes for the analy
sis of toxin/cell interactions leading to the intoxication of target cells. More
over, DAB389IL-2 (ONTAK) has proven to be an effective new biologic agent 
for the treatment of refractory cutaneous T-cell lymphoma. As this was the 
first of the fusion-protein toxins to be approved for human use, future devel
opment of additional fusion-protein toxins seems promising. 
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CHAPTER 6 

Structure and Function of Cholera Toxin and 
Related Enterotoxins 

F. VAN DEN AKKER, E. MERRITI, and W.G.J. HOL 

A. Introduction 

Vibrio cholerae and enterotoxigenic Escherichia coli (ETEC) both cause diar
rheal disease and represent a major health problem, especially among children 
in developing countries. Cholera is one of the great epidemic diseases; seven 
pandemics have been recorded in history, the last three of which are known 
to be due to V. cholerae serogroup 01. In 1992, a new cholera epidemic 
emerged, caused by the new serotype V. cholerae 0139 Bengal (ALBERT 1994). 
The new epidemic quickly spread through India and Bangladesh. 

Even today, a century after the discovery of the comma-shaped cholera 
bacillus by KOCH (1884), the number of victims of these diarrheal diseases is 
still enormous. Annually, cholera causes more than 150,000 deaths, while 
ETEC diarrhea is responsible for one million deaths (HOLMGREN and 
SVENNERHOLM 1992). Common travelers' diarrhea is a mild form of the same 
disease, caused by infection with ETEC. The treatment for diarrheal disease 
is to replace the lost fluids and electrolytes by re-hydration, either intra
venously or orally (RABBANI 1996). 

The protein responsible for the onset of diarrhea caused by V. cholerae is 
cholera toxin (CT; DE 1959) while, for a subset of enterotoxigenic E. coli, the 
homologous protein is heat-labile enterotoxin (LT-I; SMITH and HALLS 1967). 
The two toxins are very similar in structure and are 80% sequence identical 
for both their A and B polypeptide chains. Most experimental data on CT, 
which was isolated and characterized first (FINKELSTEIN and LOSPALLUTO 
1969), are thus also applicable to LT-I and vice versa. The CT family also 
includes two more recently discovered heat-labile enterotoxins, LT-lla and LT
lIb, which are secreted by certain E. coli strains (GREEN et al. 1983; GUTH et 
al. 1986a). The latter two toxins are not (yet) associated with any known diar
rheal disease in humans or in animals. 

Structural studies on these toxins serve not only as tools in the funda
mental investigation of their interesting modes of action but also as aids 
in the eventual conquest of their respective diseases. Structure-based drug
design efforts (HOL 1986) benefit from the three-dimensional details of the 
structural basis of toxin assembly, receptor binding, and catalytic activity. The 
fruits of these investigations may one day lead to one or more small-molecule 
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prophylactic drugs that block the toxin at critical points in its mode of action. 
Inducing immunity against these diarrheal diseases would he even hetter, of 
course, and structural studies on these toxins may also aid in the development 
of a safe and potent vaccine. The battle against cholera may he complicated 
by the recent finding that key pathogenic proteins, including the toxin itself, 
are encoded by a filamentous bacteriophage. CTX<l>, and can easily be trans
ferred from pathogenic V cho/erae strains to other, formerly non-pathogenic 
strains (W ALDOR and MEKALANOS 1996). 

Several review articles have been published covering the exciting field of 
research on LT-I and CT structure-function relationships from its early begin
nings in the 1960s until the early 1990s (HOLMGREN 1981; SIXMA 1992; 
SPANGLER 1992; HOl et al. 1995; and several books devoted to meetings 
covering bacterial toxins). We concentrate here on more recent work. 

The toxins LT-I and CT are heterohexameric proteins comprised of one 
A subunit and a pentamer of identical B subunits. The A subunit is responsi
ble for the catalytic activity of the toxin, while the B pentamer directs the A 
subunit to the target intestinal epithelial cells by binding to ganglioside G M1 • 

After membrane translocation, the A subunit catalyzes the adenosine diphos
phate (ADP)-ribosylation of G,a present in the cytoplasm, causing this G 
protein to lose its guanosine triphosphate (GTP)ase activity, thereby leaving 
it permanently in the activated, GTP-bound state. This activated G", continu
ously stimulates adenylate cyclase, which leads to an increase in intracellular 
cyclic adenosine mono phosphate (cAMP). This, in turn, causes fluid and elec
trolyte secretion, resulting in diarrhea and, if untreated, death by dehydration. 
especially among children and the elderly. In order for the A subunit to 
become catalytically active, it must be proteolytically cleaved near residue 193. 
resulting in the AJ and A2 cleavage products. After this "nick". the A 1 subunit. 
which bears the catalytic activity, and the A2 linker are still covalently coupled 
by means of a disulfide bond between Cys 187 and Cys199. which must be 
reduced to obtain full activity (SPANGLER 1991; Chap. 1). 

B. Three-Dimensional Structures of Holotoxins 
The crystal structures of the AB" LT-I and CT holotoxins were determincd in 
the early 1990s (SIXMA et al. 1991, 1993; ZHANG et al 1995). and the structure 
of the B pentamer of cholera toxin was elucidated, first at medium resolution 
(MERRITT et al. 1994b) and recently at very high resolution (MERRITT et al 
1998). Both toxins are very similar in three-dimensional structure (as 
expected, since the two proteins are 80% identical in sequence). Thc five B 
subunits, of 104 amino acid residues each, form a large ring with a diameter 
of -60 A and a thickness of -40 A (Fig. 1). The ring encircles a central pore 
about 30 A long with a diameter ranging from 11 A to 15 A. The interior 
surface of the pore is highly charged. Through this pore extends the C
terminal tail of the A subunit. the A2 domain, which serves to link the B pen-
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LT-' CT LT-[Jb 

Fig. I. Secondary-structure representations of the ABS holotoxins heat-labile entero
toxin (LT)-l (SIXMA e t al. 1991) cholera toxin (ZHANG et al. 1995b), and LT-Ilb (VAN 
DEN AKKER et al. 1996b). The catalytic domain of the A subunit, highly homologous in 
all three toxins, is in each case shown in lighl gray. The A2 domain of the A subunit, 
which tethers the remainder of the A subunit to the B pentamer, is shown in dark gray. 
The B pentamer itself is shown in while. Each toxin is oriented such that the long helix 
of the A2 domain lies in the plane of the figure while the fivefold axis through the 
central pore of the B pentamer is vertical 

tamer to the catalytic Al domain. Many of the interactions between the pore 
and the A2 domain are water mediated (SIXMA et al. 1993). This most unusual 
mode of association allows considerable flexibility in the relative orientations 
of the Al catalytic domain and the B pentamer (S'XMA et al. 1992a). The one 
notable difference between the holotoxin structures of LT-l and CT is in the 
conformation of the A2 domain. The helical portion of A2 in the LT-I struc
ture ends as it enters the B-pentamer pore, and the remainder of the A2 
domain descends through the pore in a well-defined extended conformation 
to form a small helix at the other end of the pore (SIXMA et al. 1991, 1992b, 
1993). However, in CT, the A2 domain forms a significantly longer helix and 
does not seem to be well ordered inside the pore (ZHANG et al. 1995). 

The A subunit of 240 residues is a triangular-wedge shape in profile, with 
the A2 helix lying along one side. As described later, it is structurally homol
ogous to the catalytic domains of other ADP-ribosylating toxins. The A1 
domain (Fig. 1) can be divided into three substructures (ZHANG et al. 1995). 
Subdomain A 1-1, comprising residues 1-132, forms the framework of the 
catalytic domain. Subdomain A 1-2, comprising residues 133-161, forms an 
extended linker from one end of the Al-1 subdomain to near the A1-l/A2 
interface. The C-terminal Al-3 subdomain, formed by residues 162- 199, is a 
small , separate, irregular domain around the activation/cleavage site contain
ing the CyslS7-Cysl99 disulfide bond and a stretch of hydrophobic residues 
(ZHANG et al. 1995). 

The B subunits of LT-I and CT adopt the oligosaccharide- and oligonu
cleotide-binding fold, called the O/B fold, first observed in staphylococcal 
nuclease (MURZIN 1993). This motif is conserved in other ABo-toxin family 
members, such as verotoxin (STEIN et al. 1992), shiga toxin (FRASER et al. 1994), 
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and pertussis toxin (PT; STEIN et al. 1994a) and also is found in several other 
proteins, such as staphylococcal enterotoxin B (SWAMINATHAN et al. 1992), toxic 
shock syndrome toxin I (ACHARYA et al. 1994), and the active domain of the 
tissue inhibitor of metalloproteinase 2 (WILLIAMSON et al. 1994). The B pen
tamer of LT-I and CT contains five identical receptor-binding sites. located on 
the surface furthest from the bulk of the A subunit (SIXMA et al. 1992). The 
ring-like arrangement of the five B subunits, as first seen for LT hy SIXMA et 
al. (1991), was later also encountered in other AB" toxins, including verotoxin 
(STEIN et al. 1992), shiga toxin (FRASER et al. 1994), CT (ZHANG et al 199Rh). 
LT-II (VAN DEN AKKER et al. 1997) and. with interesting variations, PT (STEIN 
et al. 1994a). 

c. Toxin Assembly and Secretion 
The A and B subunits of both LT-J and CT are synthesized intracellularly, each 
preceded by an N-terminal leader peptide. The leader peptide is cleaved off 
once the subunits are translocated across the bacterial cytoplasmic membrane. 
Assembly of the A and B subunits takes place inside the periplasm (HIRST et 
al. 1984; HOFSTRA and WITHOl] 1984). The assembly of the AB" holotoxin 
involves AB3 and AB4 assembly intermediates and cannot occur from 
preformed B pentamers (HARDY et al. 198R). The assembly of B subunits into 
pen tamers is enhanced by the presence of the A subunit. Residues 226-236 
of the A subunit have been shown to be important for this enhancement 
(STREATFIELD et al. 1992). Arginine residues near position 146 in the A subunit 
have also been found to be important for holotoxin assembly. although each 
individual arginine can be mutated to glycine without any noticeable effect 
(OKAMOTO et al. 1995). One of the mutated arginines is at the AlB" interface 
(SIXMA et al. 1993). 

The C-terminal amino acids of the B subunit have been shown to be essen
tial for the formation and stabilization of B-subunit assembly intermediates 
but do not contribute to the stability of the final pentameric state of the B sub
units (SANDKVIST and BAGDASARIAN 1993). The N-terminal ten residues of the 
B subunits are ordered only in completely assembled B pen tamers and can bc 
recognized by the antibody LDS47 only in assembly intermediates (AMIN et 
al. 1995). The disulfide bond Cys9-Cys86 in the B subunits in CT is essential 
for the stability of the B pentamer (JOBLING and HOLMES 1991). In the com
pletely assembled CT holotoxin, the stability of the A subunit and the B pen
tamer are significantly different. The A subunit denatures irreversibly at 51°C, 
while the B pentamer is stable at temperatures up to 74°(, (GOINS and FREIRE 
1988). 

V cholerae contains a specific endoproteinasc that nicks the A subunit 
between domains Aland A2 to partially activate the toxin prior to secretion 
(FINKELSTEIN et al. 19R3). LT-I is not cleaved prior to secretion from E. coli. 
Crystallographic analysis of partially activated LT-I (MFI{IUlT et al. I 994b) and 



Structure and Function of Cholera Toxin and Related Enterotoxins 113 

naturally cleaved CT (ZHANG et al. 1995) indicate that proteolytic cleavage 
does not cause any significant conformational changes with respect to the 
uncleaved wild-type LT-I structure, since the cleavage loop is very mobile in 
both CT and LT-1. 

V. cholerae contains machinery to actively secrete CT, while E. coli 
depends on cell lysis to release LT-I into the gut. The secretion apparatus of 
V. cholerae is selective, as the whole periplasmic content is not released. In V. 
cholerae, the epsE gene and 11 additional genes are known to be involved in 
CTsecretion (OVERBYE et al.1993). The extracellular transport signal is located 
on the B subunits (HIRST and HOLMGREN 1987) and has recently been postu
lated to be near Glu11 (CONNELL et al.1995). However, V. cholerae can secrete 
not only LT-I B pentamers (HIRST et al. 1984) but also the B pentamers of LT
IIa and LT-IIb, which both have very little sequence similarity with CT 
(CONNELL et al. 1995). This suggests that the extracellular transport signal in 
V. cholerae is most likely a conformation-dependent motif (CONNELL et al. 
1995). 

I. Design of Assembly Antagonists 

The inability of the ABs holotoxin to assemble from pre-formed B pentamers 
suggests that it may be possible to prevent the formation of holotoxin by inter
fering with the normal periplasmic assembly process. Following the suggestion 
of VAN DEN AKKER et al. (1997) that the association of the A subunit with 
nascent B pen tamers may be guided by a ring of hydrophobic residues at the 
mouth of the central pore, HOVEY et al. (1999) found a small molecule that 
binds to this region of the B pentamer (Fig. 2). If such a compound can be 
developed to the point where it competes effectively with the A subunit during 
holotoxin assembly in the periplasm, this would constitute a novel approach 
to toxin inhibition. The toxin-secretion apparatus is also a hypothetical target 
for drug design, at least in the case of CT, but information about the proteins 
involved is insufficient to enable pursuit of this goal. 

D. Cell-Surface-Receptor Recognition 
Although receptor binding by the ABs toxin family is always mediated by the 
B subunits, the specific receptor-binding site on the toxin is not structurally 
conserved across the family (SAUKKONEN et a11992; LING et al. 1998). LT-I and 
CT, however, exhibit a virtually identical receptor-binding site that specifically 
recognizes the cell-surface pentasaccharide belonging to ganglioside GMI. LT
I, but not CT, has also been shown to bind weakly to cell-surface glycopro
teins in addition to binding GM1 (HOLMGREN 1994). No specific details of this 
alternative binding interaction have been reported. 

One GMl-binding site is present on each monomer of the B pentamer 
(SIXMA et a11991; 1992; MERRITT et al. 1994; HOL et al. 1995); hence, the toxin 



114 F. VAN Dr: N AKK ER et al. 

Fig.2. The hydrophobic ring at the entrance of the B, pores of heat-labile enterotoxin 
(LT)-l, cholera toxin (CT) , LT-Ilb and verotoxin (VT) 

can bind to five molecules of GM1 on the target cell. The 61-kDa complex of 
the CT B pentamer bound to the complete GMl oligosaccharide has been 
studied crystallographically at the unusually high resolution of 1.25 A 
(MERRITT et al 1998). Structural details of the toxin- receptor binding interac
tion have also been studied through a series of structures containing receptor 
fragments bound to the LT-I holotoxin or B pentamer (SIXMA et al. 1992: 
MERRITT et al. 1994a; VAN DEN AKKER et al. 1996a). 

The picture which has emerged is that of a relatively rigid receptor (the 
terminal four sugars of the G M1 oligosaccharide) bound by a relatively 
flexible binding site on the toxin. Tn the absence of bound sugars, residues 
50-60 of the toxin are only poorly ordered. Upon binding galactose (a minimal 
receptor fragment) or larger receptor analogues, however, these residues 
become well ordered and contribute to the toxin- receptor interaction surface. 
The role of individual toxin residues in receptor recognition has been probed 
both genetically and structurally (JOBLING and HOLMES 1991: MERRITT et al. 
1995, 1997a). The major binding interaction involves the terminal galactose 
residue of GM1 , which is inserted deeply into a cavity of the toxin surface. The 
hydrophobic face of the galactose sugar ring stacks against the side chain of 
Trp88, while the galactose hydroxyl groups form extensive hydrogen-bonding 
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networks with toxin residues Gly33, Glu51, Gln56, Asn90, and Lys91. Addi
tional binding interactions are contributed by the N-acetylgalactosamine and 
sialic-acid sugar residues of GM1. The rigidity of the GM1 oligosaccharide is 
maintained by additional intra-saccharide hydrogen-bonding and steric inter
actions among these same three sugar residues. 

I. Design of Receptor Antagonists 

The toxin's receptor-binding site is a particularly attractive target for drug 
design, because it is accessible to orally administered compounds in the gut. 
That is, in order to block toxin binding, an inhibitor need not enter either 
the target host cell or the bacterium itself. The extensive structural informa
tion on the toxin-receptor binding interaction has allowed the identification 
and design of small molecules that constitute lead compounds in the devel
opment of receptor-blocking inhibitors. The first generation of such com
pounds is based on the addition of new moieties to galactose (Fig. 3; MERRITT 
et al.1997b; MINKE et al.1999), but more diverse chemistry may emerge during 
subsequent rounds of the iterative process of structure-based inhibitor 
design. 

E. Toxin Internalization 
Internalization takes place via non-coated vesicles (TRAN et al. 1987) gener
ated by caveoli (PARTON et al. 1994; ORLANDI and FISHMAN 1998; WOLF et al. 
1998) or possibly by the endosomal pathway (SOFER and FUTERMAN 1995). 
Ganglioside GM1 may act as a transducer, allowing a pH-dependent confor
mational change in the bound toxin to cause a change in the local membrane 
structure (MCCANN et al. 1998). The process of toxin entry into the cell has 
been traced using fluorescent confocal microscopy (BASTIAENS et al. 1996; 
MAJOUL et al.1996). These authors concluded that: (1) after binding GM1, the 
holotoxin is internalized into vesicles; (2) the holotoxin is transported to a 
Golgi compartment; (3) the A subunit dissociates from the B subunits in the 
perinuclear region of the Golgi cisternae; (4) the A subunit is directed, via ret
rograde transport, from the Golgi to the endoplasmic reticulum, while the B 
subunits remain in the Golgi; and (5) either the A subunit or the Al domain 
alone is translocated into the cytosol. The four C-terminal residues of the A 
subunit (RDEL in LT-I; KDEL in CT) constitute a eukaryotic signal for intra
cellular trafficking that normally directs the retention of proteins in the endo
plasmic reticulum (PELHAM 1989). This is consistent with the observed 
retrograde transport of the toxin from Golgi to endoplasmic reticulum, but 
there is contradictory experimental evidence for the involvement of this 
tetrapeptide signal in toxicity (CIEPLAK et al. 1995; LENCER et al. 1995b; 
SANDVIG et al. 1996). Additional discussion of toxin internalization may be 
found in Chap. 1. 
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F. Enzymatic Mechanism 
Both CT and LT-I covalently modify Gsa (a trimeric G protein involved in 
signal transduction) by ADP-ribosylating the catalytically crucial Gsa residue 
Arg201, using nicotinamide adenine dinucleotide (NAD) as a substrate: 

NAD+ + Gsa ~ ADP-ribose-Arg201-Gsa + nicotinamide + H+ (1) 

The stereochemistry of this reaction has been determined for CT and LT
I and reveals that f:l-NAD is converted to a-ADP-ribose (OPPENHEIMER 1978; 
Moss et al. 1979), suggesting an SN2 reaction mechanism. Two active-site 
residues have been identified as being probably important for catalysis. The 
first residue, Glu112, is definitely involved in catalysis and is strictly conserved 
in all ADP-ribosylating toxins (CIEPLAK et al.1995). The second residue, His44, 
has been shown to be critical in CT, as the His44Asn mutation resulted in 
undetectable ADP-ribosylation of Gsa (KASLOW et al. 1992). Moreover, the 
equivalent histidine in PT, His35, has been shown to be important for the cat
alytic rate (Xu et al. 1994). It has been proposed that, in PT, LT, and CT, the 
histidine is involved in activating the acceptor moiety (which is a cysteine in 
PT and an arginine in CT and LT-I) by making a hydrogen bond to increase 
its nucleophilicity (LoCHT and ANTOINE 1995; Fig. 4a). The catalytic glutamic 
acid has been proposed to retrieve the hydrogen of the 2' -hydroxyl of NAD+, 
thereby promoting the formation of an oxocarbonium-like intermediate 
(LOCHT and ANTOINE 1995). This intermediate would then weaken the N
glycosidic, making it susceptible to nucleophilic attack by the arginine. The 
His44-activated arginine would then cleave the N-glycosidic bond by an SN2-
like mechanism, releasing nicotinamide and ADP-ribosyl-arginine. 

I. Substrates, Artificial Substrates, and Inhibitors 

The affinity of LT-I/CT for NAD is -3mM (Moss et al. 1976; MEKALANOS et 
al.1979a; OSBORNE et al.1985; LAREW et al.1991), which is a factor of 100-1000 
weaker than the NAD affinity for PT, exotoxin A (ETA), and diphtheria toxin 
(DT; LOCHT and ANTOINE 1995). Two hypotheses have been published that 
attempt to rationalize the weaker affinity of LT-I and CT. The first hypothesis 
is that the presence of two active-site tyrosines in DT and ETA, which are not 
present in LT or CT, may account for this difference (DOMENIGHINI et al. 1994). 
The second hypothesis is that the presence of loop residues 49-55, which 
occlude the active site in LT-I, might explain the much higher Km for LT-I 
(SIXMA et al. 1993). Quite interestingly, in the Arg7Lys mutant structure of LT 
(V AN DEN AKKER et al. 1995), this loop appeared to be completely flexible, 
demonstrating the ability of this loop to adopt conformations other than those 
observed in wild-type toxin. In addition to attacking arginine residues in 
Gsa and several other proteins, LT-I and CT can also ADP-ribosylate small 
artificial substrates. Several of those compounds, such as agmatine (OSBORNE 
et al. 1985), I-GT (MEKALANOS et al. 1979), and diethylamino benzylidine-
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Fig.4. A The proposed catalytic adenosine diphosphatt;-ribosylation mechanism of 
heat-labile enterotoxin (LT)-I. This mechanism is adopted from the proposed mecha
nism for pertussis toxin (LoCHT and ANTOINE 1995). Additional details about the inter
actions of the amide of nicotinamide with the backbone atoms of Ala~ are extrapolated 
from the nicotinamide adenine dinucleotide (NAD)-bound diphtheria toxin (DT) 
coordinates (BELl. and EISENBERG 1996) and the exotoxin-A structure complexed to 
adenosine monophosphate and nicotinamide (LI et al. 1995). B Postulated NAD
binding mode in the active site of LT-1. The NAD-binding mode. shown in thick black 
lines. is derived from a superposition of the active sjtes of LT-I and DT. The superpo
sition yielded a root-me an-squared deviation of 1.6 A for 42 structurally equivalent Ca 
atoms. Residues that are mentioned in the text and residues that are postulated to inter
act with NAD (as extrapolated from the NAD-bound DT crystal struc1.ure) arc shown. 

aminoguanidine (NARAYANAN et a!. 1989) arc used in CT or 1:1'-1 enzymatic 
ADP-ribosylation assays. The substrate with the best affinity for CT charac
terized to date is nz-iodobenzylguanidine. with a KIl of 6.S pM (LoFSBFR<i et 
a!. 1990). At position Arg 146, the A I fragment can also serve as an acceptor 
for its own ADP-ribosyltransferase activity. but this auto-ADP-ribosylation 
has not been found to be physiologically relevant (LAI et al. 19K3; OKAMOTO 
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B 

Fig.4. Continued 

et al. 1988). The peptide substrates poly-arginine (LAI et al. 1981) and kemp
tide, which has a Kill of 4.3 mM for CT (KHARADIA et al. 1987), can also be 
ADP-ribosylated by CT. 

Several NAD analogs are known to be substrates or inhibitors of LT-I 
and CT, although their affinities are quite low. For example, acetyl pyridine
adenine dinucleotide has an inhibition constant of 17 mM (GALLOWAY and V AN 
HEYNINGEN 1987), while the inhibitor carba-NAD has an inhibition constant 
of - 6 mM (SLAMA et al. 1989) and is, moreover, a challenge to synthesize. 

II. NAD-Binding Site 

The precise mode of binding of NAD to LT-I or CT remains unknown. 
However, two related toxins have been crystallized in the presence of NAD 
or NAD analogs. A DT structure has been determined in the presence of NAD 
(BELL and EISENBERG 1996). The structure of ETA has been determined, first 
in the presence of nicotinamide and AMP (LI et al. 1995) and, subsequently, 
complexed to the NAD analog t)-methylene-thiazole-4-carboxamide adenine 
dinucleotide (LI et al. 1996). Binding of the NAD substrate or substrate analog 
causes some significant conformational changes in both toxins, but these are 
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mostly restricted to residues 458-463 in ETA and to residues 39-46 in DT 
(BELL and EISENBERG 1996, 1997). These regions become more disordered 
once NAD is bound. Whether an increase in local disorder upon NAD binding 
also occurs in LT-I or CT is not known, and biochemical data seem to indicate 
the opposite. It was observed that binding of NAD+ causes the Al subunit of 
CT to be unsusceptible to proteolysis by trypsin, suggesting that binding of 
NAD stabilizes the AI-subunit structure (GALLOWAY and VAN HEYNINGEN 
1987). The disordered residues 39-46 in DT have been postulated to be 
involved in binding the second substrate, elongation factor 2 (BELL and EISEN
BERG 1996). The LT-I loop that corresponds to these residues in DT and ETA 
comprises residues 47-56, although the size, exact position, and sequence are 
different in the LT/CT family compared with the DT/ETA subfamily of toxins. 

A superposition of the NAD-bound DT coordinates onto the LT-I struc
ture yields a rough model for the mode of binding of NAD to LT-I and its pos
tulated interactions in the active site (Fig. 4b). The loop 47-56 has been 
omitted from the figure, since it clashed sterically with the NAD model. 
Several hydrogen bonds between ligand and A subunit may be formed, based 
upon structurally equivalent atoms observed in the DT and ETA structures. 
The NAD model is also consistent with mutagenesis results in LT-I and CT, 
as discussed below. 

Additional structural information about the active sites of LT-I and CT 
can be derived from extensive site-directed-mutagenesis data present in the 
literature (FElL et al.I998). Figure4b shows active-site residues that have been 
mutated and that may be informative with respect to the postulated binding 
of NAD. Table 1 lists the biological effects of single-residue substitutions in 
the A-subunit of LT-l or CT found to have a significant effect on either the 
toxicity or enzymatic activity. 

The catalytic activity of the toxins is an obvious target for drug design; 
however, to date, the structural data to support such an effort is weaker than 
for blocking toxin assembly or receptor binding. The conformation of the cat
alytic site, as seen in the CT and LT-I holotoxin structures, is clearly not that 
of the active toxin during catalysis; in the observed conformation, there is 
insufficient room in the active-site cleft for substrate binding. The flexibility 
necessary for structural rearrangement to accommodate substrate binding 
may depend on the existence of internal cavities in the structure of the inac
tive conformation, such as that seen near residue Val97 (MERRITT et al. 1995). 
Based on the structure of the Arg7Lys mutant of LT-I, VAN DEN AKKER et al. 
(1995) have suggested that A-subunit residues 47-56 could be important for 
substrate recognition and that, in the fully active state, this loop must be dis
placed. Further support for this proposal comes from structural work on the 
related toxin LT-II, discussed below. 

G. The LT-II Family 

In the early 1980s, a new group of LT-lls was discovered (GREEN et al. 1983; 
GUTH et a1.1986a). The E. coli strains that produced these new toxins were first 
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isolated from feces of a water buffalo in Thailand (PICKETT et al. 1986) and were 
later isolated from feces of patients with diarrhea in Sao Paulo and from food 
(GUTH et al. 1986a). Recent studies suggest that LT-Il-producing E. coli are 
more common in cattle and buffalo than in humans (SERIWATANA et al. 1988; 
CELEMIN et al. 1994). LT-lls have not (yet) been connected with any diarrheal 
disease in either animals or humans and also do not cause secretion in ligated 
rabbit ileal segments at doses comparable to those of CT controls (HOLMES et 
al. 1986). Despite this, in many assays, LT-lls behave very much like the toxins 
LT-J and CT. LT-Ils bind to Y1 mouse adrenal cells and intestinal cells (DONIA 
et al. 1992). LT-Ils have been shown to be toxic to mouse Yl adrenal cells 
(GUTH et al. 1986b), causing rounding of Yl adrenal cells, accompanied by 
increased levels of intracellular cAMP (HOLMES et al. 1986). In addition, LT-lls 
have been shown to ADP-ribosylate Gsa (LEE et al. 1991) and activate (by 
ADP-ribosylation) adenylate cyclase in human fibroblasts (CHANG et al.I987), 
suggesting a mode of action similar to those of CT and LT-1. 

Like LT-I, LT-lls contain an A subunit [molecular weight (Mf) = 
28000Da] and five B subunits (Mf = 1I800Da). The A subunit can be cleaved 
by trypsin yielding an Al (Mf = 21 OOODa) and A2 (Mf = 7000Da) fragment 
(GUTH et al. 1986b). The overall sequence identity of the A subunits of LT-lla 
and LT-llb is 71 % and, for the B subunits, the identity is 66% (PICKET et al. 
1987, 1989). The LT-lla and LT-Ilb A-subunit sequences are quite similar to 
that of LT-J (VAN DEN AKKER et al. 1996b), as the sequence identity between 
the LT-Ils and LT-I is about 55% (PICKET et al. 1989). In contrast, no homol
ogy could be detected when comparing the LT-lla and LT-Ilb amino acid 
sequence with the LT-I and CT B-subunit sequences (PICKET et al. 1989). Given 
the limited sequence similarity between LT-I and LT-IIs, it is not surprising 
that they do not cross-react in neutralization or immunodiffusion tests with 
anti-LT/CT antibodies (GUTH et al. 1986b). Considerable variation in hetero
geneity among B-subunit genes from different LT-JI producing strains has 
been suggested from hybridization studies (PICKET et al. 1987, 1989). Despite 
the very different B-subunit amino acid sequences, LT-lla and LT-llb A sub
units and LT-I B subunits can form hybrid toxins (although with low efficiency; 
CONNELL and HOLMES 1992b). 

Crystallographic study shows the LT-llb holotoxin structure to be very 
similar to those of LT-I and CT for both the A and B subunits (VAN DEN AKKER 
et al. I996b). The degree of structural homology in the B subunits is unex
pectedly high, given the lack of sequence similarity previously identified. Ret
rospective analysis of the LT-llb sequence after structural alignment with LT-I 
and CT identified 11 conserved residues in the 99-residue B subunit (V AN DEN 
AKKER et al. 1996b). The catalytic domain of the A subunit of LT-lIb is struc
turally quite similar to that of LT-J, although its orientation with regard to the 
B pentamer differs by a rotation of 24°. This difference is partly due to a longer 
A2 helix in LT-IIb, which extends more deeply into the pore of the B pen
tamer (and at a steeper angle) than does the corresponding A2 helix of LT-1. 
In this regard, the LT-llb holotoxin is more similar to CT than to LT-I (Fig. 
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1). Within the A-subunit catalytic domain, the region of greatest difference 
between LT-llb and LT-I is found for the loop consisting of residues 24-34. 

The active-site loop consisting of residues 47-56, implicated in substrate 
binding (VAN DEN AKKER et al. 1995; FElL et al. 1998), is found in LT-llb in the 
same inactive conformation (blocking the active site) as the homologous loop 
in wild-type LT-I structures. Sequence differences between LT-I and LT-llb in 
this loop and elsewhere are sufficient to confer differing substrate specificities; 
small guanidium-containing compounds like agmatine that are good sub
strates for LT-I are very poor substrates for LT-lla and LT-llb (LEE et al. 1991). 
Mutational studies of the residues in the 47-56 loop (FElL et a11998) support 
its importance in substrate recognition and catalytic activity. 

The lack of sequence similarity between the B subunits of LT-I and LT
lIs is reflected in the differences in ganglioside specificity among these toxins. 
Unlike LT-I, LT-lla is not very specific and recognizes a wide variety of 
gangliosides, including GM2, GM1, GD1a, GD2, GD1b, GTlb, and GQlb 
(FUKUTA et al. 1988). LT-llb binds to GD1a, GTlb, and (weakly) to GM3 and 
GM2 (FUKUTA et al. 1988). The hydroxyl groups of Ser13 and Ser14 of the B 
subunits in both LT-lla and LT-llb have been shown to be critical for the 
toxins' ganglioside affinity (CONNELL and HOLMES 1992a, 1995). The N
terminal half of the B subunits of LT-lla and LT-llb have been found to 
contain the toxins' ganglioside-binding activities (CONNELL and HOLMES 1995). 
Clearly, more studies are needed to unravel the functional properties of the 
LT-II toxins at the structural level. 

H. Perspectives 
Crystallographic studies of cholera and related enterotoxins have revealed a 
wealth of information on the molecular interactions involved in toxin archi
tecture, receptor binding, and catalytic activity. In conjunction with biochem
ical investigations of toxin properties, such as substrate specificity and 
mutational analysis, crystallographic studies can provide a solid basis for the 
design of biologically active small molecules targeting specific aspects of 
normal-toxin mechanism. Work is already underway to design inhibitors of 
toxin assembly, receptor binding, and catalysis. In the future, detailed 
structural knowledge may also contribute to increased understanding of other 
properties of these toxins, such as their remarkable immune-system-stimulat
ing abilities. The latter aspects will be discussed in Chap. 7. 
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CHAPTER 7 

Mechanism of Cholera Toxin Action: 
ADP-Ribosylation Factors as Stimulators 
of Cholera Toxin-Catalyzed ADP-Ribosylation 
and Effectors in Intracellular Vesicular 
Trafficking Events 

W.A. PAlTON, N. VITALE, J. Moss, and M. VAUGHAN 

A. Introduction 

More than 100 years after the recognition that Vibrio cholerae causes the 
deadly diarrhea characteristic of cholera (KOCH 1884), the devastating effects 
of this disease continue to be felt throughout the world (MATHAN 1998). Efforts 
to prevent the disease rely heavily on measures intended to improve basic 
hygiene and to ensure sanitary water and food supplies (KUMATE 1997). Rehy
dration (to combat the lethal dehydration) continues to be the cornerstone of 
treatment protocols (DUGGAN 1998). Alternative therapies include the use of 
antimicrobials, e.g., ciprofioxacin (KHAN et al. 1996), and antisecretagogues, 
e.g., the Ca2+-channel blocker nifedipine (TIMAR-PEREGRIN et al. 1997), the 
enkephalinase inhibitor acetorphan (HINTERLEITNER et al. 1997), the somato
statin analogue octreotide (BARDHAN et al. 1994) and the K+-channel blocker 
clotrimazole (RUFO et al. 1997). Vaccines derived from attenuated V. cholerae, 
from recombinant cholera toxin (CT) constructs, or from CT fragments have 
had varying efficacies in field trials (MEKALANOS and SADOFF 1994; FINKELSTEIN 
1995; HOLMGREN and SVENNERHOLM 1996; WALDOR and MEKALANOS 1996b; 
LEVINE 1997; ROBERTSON et al.1997). The emergence of new V. cholerae strains 
(MEKALANOS et al. 1997), possibly due to the lateral transfer of CT genes via the 
filamentous bacteriophage CTX (W ALDOR and MEKALANOS 1996a) to non
toxinogenic V. cholerae strains, and the multiplicity of factors recognized as 
being involved in cholera pathogenesis (MEKALANOS et al. 1997) complicate 
antigen choice and, ultimately, the effectiveness of the vaccine. 

CT, a major virulence factor of V. cholerae, is but one of several proteina
ceous toxins known to be secreted by pathogenic V. cholerae (KAPER et al. 
1995). The original model of intestinal epithelial cell intoxication by CT 
(resulting in adenylyl cyclase activation, which leads, in turn, to increased cyclic 
adenosine mono phosphate (cAMP) concentration and the opening of Cl
channels; FINKELSTEIN 1988) has become more complex. Intoxication includes 
the actions of other signaling molecules, such as prostaglandin E 2, platelet
activating factor (GUERRANT 1994), and 5-hydroxytryptamine (KAPER et al. 
1995). Moreover, local secretory responses in the intestine are compounded 
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by distant responses propagated by the enteric nervous system (NOCERINO el 
a1. 1995; LUNDGREN and JODAL 1997). In addition to yielding clues to the patho· 
genesis and treatment of cholera, the study of CT has already led to an under·· 
standing of complex signaling events involving heterotrimeric guanosint· 
triphosphate (GTP)-binding proteins (Moss and VAUGHAN 1993), the identi· 
fication of several new families of molecules [i.e., adenosine diphosphatt: 
(ADP)-ribosylation factors and the regulators thereof (Moss and VAUGHAN 
1998), and eukaryotic mono-ADP ribosyItransferases (OKAZAKI and Mos~; 
1998)], and the definition of CT adjuvant effects on mucosal immune 
responses (SNIDER 1995; SABBAJ et a1.1997; HIRST et a1.1998; OLIVER and ELSON 
1998). 

CT and the very similar heat-labile toxin from toxigenic E. coli (LT) not 
only contain the machinery needed to exploit endogenous molecules for thei
cell-surface attachment but, once bound, the subsequently internalized toxin:; 
enzymatically modify several proteins with ADP ribose, including the posi
tive regulator of adenylyl cyclase, Gas. The ADP ribosylation factors (ARFs) 
are 20-kDa guanine-nucleotide-binding proteins that are the major in vitro 
stimulators of CTiLT-catalyzed ADP-ribosylation (Fig. 1) and have been 
shown to be involved in an array of cellular processes, all of which appear to 
be related to the control of vesicle formation and trafficking (DONALDSON et 
a1. 1995; PATTON et a1. 1997a). However, it remains to be shown whether ARF 
encounters CT/LT inside the cell and plays a role in CT/LT action. 
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Fig.I. Cholera toxin-catalyzed adenosine diphosphate (ADP)-ribosylation. ADP ribo
sylation factors stimulate the ADP-ribosyltransferase activity of cholera toxin ill vitro. 
Cholera toxin action on arginine-containing target proteins (the positive regulator 
of adenylyl cyclase, G,) results in formation of the a-anomeric, ADP-ribosylated 
product and free nicotinamide from ,B-nicotinamide adenine dinucleotide cation. The 
exact chemical linkage formed in the ADP-ribosylated product is described elsewhere 
(OPPENHEIMER 1978). Free arginine and simple guanidino compounds (agmatine) abo 
serve as substrates in this reaction. 
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In addition to discussing the enzymatic nature of CT and LT, this review 
will focus on the structural and functional characteristics of the ARF family 
of proteins and on effectors of ARF function, molecules that ARFs regulate, 
and current thoughts on ARF cellular functions. 

B. Cholera Toxin 

I. Structure 

CT is an 85-kDa protein belonging to the ABs toxin family (MERRITT and HOL 
1995). There is little similarity in primary structure among ABs-family 
members, with the exception of LT and CT, which are 80% identical in amino 
acid sequences and are postulated to have evolved from a common ancestor, 
because of conservation of activity (YAMAMOTO et a1. 1984) and function (LEE 
et a1. 1991). All members of the ABs family are characterized by a structure 
in which a catalytic A subunit (CTA) is non-covalently associated with a pen
tamer of B subunits. CTA consists of a catalytic Al chain (22kDa) linked by 
a single disulfide bond to an A2 chain (5 kDa); CTB is a homopentamer of 
11.6-kDa B subunits and binds to the cell-surface receptor, ganglioside GMI. 
Crystal structures revealed that CTA, like LT (SIXMA et a1. 1993), is anchored 
above the ring-like structure of the CTB pentamer by insertion of the A2 chain 
into the "central pore" in CTB (or choleragenoid) formed by the five aligned 
B chains (ZHANG et a1. 1995b). The intact ABs structure forms what is known 
as CT or LT holotoxin. The existence of fine differences between LT and CT 
are noted throughout the structures, but the most pronounced difference is in 
the A2 subunit. In both holotoxins, the Az chains form an elongated helix that 
is in close contact with the Al subunit, but the portion of LTA2 that pene
trates its B pentamer is an elongated chain (SIXMA et a!. 1993), whereas the 
corresponding portion of CT is a helix throughout its length (ZHANG et a1. 
1995b). As a detailed discussion of existing toxin structural data is beyond the 
scope of the review, the reader is referred to additional papers in this volume 
and elsewhere (MERRITT et a!. 1994a, 1994b, 1994c, 1995, 1997, 1998;VERLINDE 
et a!. 1994; VAN DEN AKKER et a1. 1997). 

II. Biochemistry 

The early recognition that nicotinamide adenine dinucleotide (NAD) is re
quired for CT-catalyzed activation of adenylyl cyclase (GILL 1975) led to the 
identification of CT as an arginine-specific ADP ribosyltransferase (Moss and 
VAUGHAN 1977b). To generate active CT or CTA, the A chain must be prote
olytically cleaved between residues 192 and 195 (Moss et a1.1976; MEKALANOS 
et a1. 1979b), thus forming the Al and A2 chains (native CT, purified from V 
cholerae, is usually "nicked" by endogenous proteases). The disulfide bond 
(between Cys 187 and Cys 199) linking the Al and A2 chains must also be 
reduced (MEKALANOS et a1. 1979b; TOMASI et a!. 1979). The Al chain catalyzes 
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transfer of the ADP-ribose portion of NAD to the guanidino portion of an 
arginine acceptor (which, depending on the reaction conditions, can be part of 
another protein; GILL and MER EN 1978; JOHNSON et a1. 1978; KAsLOw et al. 
1980; NORTHUP et a1. 1980; ABOOD et a1. 1982; VAN DOP et a1. 1984), to an argi
nine within the toxin itself (i.e., auto-ADP ribosylation; TREPEL et al. 1977), or 
to free arginine (or other simple guanidino compounds; Moss and VAUGHAN 
1977b; MEKALANOS et a1.1979a;TAIT and NASSAU 1984). In the transferase reac
tions, CTA1 utilizes ,B-NAD to generate an a-anomeric product (OPPENHEIMER 
1978). CTA1 can also transfer ADP-ribose to water (Moss et a1. 1976, 1978, 
1979) and, thus, is also an NAD glycohydrolase or NADase. Assays to measure 
each of the above activities of CT and LT have been described elsewhere in 
detail (PATTON et a1. 1997b). 

The presence of a critical glutamate residue at or near the NAD+-binding 
and catalytic sites of CT and LT, is one similarity that CT and LT share with 
the ADP-ribosylating toxins from Corynebacterium diphtheriae (diphtheria 
toxin or DT; CARROLL and COLLIER 1984), Bordetella pertussis (pertussis toxin 
or PT; BARBIERI et a1. 1989) and Pseudomonas (exotoxin A or ETA; CARROL ~ 
and COLLIER 1987). In LT, replacement of Glu112 with Lys (TSUJI et al. 199(, 
1991) or Asp (LOBET et a1. 1991) resulted in toxins that lacked or had greatl:r 
reduced ADP-ribosyltransferase activity. Consistent with the function of 
Glu112 as an active-site residue, an LT Glul12Lys mutant retained its abilit:r 
to interact with ADP-ribosylation factor (discussed below; Moss et a1. 1993~. 
The position of Glul12 in CTA1 and LTA1, as determined from models gen
erated using both crystallographic (SIXMA et a1. 1993; ZHANG et al. 1995b) and 
computer-modeling methods (DOMENIGHINI et a1. 1994), accords with its rok 
as a critical active-site residue. 

The major CT and LT substrate in cells is Gas, the a subunit of the het
erotrimeric GTP-binding protein complex known to stimulate adenylyl cyclas.; 
(GILL and MEREN 1978; JOHNSON et a1. 1978; KASLOW et a1. 1980; NORTHUP et 
a1. 1980). In resting cells, Gas exists in a guanosine diphosphate (GDP)-bound 
state complexed with Gf3r on the plasma membrane. When stimulated by an 
external signal via a membrane-bound receptor, Gas becomes GTP bound and 
dissociates from Gf3r ; Gas-GTP then stimulates adenylyl cyclase. ADP-ribosy
lation of Gas not only causes the release of Gas from G f3r (KAHN and GILMAI~ 
1984a) but also accelerates the release of GDP from G", (BURNS et a1. 1982) 
and inhibits the ability of Gas to hydrolyze GTP and return to its inactive stat; 
(CASSEL and SELINGER 1977; JOHNSON and BOURNE 1977; NAVON and FuNo:; 
1984). Thus, persistently activated Gas can lead to high levels of cAMP prc
duction that are known to be associated with CT action in cells. 

III. Toxin Internalization 

It is now apparent that portions of the CT-internalization pathway may differ 
between polarized and nonpolarized cell types (SANDVIG et a1. 1997) and that 
CT and LT may differ in their uptake and processing mechanisms. Work with 
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CT in intestinal epithelial cells is currently defining what are perhaps the crit
ical events that occur during the pathogenesis of disease by V cholerae. Intact 
holotoxin is required for intoxication of cells. Although CTB can enter cells, 
enzymatically active CTA cannot exert its effects on cells independently of 
CTB. CT binds to the apical surface of intestinal epithelial cells via ganglio
side GM1-binding sites in each of the five B chains (FISHMAN 1982; MERRITT 
et al. 1994b), with the A-subunit oriented away from the plasma membrane 
(ORLANDI and FISHMAN 1993). There is a characteristic delay between the time 
of toxin binding and the activation of adenylyl cyclase, during which several 
events are thought to occur. 

Toxin binding is followed by rapid endocytosis and proteolytic processing 
of LT and non-nicked CT (LENCER et al. 1997). Vesicular transport of the toxin 
is thought to occur (LENCER et al. 1992), leading to transcytosis of toxin to the 
basolateral membrane (LENCER et al. 1995b) for activation of adenylyl cyclase. 
Recently, CT was shown to be internalized through caveolae-like membrane 
domains (ORLANDI and FISHMAN 1998; WOLF et al. 1998); it is thought that the 
ability of ganglioside GM1 to associate with these structures ultimately con
trols toxin-mediated signal transduction (WOLF et al. 1998). 

The fungal metabolite brefeldin A (BFA) inhibits an early transport step 
that is critical for the reduction (and thus activation) of Al (LENCER et al. 
1993). The roles of the retrograde transport pathway from the Golgi to the 
endoplasmic reticulum (ER) and for KDEL and RDEL sequences of CT and 
LT, respectively, in intestinal epithelial cells (CIEPLAK et al. 1995; LENCER et 
al. 1995a) or other epithelial cells (BASTIAENS et al. 1996; MAJOUL et al. 1996, 
1998; SANDVIG et al. 1996) remain to be defined but may be important for 
maximal biologic activity (LENCER et al. 1995a). It is not clear at what point 
in the pathway the catalytic Al subunit is exposed to cytosol, but this appears 
to occur late in the lag phase via a temperature-sensitive step (LENCER et al. 
1992). Subsequent to the activation of adenylyl cyclase, there are additional 
signaling events that occur in the intestinal epithelial cells (and in the 
intestine generally) that are less well understood. There are most certainly dif
ferences between the mechanisms of CT- and LT-mediated events, based on 
the differences in clinical severity of the corresponding diseases. Of interest 
in that regard is the recent report of TURVILL et al. (1998) describing 5-
hydroxytryptamine involvement in CT- (but not LT)-induced secretion. 

C. ADP-Ribosylation Factors 

I. Discovery of ARFs 

Investigation of the nature of CT-catalyzed ADP-ribosylation of G", revealed 
that tissue factors (ENOMOTO and GILL 1979, 1980; PINKETT and ANDERSON 
1982; SCHLEIFER et al. 1982) and GTP (Moss and VAUGHAN 1977a; LIN et al. 
1978; ENOMOTO and GILL 1979; NAKAYA et al. 1980; WATKINS et al. 1980) were 
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required for this activity. One of the tissue factors purified from rabbit-liver 
membranes was identified [by sodium dodecyl sulfate (SOS) polyacrylamide
gel electrophoresis] as a 21.5-kOa protein doublet (KAHN and GILMAN 19K4b) 
that supported CT-catalyzed AOP ribosylation of G,,, in the presence of CiTP 
but not GOP (KAHN and GILMAN 191'16) and was thus named ADP-ribcsyla
tion factor or ARF. GTP, GOP, and their corresponding non-hydrolyzable ana
logues bound to ARF, but ARF hydrolysis of bound GTP was not dekcted 
(KAHN and GILMAN 1986). Guanine-nucleotide binding was enhanced by :\ mM 
dimyristoyl phosphatidyl choline (OMPC) and 2 mM Mg2+, whereas ad'~nine 
nucleotides did not bind under any conditions (KAHN and GILMAN 1986) Sub
sequently, a membrane-bound ARF (TSAI et al. 191'17) and two soluble A.RFs 
(TSAI et al. ] 988) with biochemical properties similar to those described earlier 
were identified in bovine brain. 

II. Biochemical Characterization of ARFs 

ARFs act as allosteric activators of CTA 1 in vitro (TSAI et al. 191'17, 1988: NonA 
et al. 1990). As shown with native bovine ARF3, ARFs lower the Kill for both 
NAO and agmatine (NODA et al. 1990). Lipids and detergents not only enhance 
the ability of ARF to bind GTP (BOBAK et al. 1990) or the non-hydrolyzable 
analogue GTPyS (MURAYAMA et a1. 1993) but, as was shown with 0.003'10 SDS 
(NODA et al. 1990), they cause an additional decrease in Kill and increase the 
Vma, of the CT-catalyzed reaction. The effects of lipid and detergent on ARF 
activation of CTA might be explained by the observation that stable com
plexes of native bovine ARF3 or recombinant bovine ARFI and CT ,,1.1 have 
been isolated only in the presence of 0.003 % SOS (TSAI et al. 1(91) or 
azolectin/cholate (FRANCO et al. 1993), respectively. and only when w;ing gel 
filtration. Thus, lipids, detergents, and ARF appear to playa role in en lancing 
CTA activity in a cellular or physiological environment. The optimal .emper
ature for CTA-catalyzed AOP-ribosylation of agmatine without lipid or ARF 
was 25-3()"C and was shifted toward 37"C with addition of native bovine ARF3 
and 3mM OMPc/O.2% cholate (MURAYAMA et al. 1993). 

GTP binding to ARF is required for all known ARF activities. Normally, 
ARFs are isolated from native or recombinant sources in the G DJ'-bound, 
inactive state; in this state, ARFs are generally soluble and are generally iso
lated from cell supernatants. The release of GOP and binding of GTP causes 
ARF activation and binding to membranes (KAHN et al. 1991; REGAI]I et al. 
1991; WALKER et al. 1992). Some data suggest that ARF is "loosely" a:;sociated 
with lipid membranes in the GOP-bound state (FRANCO et al. 1995) and that 
activation (GTP binding) promotes "tighter" binding. A "loose" association 
would allow ARF to sense the lipid environment before subsequent binding 
and may even influence membrane binding by the presence or abs~nce of a 
particular lipid or perhaps by influencing nucleotide exchange on tht~ ARF. In 
support of this concept, the binding of soluble native ARF from PC-12 cells 
to phosphatidylinositol or cardiolipin vesicles in a centrifugation ass, y was not 
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dependent on GTPyS addition to the assay, whereas the binding to phos
phatidylserine vesicles was GTPyS-dependent (WALKER et al. 1992). 

Transition from soluble to membrane-bound or from "loosely" 
membrane-associated to "tightly" membrane-associated forms upon GTP 
binding is thought to be mediated by a conformational change that affects the 
position of the ARF N-terminus (RANDAZZO et al. 1995). The ARF amphi
pathic N-terminal a-helix (AMOR et al. 1994) is modified by the co-transla
tional addition of a myristic acid group to the N-terminal glycine (KAHN et al. 
1988; KUNZ et al. 1993). It is thought that, in the GDP-bound form, the helix 
and the myristate are in close proximity to the ARF. However, when GTP is 
bound, the helix and fatty acyl moiety are oriented away from the protein in 
a manner that would facilitate their interaction with a membrane or other mol
ecule, e.g., an ARF guanine nucleotide-exchange protein or GEP (FRANCO et 
al. 1995, 1996). This is partially because the exposure of the fatty acid group 
to solution would not be enthalpically favorable. 

III. ARF Structure 

1. The Primary Structures of ARFs 

As -ISO-amino acid proteins that are ubiquitous in eukaryotes, ARF proteins 
exhibit a high percentage of sequence identity, an indication that their func
tions have been well-conserved throughout evolution. ARF family members 
are continuously being added to sequence databases, but they can only truly 
be designated as ARFs if they have the ability to rescue the lethal yeast arfl-, 
arj2- double mutant (KAHN et al. 1991), are capable of stimulating the ADP
ribosyltransferase activity of eTAl (with Gas or agmatine as an acceptor) and 
can stimulate ARF-dependent phospholipase D (PLD). It is not established, 
however, that all ARFs, e.g., those from non-mammalian sources, activate 
PLD. If a protein of plausible structure does not meet these requirements, it 
is designated an ARF-like protein (ARL). Thus, many newly recognized ARF 
family members should be grouped with ARLs (see below) until their activi
ties are defined. 

As shown in Fig. 2, the six known mammalian ARFs fall into three dis
tinct classes based on amino acid and DNA sequence similarities and gene 
structure. It is becoming possible to relate these classes to cellular localization 
and function. Utilizing sequence alignment or dendritic-tree analysis, ARFs 
from other species can also be grouped into the three classes. In addition to a 
glycine at position 2, which is the site of the covalent attachment of myristic 
acid, the most highly conserved ARF sequences are those known to be criti
cal for GTP binding and hydrolysis. These regions are well conserved through
out the families of 20-kDa GTP-binding proteins and the a subunits (Gas) of 
heterotrimeric GTP-binding proteins (MOORMAN et al. 1999). Region I, with 
the consensus sequence G~GK, is critical for phosphate binding and nu
cleotide hydrolysis. Region II (DXzG) participates in Mg2+ and nucleotide-
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MGNIFANLFKGLFGKKEMRILMVGLDAAGKTTILYKLKLGEIVTTIPTIGFNVETVEYKN 60 
MGNIFGNLLKSLIGKKEMRILMVGLDAAGKTTILYKLKLGEIVTTIPTIGFNVETVEYKN 60 
*****.**:*.*:*********************************************** 

MGLTISSLFSRLFGKKQMRILMVGLDAAGKTTILYKLKLGEIVTTIPTIGFNVETVEYlO- 60 
MGLTVSALFSRIFGKKQMRILMVGLDAAGKTTILYKLKLGEIVTTIPTIGFNVETVEYlO- 60 
****:*:****:****************************************** *****~ 

MG- - - -KVLSKIFGNKEMRILMLGLDAAGKTTILYKLKLGQSVTTIPTVGFNVETVTYK1\ 56 

I SFTVWDVGGQDKIRPLWRHYFQNTQGLIFVVDSNDRERVNEAREELMRMLAEDELRDA" 120 
IS FTVWDVGGQDKI RPLWRHYFQNTQGL I FVVDSNDRERVNEAREELMRMLAEDELRDA' / 12 0 
***********************************************************c 

ICFTVWDVGGQDRIRPLWKHYFQNTQGLI FVVDSNDRERI QEVADELQKMLLVDELRD Al 120 
I CFTVWDVGGQDKIRPLWRHYFQNTQGLI FVVDSNDRERVQESADEI,QKMLQEDELRDA J 120 
************:*****:********************:** ******** ******k 

VKFNVWDVGGQDKIRPLWRHYYTGTQGLIFVVDCADRDRIDEARQELHRIINDREMRDAr 116 

LLVFANKQDLPNAMNAAEITDKLGLHSLRHRNWYIQATCATSGDGLYEGLDWLSNQLRKQ 180 
LLVFANKQDLPNAMNAAEITDKLGLHSLRHRNWYIQATCATSGDGLYEGLDWLANQL~K 180 
*****************************************************:***:*: 

LLLFANKQDLPNAMAISEMTDKLGLQSLRNRTWYVQATCATQGTGLYEGLDWLSNELS}R 180 
LLVFANKQDMPNAMPVSELTDKLGLQHLRSRTWYVQATCATQGTGLYDGLDWLSHELS}R 180 
**:******:****. :**:******* **.*****************:******:***'* 

ILIFANKQDLPDAMKPHEIQEKLGLTRIRDRNWYVQPSCATSGDGLYEGLTWLTSNYKE:- 175 

K 181 
K 181 

Fig.2. Alignment of human adenosine diphosphate-ribosylation-factor (hARF)
deduced amino acid sequences. Sequences were aligned using ClustalX for the per
sonal computer (ftp://ftp.ebi.ac.uk/pub/software/dos/clustalw/clustalx). References and 
accession numbers for GenBank (GB) and Swiss Prot (SP) databases are: hARFI 
(BOBAK et a1.1989, PENG et al. 1989) GB-416637 SP-P32889; hARF3 (BOBAK et al. 1989) 
GB-114125 SP-P16587; hARF4 (MONACO et al. 1990) GB-114l23 SP-P18085; hARF5 
(TSUCHIYA et al. 1991) GB-114127 SP-PP26437; hARF6 (TSUCHIYA et al. 19<11) GB-
114129 SP-P26438. hARFs 1 and 3 constitute class-I ARFs, hARFs 4 and 5 are class
II ARFs, and hARF6 is the only class-III ARF. ARFs from other organism:; can be 
grouped into these classes, based on amino acid sequence identity and/or gene struc
ture; notable, for example, is ARF3 from Saccharomyces cerevisiae, which is a class-III 
ARF most closely resembling ARF6 (LEE et al. 1994) 

f3-phosphate binding, whereas region III (NKXD) is required for pmitioning 
and specificity of the purine base in the nucleotide site. 

2. The Tertiary Structures of ARFs 

Before publication of the three dimensional structures of human ARFI-GDP 
(AMOR et al. 1994), rat ARFI-GDP (GREASLEY et al. 1995), ane human 
ARF1 t-GppNHp (a poorly hydrolyzable analogue of GTP; GOLDBEI:G 1998), 
Ras was considered the best available model for ARF structure. When 
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sequences are compared with the putative GTP-binding and hydrolysis 
regions aligned, ARF has an N-terminal extension not present in Ras. This 
leads to the suggestion that this could explain why ARF bound GDP with a 
higher affinity than it bound GTP and had a strong dependence on phospho
lipids for nucleotide exchange (KAHN et al. 1992). Structures of ARFI-GDP 
crystallized as monomers (GREASLEY et al. 1995) and dimers (AMOR et al.1994; 
GREASLEY et al. 1995) revealed that ARF differed not only by the addition of 
an amphipathic a-helix and loop at the N-terminus but also contained an addi
tional f3-sheet in the effector region of Ras, through which the molecules in 
the dimer structure appeared to interact. Other important structural features 
gleaned from crystallized ARFI-GDP included an apparently positively 
charged patch on the surface of the molecule, which may be important for its 
interaction with membrane lipids, and the position of Ginn, which is impor
tant for GTP hydrolysis by ARFs (TAN lGAWA et al. 1993; TEAL et al. 1994; 
ZHANG et al. 1994; KAHN et al. 1995). This residue was approximately 5 A 
further from the putative y phosphate-binding site than is Gln61 in the Ras 
structure. This was mentioned as a possible explanation for the lack of GTPase 
activity compared with Ras. 

Insights into mechanisms of nucleotide release and binding to ARF were 
gleaned from the crystal structure of human ARFI lacking the first 17 amino 
acids (ARFl[, also referred to as L117ARFl; KAHN et al.1992), with GppNHp 
bound. As was seen in the ARFI-GDP structures, the core of the activated 
ARF is mostly composed of f3-sheets. The bulk of the differences between 
ARF-GDP and ARF[-GppNHp were in residues 38-83, a region described as 
encompassing switch 1, strand /32, loop AJ, strand /33, and switch II, in that order 
(GOLDBERG 1998). In the inactive or GDP-bound state, residues from loop AJ 
form a hydrophobic binding site for one face of the N-terminal amphipathic 
helix, and switch I forms hydrogen bonds with strand /32. In the activated state, 
switch I is not hydrogen bonded to /32 but adopts a conformation that allows 
Thr48 to interact with the Mg2+ and the i""phosphate of the nucleotide. The 
changes in relationship between switch I and strand /32 are thought to translate 
to concomitant changes in strand /33, loop AJ, and switch II, resulting in desta
bilization of the N-terminus by changing the orientation of the amino acids in 
loop AJ that form the hydrophobic N-terminal binding pocket and thus making 
the N-terminus accessible for membrane interaction. Additionally, the changes 
in strand /33 reorient switch II towards the active site and make it less mobile. 

IV. Other ARF Family Members 

1. ARF-Related Proteins 

ARL proteins are highly identical to ARFs throughout their amino acid 
sequences, including the consensus regions for guanine-nucleotide binding. 
Like ARFs, these proteins appear to be ubiquitous in eukaryotes. In many 
organisms, the presence of both ARF and ARL gene products has been 
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MGG----FFSSIFSSLFGT--REMRILILGLDGAGKTTILYRLQVGEVVTTIPTIGFNVE. 54 
MG------LLTILKKMKQK-ERELRLLMLGLDNAGKTTILKKFNGEDIDTISPTLGFNIl: 53 
MG------LLSILRKLKSAPDQEVRILLLGLDNAGKTTLLKQLASEDISHITPTQGFNII: 54 
** **:**:*:*. : :*:*:*:**********:**:: . *:** ****,. 

MGNGLSDQT-SILSNLPSF--QSFHIVILGLDCAGKTTVLYRLQFNEFVNTVPTKGFNTE 57 
MGNHLTEMAPTASSFLPHF--QALHVVVIGLDSAGKTSLLYRLKFKEFVQSVPTKGFNTE 58 
MGN--------ISSNISAF--QSLHIVMLGLDSAGKTTVLYRLKFNEFVNTVPTIGFNT:l 50 

*: :*:*: :***.****: :****:*:"10"**: :*** 

TVTY-----KNLKFQVWDLGGQTSIRPYWRCYYSNTDAVIYVVDSCDRDRIGISKSELV~ 109 
TLEH-----RGFKLNIWDVGGQKSLRSYWRNYFESTDGLIWVVDSADRQRMQDCQRELQS 108 
SVQS-----QGFKLNVWDIGGQRKIRPYWKNYFENTDILIYVIDSADRKRFEETGQELAE 109 

:*****:**:***:. :*.**:****.** **:*:*****:*;:: :** 
KIKVTLGNSKTVTFHFWDVGGQEKLRPLWKSYTRCTDGIVFVVDSV~VERMEEAKTELEK 117 
KIRVPLGGSRGITFQVWDVGGQEKLRPLWRSYNRRTDGLVFVVDAAEAERLEEAKVELfR 118 
KIKLSNGTAKGISCHFWDVGGQEKLRPLWKSYSRCTDGIIYVVDSVDVDRLEEAKTELtK 110 

Class III **::. :: :: : .*************:**.* ***:: :***:.:. :*:****.**~: 

ARL1 
ARL2 
ARL3 

Class II 
ARL4 
ARL6 
ARL7 

MLEEEELRKAILVVFANKQDMEQAMTSSEMANSLGLPALK-DRKWQIFKTSATKGTGLIlE 168 
LLVEERLAGATLLIFANKQDLPGALSSNAIREALELDSIR-SHHWCIQGCSAVTGENL:,P 167 
LLEEEKLSCVPVLI FANKQDLLTAAPASEIAEGLNLHTI R - DRVWQIQSCSALTGEGV<)D 168 

** **: *: .. : ********* * *.*:*. :** .: * **.***:***.: 
ITRISENQGVPVLIVANKQDLRNSLSLSEIEKLLAMGELSSSTPWHLQPTCAIIGDGL{E 17'1 
ISRASDNQGVPVLVLANKQDQPGALSAAEVEKRLAVRELAAATLTHVQGCSAVDGLGLJQ 178 
VTKFAENQGTPLLVIANKQDLPKSLPVAEJEKQLALHEL IPATTYHVQPACAI IGEGLJ'E 1"/0 

Class III :::: :***.*:*: :***** :*. :*:** **: .:* *:* .*: * ** 

ARLI AMEWLVETLKSRQ---------- 181 
ARL2 GIDWLLDDISSRIFTAD------ 184 
ARL3 GMNWVCKNVNAKKK--------- 182 

Class II *: : *: ...... 
ARL4 GLEKLHDMIIKRRKMLRQQKKKR 200 
ARL6 GLERLYEMILKRKKAARGGKKRR 201 
ARL7 GMDKLYEMILKRRKSLKQ-KKKR 192 

Class III *:: :*: :**:**:* **:* 

Fig. 3. Alignment of human adenosine diphosphate-ribosylation-factor (ARF)-like 
(hARL)-deduced amino acid sequences. Sequences were aligned using Clus:alX for 
the personal computer (ftp://ftp.ebi.ac.uk/pub/software/dos/cIustalw/cIustalx). Refer
ences and accession numbers for GenBank (GB) and SwissProt (SP) databases are: 
hARLl (ZHANG et a1.1995a) GB-728888 SP-P40616; hARL2 (CLARK et al. 1993) GB-
2828212 SP-P36404; hARL3 (CAVENAGH et al. 1994) GB-543851SP-P36405; hARL4 
GB-1168495 SP-P40617; hARL6 (SMITH et al. 1995) GB-1351977 SP-P49703; hARL7 
GB-3913085 SP-P56559. hARLl appears to be the single human member of class I, 
whereas ARLs 2 and 3 and ARLs 4, 6 and 7 constitute classes II and III, respectively. 
Like ARFs, ARLs from other species may also fall into these groupings 

demonstrated. There are six human ARLs that, similar to the humal ARFs, 
appear to fall into classes based on amino acid sequence similarities (Fig. 3). 
ARLs do not have the ability to rescue the arfI-, arj2- double mutant in yeast, 
stimulate either NAD-Gas or NAD-agmatine ADP-ribosyltransferase activ
ity of eTAl or enhance PLD activity. Thus, they have generally been thought 
of as a related, but different class of proteins. Human ARLl is the only known 
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protein that appears to "bridge" the ARF and ARL gap. Some CT activation 
(NAD-agmatine ADP ribosyltransferase activity) was demonstrated in the 
presence of phosphatidylserine as was some PLD activation in the presence 
of phosphatidylcholine, phosphatidylethanolamine, and phosphatidylinositol 
4,5-bisphosphate (HoNG et a1. 1998). 

ARLl was first identified in Drosophila (TAMKUN et a1. 1991). The dARLl 
gene, which is essential, codes for a protein that binds and unlike ARFI, 
hydrolyzes GTP and does not stimulate CT NAD-G", ADP-ribosyltransferase 
activity. Golgi localization of ARLl in rat kidney cells (LOWE et a1. 1996), 
ARL2 in PC-12 cells (ICARD-LIEPKALNS et a1. 1997), and ARLl in yeast (LEE 
et al. 1997b) was demonstrated by immunofluorescence microscopy. Rat 
ARLl, upon BFA treatment, redistributed from the Golgi to the cytosol at a 
rate different from that of ARF or [3-COP (coat protein; LOWE et al. 1996). In 
yeast, ARL1 was not an essential gene; moreover, ARLI was not required 
for anterograde ER-Golgi transport of carboxypeptidase Y, as shown by its 
glycosylation pattern (LEE et al. 1997b). Rat ARL2 (also known as ARL184) 
increased Ca2+-dependent acetylcholine release when overexpressed in PC-12 
cells (ICARD-LIEPKALNS et a1.1997). Following ischemia,ARF4L (analogous to 
ARL6) in gerbil hippocampal neurons was elevated, as were levels of ARF1, 
ARL4, and [3-COP (KATAYAMA et a1. 1998). 

2. ARF-Domain Protein 1 

ARF-domain protein 1 (ARD1) is a 64-kDa protein that contains an 18-kDa 
C-terminal ARF domain and a 46-kDa N-terminal domain. The putative open 
reading frame of ARD1 consists of 1722 nucleotides encoding a protein of 574 
amino acids. The nucleotide sequence of the ARF domain of ARD1 is 60-66% 
identical to those of mammalian ARFs. At the amino acid level, the ARF 
domain of ARDI is 55-60% identical and 69-72% similar to other ARFs. 
Human and ratARD1 are 92% and 98% identical at the nucleotide and amino 
acid levels, respectively (MISHIMA et al. 1993). Regions common to ARFs that 
are believed to be involved in guanine-nucleotide binding and GTP hydroly
sis are also conserved in ARDI (MrsHIMA et al. 1993). Northern blot analyses 
revealed 4.2-kb and 3.7-kb mRNAs ubiquitously distributed in rat, mouse, 
rabbit, and human tissues, suggesting that ARD1 is conserved in eukaryotic 
cells (MISHIMA et al. 1993). A gene analogous to ARD1, however, was not 
detected in Saccharomyces cerevisiae (Vitale, unpublished observations). 

Recombinant proteins were used to demonstrate that ARD1 and its ARF 
domain specifically bind GDP and GTP in the presence of millimolar con
centrations of MgCh (VITALE et al. 1997b). As observed for ARFs, certain 
phospholipids, especially cardiolipin, markedly enhanced binding of GTPyS 
to ARD1. Accordingly, ARD1 enhanced CTA ADP-ribosyItransferase activ
ity in a GTP- and phospholipid-dependent manner (VITALE et a1. 1997b). 

The main differences between the ARD1 sequence and those of other 
ARFs are concentrated in the N- and C-terminal regions of the ARF domain. 
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In ARD 1, the 15 amino acids corresponding in position to the N-termin.ll a
helix of ARF influence GDP dissociation (VITALE et al. 1997a) in a manner 
similar to that of the a-helix at the N-terminus of ARFI (HONG et al. 994, 
1995; RANDAZZO et al. 19(5). Site-specific mutagenesis suggested thai hy
drophobic residues in this region have a critical effect on G DP dissoci,ltion 
from ARDI (VITALE et al. 1997a). Because a guanine nucleotide-dissociltion 
inhibitor (GDI) protein for ARFs has yet to be identified, it has been postu
lated that ARFs and ARDI have an analogous, intrinsic, regulatory GDI 
domain (VITALE et al. 1997a). 

Although the ARF domain of ARD1 (like ARFs) had no intrinsic GTPase 
activity, ARD 1 hydrolyzed GTP at a significant rate (VITALE et al. 19961. The 
46-kDa N-terminal extension, synthesized in E. coli separately from the ARF 
domain, acted as a GTPase-activating protein (or GAP) for the ARF domain 
of ARD (VITALE et al. 19(6). The smallest GTPase-activating domain in ARD 1 
was contained in the region between amino acids 101 and 333 (VITALE et al. 
1998b), which is similar in size to the minimal catalytic domains of the Ras 
GAPs (AHMADIAN et al. 1996). The GAP domain of ARDI can be divided 
into a region important for physical association with the ARF dJmain 
(residues 200-333) and a smaller region involved in stimulating GTP hydrol
ysis. Site-specific mutagenesis in the latter region, revealed that a zinc finger. 
two arginine residues, and a motif that resembles a consensus sequence in 
Rho/Rac GAPs are required for GAP activity (VITALE ct al. 1998b). Muta
tions that abolished the physical interaction of the GAP and ARF domains of 
ARD1 also prevented stimulation of GTP hydrolysis. suggesting that a stable 
association of the two domains is required for GTP hydrolysis (VITALE et al. 
1998b). 

The GAP activity of the N-terminus of ARDI is specific for its ARF 
domain; other ARFs are not substrates (DING et al. 1996). A small region of 
seven amino acids in the effector region of the ARF domain is responsible for 
this specificity (VITALE et al. 1997b). Single or double amino acid subst tutions 
in this segment demonstrated that a proline contributed to the physical inter
action with the GAP domain, presumably by creating a curve in the f3-sheet 
structure, which could place important charged residues (Asp427 and Glu428) 
in the correct position for interaction with the GAP domain (VITALE et al. 
1997b). These negatively charged residues are believed to form salt bridges 
with positively charged Arg249 and Lys250 in the N-terminal GAP region 
(VITALE et a1. 1998b). Similarly. the Ras/GAP association is based on interac
tions between positively charged residues in GAPs and negatively charged 
residues in the effector region of Ras (MIAO et al. 1(96). Hydrophotic inter
actions have also been postulated to be important for the interaction of the 
two functional domains of ARD1 (VITALE et al. 1998b). 

Native ARD1 was found to be associated with lysosomal and Go gi mem
branes isolated from human liver by immunoaffinity (VITALE et al. 19lJ8a). 
Accordingly, when overexpressed in NIH3T3, COS 7. or HeLa cells. ARDI 
had a subcellular localization typical of the Goigi apparatus and lysosomes. 
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which was distinct from that of other ARFs (VITALE et al. 1998a). ARD1, 
expressed as a green, fluorescent fusion protein, was initially associated with 
the Golgi network and subsequently appeared in lysosomes, suggesting that 
ARD1 might undergo vectorial transport between the two organelles (VITALE 
et al. 1998a). Thus, by analogy to ARFs, ARD1 may participate in transport 
between the Golgi apparatus and lysosomes. 

The covalent attachment of a GAP-like domain to the GTPase core of 
an ARF protein is unique and presumably critical to regulate the function 
of ARDI in vesicular trafficking. Despite the rapid progress made in the 
molecular characterization of ARD1, which has also helped to reveal some 
aspects of ARF regulation, the physiological function of ARD1 remains to 
be established. 

v. Molecules that Regulate ARF Function: GEPs and GAPs 

1. ARF Guanine Nncleotide-Exchange Proteins 

Like other small guanine nucleotide-binding proteins, ARFs cycle between 
inactive, GDP-bound and active, GTP-bound states (Fig. 4). Phospholipids 
have been reported to moderately stimulate GTP binding to ARFs and ARD 1 
(WEISS et al. 1989; TSAI et al. 1994; FRANCO et al. 1995; VITALE et al. 1997b). 
Although there is still debate whether phosphatidylinositol bisphosphate 
(PIP2) can enhance nucleotide release by ARFs in vivo (CHABRE et al. 1998), 
dissociation of GDP and binding of GTP to ARFs is clearly accelerated 
by GEPs. ARF GEPs have been purified from cytosolic and membrane
bound fractions and have been classified into two classes according to their 
size and sensitivity to inhibition by the fungal fatty-acid metabolite BFA. BFA 
causes disintegration of the Golgi apparatus, presumably by blocking the 
activation of ARFs by GEPs (DONALDSON et al. 1992b; HELMS and ROTHMAN 
1992). 

(Inactive) 

.. ARF-GDP 

~" 
(Cytosolic) 

GOP GTP 
J GEP 

GDP/GTP-exchange 

Protein 

(Active) 

"~ 

ARF-GTP 

GTPase-activating // 

Protein 

GAP , (Membrane-
Pi associated) 

Fig.4. Model for adenosine diphosphate-ribosylation factor (ARF) activation in cells. 
ARF guanine nucleotide-exchange proteins (GEPs) and guanosine triphosphatase
activating proteins (GAPs) function to activate and inactivate ARF, respectively. Other 
factors and molecules that, in turn, regulate GEPs and GAPs (lipids, etc.) are not 
included in the figure but are discussed in the text 
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Two -200-kDa members of a family of large, BFA-sensitive GEPs were 
purified from bovine brain (MORINAGA et al. 1996). The deduced amino 
acid sequence of the -200-kDa protein revealed the presence of a domain 
with sequences similar to that of the -230-kDa yeast Sec7 phosphoprotein 
(MORINAGA et al. 1996, 1997). Sec7 is essential for protein secretion in yeast 
and moves between membrane and cytosolic fractions (FRANZUSOFI and 
SCHEKMAN 1989). Interestingly, overexpression of human ARF4 or yeast 
ARF1!2 rescues Sec7 mutants (DEITZ et al. 1996), consistent with the idea that 
Sec7 is upstream of ARF, as expected for a GEP. Gea 1 and Gea2 are two other 
yeast proteins with masses of -160-kDa that contain a Sec7 domain and 
display ARF GEP activity that is BFA sensitive (PEYROCHE et al. 19(6). A 
series of deletion mutants showed that the Sec7 domain of the -200-kDc ARF 
GEP possesses GEP activity (MORINAGA et al. 1999). It was also shown that 
the yeast Sec7 domain has GEP activity that is sensitive to BFA (SAfP et al. 
1998). 

A family of smaller (-50-kDa) ARF GEPs that are not sensitive to BFA 
includes two proteins purified from bovine brain and spleen cytosol ('SAl et 
al. 1994,1996), and the cytohesin family, which includes cytohesin-l (MEACCI 
et al. 1997), cytohesin-2 or ARF nucleotide-binding-site opener (.ARNO; 
CHARDIN et al. 1996), and cytohesin-3 or GRP1 (KLARLUND et al. 1997). In 
addition to a central Sec7 domain, cytohesins also contain an N-terminal 
coiled-coil region and a C-terminal pleckstrin homology (PH) domain. PH 
domains bind negatively charged phospholipids and regulate ARF GEP activ
ity (PARIS et al. 1997). PH domains are also important in GEPs for several Ras 
family GTPases (HEMMINGS 1997). Specific binding of phosphatidylnositol 
3,4,5-triphosphate to the PH domains of cytohesin-1 and cytohesin-3 su:sgested 
that these ARF GEPs may be regulated by signaling pathways involving ph os
phatidylinositol-3-kinases (KOLANUS et al. 1996). 

Recombinant ARNO stimulated GTP binding to myristoylated ARF1 and 
ARF6 in vitro (FRANK et al. 1998). Expression of ARNO seems to be ubiqui
tous and localized to the plasma membrane (FRANK et al. 1998). Because the 
distribution of ARF6 resembles that of ARNO and because the function of 
ARF6 is also resistant to the action of BFA (RADHAKRISHNA and DOI'ALDSON 
1997), it was postulated that ARNO is a BFA-insensitive GEP for ARF6. The 
function of ARNO as a GEP for ARF6, however, remains contmversial 
(FRANCO et al. 1998; FRANK et al. 1998). In vitro studies performed with recom
binant ARNO and myristoylated ARF1 are consistent with the conclmion that 
the PH domain is not directly involved in catalytic activity but promotes mem
brane association of ARNO and, therefore, its interaction with membrane
associated ARF (PARIS et al. 1997). 

The crystal structure of the Sec7 domain of ARNO contains ten a-helices, 
the first seven of which are arranged in a right-handed superhelix, with the 
last three forming a cap at one end (BETz et al. 1998; CHERFILS et al. 1998; 
MOSSESSOVA et al. 1998). There is a deep groove on one surface formed by two 
highly conserved sequences. An area of significant hydrophobicity is located 
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in the active site in ARNO (CHERFILS et al. 1998; MOSSESSOVA et al. 1998). 
Within the active site, a glutamate finger acts to displace Mg2+ and the 13-
phosphate, resulting in destabilization of ARF-bound GOP (BERAUD-DuFOUR 
et al. 1998; GOLDBERG 1998). This proposed ARF-GEP mechanism has been 
compared to those for other GTP-binding proteins (SPRANG and COLEMAN 
1998); it is possible that mechanistic differences reflect the particular function 
of the specific GTP-binding proteins. 

The switch-I (residues 41-55) and switch-II (residues 70-80) regions of 
ARF are protected in the ARNO sec7 domain/(~17)ARFl complex, as seen 
by protection from hydroxyl-radical cleavage, suggesting that they repre
sent sites of interaction between the two proteins (MOSSESSOVA et al. 1998). 
Interestingly, these regions are analogous in structure and function to other 
monomeric GTPases (BOGUSKI and MCCORMICK 1993). 

The N-terminal ARF helix is critical for stimulation of GTP binding by 
cytohesin-1 but not by its Sec7 domain (PACHECO-RoDRIGUEZ et al. 1998). 
Cytohesin-l accelerated GTP binding to a ARF1!3 mixture, AR01, and yeast 
ARF3 but not to ARF5, ARF6, and ARLs. The Sec7 domain of cytohesin-1 
was less substrate specific. It accelerated GTP binding to ARF5 and ARF6 
(PACHECO-RoDRIGUEZ et al. 1998). These data indicate that there are elements 
important for substrate specificity in addition to those in the Sec7 domain of 
cytohesin-l. 

The recognition that Sec7 domains are critical for ARF-GEP activity has 
been of considerable help in identifying new members of the ARF-GEP 
family; there is no doubt that more ARF GEPs await discovery. There is 
evidence that GEPs stabilize the nucleotide-free state of ARF, as has been 
demonstrated for other GTPases (BOGUSKI and MCCORMICK 1993). The phys
iological significance of specific ARF-ARF-GEP pairings remains to be estab
lished. The signaling pathways that lead to ARF-GEP activation will have 
to be characterized to understand how extracellular signals affect vesicular 
trafficking. 

2. ARF GTPase-Activating Proteins 

Inactivation of ARFs requires hydrolysis of bound GTP. Except for AR01, 
which possesses its own covalently associated GAP (VITALE et al. 1996), other 
members of the ARF family have an extremely low intrinsic GTPase activity 
and require an additional protein to catalyze GTP hydrolysis. ARF GAPI and 
GAP2 were initially isolated from rat liver (RANDAZZO 1997b). GAP1 corre
sponds to a -48-kDa protein that was previously purified (MAKLER et al. 1995) 
and cloned (CUKIERMAN et al. 1995), whereas GAP2 is a distinct species. These 
GAPs have different phospholipid dependencies. PIP2, phosphatidic acid 
(PA), and phosphatidyl serine stimulated GAP2 more than GAPl. For these 
GAPs, substrate specificity is restricted to ARFI-ARF5 (RANDAZZO 1997b). 
Activity of GAP! and GAP2 required the N-terminus of ARF (RANDAZZO et 
al. 1994). An apparently distinct ARF GAP of mass -50 kOa, purified from rat 
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spleen, had a broader specificity, including ARF6 and ARLl (DING et a!. 1996). 
For this GAP, the presence of the N-terminal helix of ARF was not strictly 
required, though activity was reduced in its absence (DING et al. 1996). Accord
ingly, myristoylation of ARF did not affect the ability of this GAP to aoxler
ate GTP hydrolysis (DING et al. 1 <)96). 

GAP1 was recruited to Golgi membranes by oligomerized ERD2 (P.OE et 
a1. 1997). This membrane receptor recognizes soluble proteins from the ER 
that contain a KDEL C-terminal sequence utilized for their retrieval from 
the Golgi apparatus (LEWIS and PELHAM 1990). GAPI then inactivates ARFI, 
producing a phenotype specific for ARF inactivation (AOE et al. 1<)97). 
Because diacylglycerols with monounsaturated chains, produced mainly from 
phosphatidyl-choline (PC) hydrolysis by PLD, dramatically increasl d the 
activity of a recombinant fragment of GAP!, it was suggested that PLD activ
ity could be a major regulator of ARF GAP (ANTONNY et al. 1<)<)7). 5imilar 
effects were observed with Gcsl, an analogous ARF GAP from yeast (POON 
et al. 1996). It was concluded that the effect of phospholipids on ARf'-GAP 
activity was to increase its concentration at the membrane, where ARF GTP 
resides. In support of this, PIPe was shown to promote the association of GAP 
with ARF (RANDAZZO 1997a). Thus, GAPs that are activated by PI P2 01' other 
phosphoinositides are presumably subject to regulation via distinct pathways. 
In agreement with studies of the GAP domain of ARD I (VITALE et al. ,9<)8b), 
truncation and site-specific-mutagenesis experiments on GAPI demonstrated 
that a zinc-finger motif is critical for GAP activity (CUKIERMAN et al 1<)95). 
Accordingly, Gcsl also contains a conserved zinc-finger motif (POO], et al. 
1996). 

Additional ARF GAP family members that appear to link the signaling 
via ARF to other established signaling pathways have recently been identified 
by two-hydrid screening. The G protein-coupled receptor kinase-interacting 
protein G ITI interacts with f)-adrenergic receptor kinase and lead; to re
duced f)-adrenergic receptor internalization through its GAP action on ARF 
(PREMONT et al. 1998). The phospholipid-dependent ARF GTPase-al tivating 
proteins termed ASAPs, described by BROWN et a!. (19<)8), associate", ith SH3 
domains of Src family members and are phosphorylated by them (B I{()WN et 
al. 1998), thus possibly linking ARF inactivation to yet another group of sig
naling pathways. 

Based on the crystal structures of Ras GAP (SCHI-FFZEK et a!. 1996) 
and Rho GAP (BARRETT et al. 1997) and on results obtained from n lmerous 
mutational analyses, it was speculated that an arginine finger i~, critical 
for GAP activity. This hypothesis was corroborated by the structural in
formation obtained from crystals of a Ras-Ras GAP complex (SCHEFFZEK 
et al. 1 <)<)7). Data from measurements of the activity of the GAP domain 
of ARD I also favor the arginine-fInger hypothesis (VITALE et al. I 998b ). in 
which arginines stabilize a transition state during GTP hydrolysis (SCHEFFZEK 
et al. I <)97). It is. therefore, very likely that ARF GAPs function in a similar 
fashion. 
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VI. Other ARF-Interacting Molecules 

1. Phospholipase 0 
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PLD hydrolyzes membrane phospholipids to produce a free head group and 
phosphatidic acid, a mitogen that can be metabolized further by PA phos
phatase to produce the protein kinase C activator, diacylglycerol (COCKCROFT 
1996; ENGLISH 1996; KANAHO et al. 1996; LISCOVITCH 1996; EXTON 1997b; 
GOMEZ-CAMBRONERO and KEIRE 1998). Noting that guanine nucleotides and 
divalent cations (among other cytosolic factors) were required for the stimu
lation of phosphatidylcholine-specific PLD (ANTHES et at. 1991), two groups 
identified ARF1 (BROWN et at. 1993) and ARF3 (COCKCROFT et al. 1994) as 
activators of PC-specific PLD. This ARF-stimulated PLD, later shown to be 
distinct from that stimulated by oleate (MASSENBURG et at. 1994), required PIP2 

(BROWN et at. 1993; MASSENBURG et al. 1994; BROWN et al. 1995). ARFs from 
all three classes stimulated this PLD (MASSENBURG et at. 1994); myristoylation 
of ARF was not required but did enhance stimulation (BROWN et at. 1993; 
MASSENBURG et at. 1994). 

The first identified (and perhaps the most well studied) ARF-stimulated 
PLD isoform is human PLD1a (HAMMOND et al. 1995). PLD1a, which local
izes to the ER, Golgi, and late endosomes, was activated by PIP2 and stim
ulated by RhoA, Rac, cdc42, and the regulatory domain of protein kinase C 
(EXTON 1997a). Subsequently, PLD1b, product of a shorter, alternatively 
spliced variant of PLD1 a, was shown to have similar characteristics (HAMMOND 
et at. 1997). PLD2, which is localized primarily at the plasma membrane 
(COLLEY et at. 1997), is 50% identical to PLDla. Although it had been believed 
that PLD2 was not stimulated by ARF (COLLEY et al. 1997; JENCO et at. 1998), 
activation was recently reported (LOPEZ et al. 1998). 

Elements of ARF structure required for the stimulation of partially puri
fied rat-brain PLD 1 were investigated using chimeric proteins composed of 
ARF and ARL. The N-terminal 73 residues of ARF1 were shown to be nec
essary and sufficient for PLD1 activation (ZHANG et at. 1995a). Further inves
tigation showed that the N-terminal helix was at least one region within the 
73 residues contributing to that requirement (unpublished data). 

The proposed functions of ARF-dependent PLD include the regulation 
of specific intracellular signaling events and the regulation of vesicle forma
tion (as discussed below). Several additional potential regulators or interact
ing proteins that may provide insight into the roles of PLD isoforms in cells 
have been described. The stimulation of PLD by its reaction product (PA; 
GENG et at. 1998), along with the known stimulation by PIP2, may be consis
tent with a role for PLD in the regulation and production of negatively 
charged phospholipids. Several groups have identified PLD1 inhibitors that 
specifically interact with (KIM et at. 1996; LUKOWSKI et at. 1998) or hydrolyze 
(HAN et al. 1996; CHUNG et at. 1997) P1P2. Regulators that act independently 
of PIP2 are the clathrin assembly protein AP3, which inhibits PLD1 (LEE et 
al. 1997a), and the synucleins, which inhibit PLD2 (JENCO et at. 1998). More-
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over, the association of RalA with PLDI in vitro did not result in PLD stim
ulation (Luo et al. 1998) but, in cells, might provide a link to Ras signaling 
pathways. 

2. Arfaptins 

Arfaptins 1 and 2 were identified as proteins that interact with ARF3(Q71L), 
a constitutively active, GTP-bound form, in a yeast two-hybrid screen of an 
HL60 complementary DNA library (KANOH et al. 1997). In vitro, these 
proteins preferentially bound to class-I ARFs, especially ARFl, but only in 
the GTP-bound active state. Arfaptin 1 was recruited to Golgi membranes in 
an ARF-dependent and BFA-inhibited manner. Insight into arfaptin function 
came from subsequent studies, in which arfaptin 1 inhibited activa1ion of 
both CT and PLD in vitro (TSAI et al. 1998). ARF mutants in which the N
terminus was lacking or was replaced by the corresponding ARL sequence 
were not affected by arfaptin 1. PLD activation by the mutant ARF that con
tained only the N-terminal 73 amino acids of ARF was inhibited by arfaptin 
1. Taken together, these observations are consistent with the idea that crfaptin 
interaction involves the N-terminus of ARF. ARF-arfaptin interaction could 
be a mechanism for regulation of intracellular levels of active ARF. 

VII. ARF in Cells 

1. ARFs' Role in Vesicular Trafficking Events 

Disruption of the ARFI gene in yeast first suggested a cellular role for ARF 
as a regulator of vesicular trafficking events. Stearns and coworkers (1990b) 
observed that invertase secretion was defective and that incompletely glyco
sylated invertase accumulated inside of arfl- yeast (5. cerevisiae). Di,ruption 
of both y ARFI and y ARF2 genes was lethal (STEARNS et al. 1990a), but dis
ruption of the y ARF3 gene was not (LEE et al. 1994). 1l1ese observal ions are 
consistent with roles for yARFs 1 and 2 (but not yARF3) in secretion. Sub
sequently, ARF was shown to be required for an early step in ER-to-Golgi 
transport (BALCH et al. 1992), and it was associated with vesicular COPs on 
the surface of non-clathrin-coated, Golgi-derived vesicles (SERAFINI et al. 
1991). Furthermore, GTP-dependent activation of ARF facilitated the binding 
of f3-COP to Golgi-derived vesicles (DONALDSON et al. 1992a; PALI\IER et al. 
1993) via a process that was shown to be inhibited by BFA (DONALDSON et al. 
1992b). ARF and f3-COP, which is one of seven CO Ps that constitute 1 he CO PI 
protein complex, function in ER and Golgi transport (ROTHMAN 15196). Pro
motion of ARF-dependent f3-COP (and thus COPI) binding to membranes by 
AIF4 suggested a role for heterotrimeric G proteins in the regulation of COPI
coated vesicle formation (DONALDSON et al. 1991; FINAZZI et al. 1994). ARF 
also mediates the binding of both clathrin adaptor protein (AP)-1 (STAMNES 
and ROTHMAN 1993; TRAUB et al. 1993; DUlTE et al. 1996; ZIW et al. 1998) and 
AP-3 (001 et al. 1998) to membranes. In contrast the Sar protein, (but not 
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ARF) control the formation of and are associated with COPrI-coated vesicles 
that function in anterograde transport from the ER (KUEHN and SCHEKMAN 
1997; BARLOWE 1998). COPI was shown to be involved in anterograde and ret
rograde vesicular traffic between the ER and Golgi and within the Golgi, 
although there is a great deal of controversy concerning the exact roles of 
COPI vs. COPII protein coats (GAYNOR et al. 1998). 

In addition to its apparently direct effect on vesicular traffic by recruit
ment of the appropriate protein coat to initiate vesicle budding, ARF may also 
modify the physical properties of the membrane to facilitate vesicle formation 
through the activation of PLD. The addition of an exogenous bacterial PLD 
to Golgi membranes (without the addition of ARF) stimulated the binding of 
COP I (KTlSTAKIS et al. 1996), consistent with a role for PA in coat recruitment 
and vesicle formation. In addition, it was reported that COPI-coated vesicles 
could be formed from liposomes that contained PA, without the addition 
of exogenous ARF (KnsTAKIs et al. 1996). In support of a role for PLD, 
primary alcohols, which cause formation of the transphosphatidylation 
product phosphatidylethanol instead of PA, inhibited the transport of viral gly
coproteins from ER to the Golgi (Bl et al. 1997). Subsequent reports indicate 
an absolute requirement for ARF in COPI-vesicle formation not merely a cat
alytic role, as might be inferred if PLD activation were sufficient for vesicle 
formation (SPANG et al. 1998; STAMNES et al. 1998). The finding that significant 
changes in the total PA content of Golgi membranes were not detected during 
COPl -dependent budding (STAMNES et al. 1998), coupled with the observation 
that yeast PLDs were neither activated by ARF nor required for growth 
(RUDGE et al. 1998) leaves the roles of PLD and PA in COPI-vesicle dynam
ics unestablished. 

2. Subcellular Localization of ARF 

Not surprisingly, it is becoming increasingly apparent that ARF class distinc
tions, originally made entirely on the basis of structural information (protein, 
gene), are related to specific intracellular localization and possibly function. 
Yeast ARFI was the first to be localized to the Golgi (STEARNS et al. 1990b). 
Based on studies with recombinant wild-type and mutant human and native 
bovine ARFs, this localization appears to be a characteristic of all ARFs that 
could be grouped as ARF class-l members (TSAI et al. 1992; TANIGAWA et al. 
1993; TEAL et al. 1994, ZHANG et al. 1994; KAHN et al. 1995). Although endoge
nous ARF5 (class II) was reported to bind to Golgi membranes (TSAI et al. 
1992,1993; HAUN et al. 1993), information on the function and subcellular dis
tribution of ARFs 4 and 5 is conspicuously lacking. Most distinct in its local
ization is the class-III ARF human ARF6, which (when overexpressed) was 
localized and appeared to function at the plasma membrane (D'SouzA
SCHOREY et al. 1995; PETERS et al. 1995; RADHAKRISHNA et al. 1996). Native 
ARF6 in a variety of cells was later shown to predominantly localize at the 
plasma membrane (CAVENAGH et al. 1996; YANG et al. 1998), although some 
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staining of both the cytosol and other intracellular membranes was noted 
(YANG et a1. 1998). In adrenal chromaffin cells, native ARF6 was found to be 
associated with secretory granules (GALAS et a!. 1997) and redistributed 10 the 
plasma membrane upon cell stimulation (CAUMONT et al. 1998). 

D. Summary 
CT ADP-ribosylates an arginine within G"" leading to an increase in intra
cellular cAMP concentration. It is not known whether CT encounten ARF 
proteins within the cell during intoxication, but the in vitro stimulation of CT 
by ARFs has provided an invaluable tool for the study of their functi In. As 
well-conserved molecules distinct to eukaryotes, ARFs are now known to 
function in events and interact with molecules, all of which appear to have 
roles in vesicular trafficking. The intricacy with which ARFs are regul, ted by 
protein and lipid cofactors, and the presence of several ARFs within c single 
cell, lead to the postulation that their role in cells is more than simply regula
tion of bulk vesicular transport. It will be important to determine what signals 
lie upstream of ARF activation and whether these signals have some vesicu
lar transport component as a common theme. 
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CHAPTER 8 

Pertussis Toxin: Structure-Function 
Relationship 

C. LOCHT, R. ANTOINE, A. VEITH EN, and D. RAZE 

A. Introduction 

Pertussis toxin (PTX), produced and secreted by Bordetella pertussis, the 
etiologic agent of whooping cough, is the most complex bacterial toxin known 
today. It is a multimeric protein with a total molecular mass of 105 kDa and is 
composed of five dissimilar subunits (Fig. 1). The PTX subunits are named 
Sl-S5 according to their decreasing molecular weights (TAMURA et al. 1982). 
They range in size from 11 kDa for the S5 subunit to 26 kDa for S 1 (LoCHT 
and KEITH 1986; NICOSIA et al. 1986). The subunits are arranged in a hexam
eric structure in which each subunit is represented in a single copy except for 
S4, which is present in two copies for each toxin molecule. 

Functionally, PTX can be subdivided into two major moieties (Fig. 1). 
The A protomer, corresponding to the SI subunit, expresses enzymatic 
ADP-ribosyltransferase activity, and the B oligomer, composed of subunits 
S2-S5, is responsible for the binding of PTX to its target-cell receptors. This 
toxin is, therefore, a member of the A-B toxin family. 

The crystal structure of PTX has been solved at a 2.9-A resolution (STEIN 
et al. 1994a). The toxin has the shape of a pyramid with a triangular base 
formed by the B-oligomer subunits. The Sl subunit rests on the top of the 
pyramid. The center of the pyramid consists of a barrel composed of five a
helices, each one belonging to a different B-oligomer subunit. The C-terminus 
of the S 1 subunit penetrates halfway into the pore of the barrel (Fig. 1). The 
barrel is surrounded by 30 antiparallel ,B-strands forming a five-fold symme
try that corresponds to five similar folds of approximately 100 residues of each 
of the B subunits. However, whereas the S4 and S5 subunits contain 110 and 
99 residues, respectively, S2 and S3 each contain 199 residues (LOCHT and 
KEITH 1986; NICOSIA et al. 1986). Compared with S4 and S5, the latter two sub
units contain an N-terminal extension which protrudes out of the pentameric 
domain. S2 and S3 share approximately 70% amino acid identity. 

The fold of the 175 N-terminal residues of SI is similar to that of the enzy
matic portion of cholera toxin and of the Escherichia coli heat-labile toxin, 
both of which share catalytic properties similar to those of PTX. Residues 
176-235 have no structural homology to the other two toxins, as this region is 
involved in the interaction with the B oligomer. In addition to the half-way 
penetration of the C-terminus of Sl into the B-oligomer pore, SI forms many 
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A-protomer 

B-oligomer 

Fig.I. Schematic structure of pertussis toxin (PTX). The A protomer (top) , composed 
of the S1 subunit, rests on top of the B oligomer (ballam). composed of subunts S2-S5, 
by the half-way insertion of its C-terminal end in the center of the triangul<,r base of 
the pyramidal structure of PTX 

contact points with the B moiety, resulting in a tight association that depends 
on the intramolecular disulfide bond of Sl (ANTOINE and LOCHT J 9<)0). 

Two disulfide bonds are conserved in all the B subunits. S2 and S3 each 
contain an additional N-proximal disulfide bond. The associatiom between 
adjacent B-oligomer subunits involve anti parallel f3-sheets. The stror gest asso
ciations are those of S2 with S4 and of S3 with S4. The dissociation of these 
heterodimers requires 8 M urea, whereas incubation of PTX in 5-M urea 
results in the dissociation of the toxin into the S 1 and S5 monomers and the 
S2/S4 and S3/S4 dimers (TAMURA et al. 1982). The structure of the approxi
mately 100 N-terminal extensions of S2 and S3 resembles somewhat the fold 
of the lectin domain of the mannose-binding protein. One of the two disulfide 
bonds of the man nose-binding protein is conserved in the S2 and ~,3 subunits. 

B. The Receptor-Binding Activity of PTX 
Receptor binding of PTX is mediated by the B oligomer. Although precise 
receptors have not been identified yet , the toxin can bind to glycoproteins. 
such as haptoglobin and fetuin , and is also able to agglutinate erythrocytes via 
its B oligomer. Many cells appear to display PTX receptors on t1-eir surfaces. 
but these seem to vary from cell type to cell type. The receptors ,Ire generally 
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believed to be glycoproteins, but PTX can also bind to the glycolipid GDla with 
high affinity (HAUSMAN and BURNS 1993). 

The glycoprotein receptors vary in size from roughly 43 kDa on the surface 
of human T lymphocytes (ROGERS et al. 1990) to over 200 kDa on pancrea
tic f3 cell-derived insulin-secreting cells (EL BAYA et al. 1995). Their sugar 
moieties play an important role in PTX recognition. Treatment with sialidase 
abolishes PTX binding, and cell lines that lack the carbohydrate sequence 
NeuAca(2,6)-Gal{34GlcNAc on glycoproteins become resistant to the toxin 
(BRENNAN et al. 1988). Therefore, the terminal sialic acid and at least part of 
the Gal{34GlcNAc sequence may well contribute to the receptor structure of 
PTX. However, the sugar sequence alone is not sufficient for PTX binding, 
since different glycoproteins containing the same sugar moieties are differen
tially recognized by the toxin (ARMSTRONG et al. 1988). 

The approximately 100 residues N-terminal domains of the S2 and S3 sub
units are structurally similar to a family of calcium-dependent (C-type) lectins, 
although they lack the functional region (STEIN et al. 1994a). However, the C
terminal domains of these subunits adopt a similar fold as the B subunits of 
other carbohydrate-binding toxins, suggesting perhaps that the subunits may 
contain more than one carbohydrate-recognition site. 

An undecasaccharide has been co-crystalized with PTX, and the structure 
of the complex has been solved at a 3.5-A resolution (STEIN et al. 1994b). This 
carbohydrate is bound to both S2 and S3 at equivalent sites. The terminal 
sialic-acid-galactose moieties of the undecasaccharides were found in a similar 
conformation in both binding sites. The galactose does not interact directly 
with the protein, but the sialic acid is within hydrogen-bonding distance to the 
polar and charged groups of Tyr-102, Ser-104 and Arg-125, respectively. The 
carboxylate group of the sialic acid is in hydrogen-bond contact with Ser-l04, 
and the sugar ring of the sialic acid makes hydrophobic contacts with the aro
matic rings of Tyr-l02 and Tyr-1 03. These residues are conserved between S2 
and S3. 

However, differences in relative binding affinities of the S2!S4 and the 
S3!S4 dimers have been described (LOBET et al. 1993) with respect to differ
ent PTX receptors or model glycoproteins, indicating the existence of several 
classes of PTX receptor. They may vary in both their polypeptide and carbo
hydrate portions. When either Tyr-102 and Tyr-l03 or Asn-105 of S2 are deleted 
or replaced (LOBEl' et al. 1993; LOOSMORE et al. 1993), the toxin loses its ability 
to bind to haptoglobin or fetuin. Conversely, when either Lys-105 or Tyr-l02 
and Tyr-l03 of S3 are deleted, it fails to interact strongly with its receptor on 
the surface of Chinese hamster ovary (CHO) cells. In addition, it has been 
known for some time that iodination of PTX severely reduces its biological 
activities, suggesting that tyrosine residues are important for these activities 
(ARMSTRONG and PEPPLER 1987). Fetuin coupled to agarose can prevent inac
tivation of the toxin upon iodination, suggesting that iodination affects the 
receptor-binding activity of the toxin. The deletion of other residues in S3 
located upstream of the sialic acid binding site, such as Lys-lO or Lys-93, also 
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affects toxin activity in CHO cells, indicating that the N-terminal do!nain 
of this subunit may also be involved in receptor recognition. This domai'l ap
pears to direct some specificity of PTX-binding to distinct target cells. TIle N
terminal domain of recombinant S2 has been shown to reconstitute adhe'·ence 
of toxin-deficient B. pertussis strains to ciliated cells, whereas that of re com
binant S3 reconstitutes binding to macrophages (SAUKKONEN et al. 1992). Since 
this domain has a C-type lectin fold but lacks the long carbohydrate-binding 
loop that forms the functional portion of the lectin fold, it may perhars rec
ognize regions distal from the sialylated sugar moieties on PTX receptors. 

One of the biological activities expressed by the PTX B oligomer alone is 
mitogenicity for T lymphocytes. The deletions of Asn-1 05 in S2 and of Lys-l 05 
in S3 abolish the mitogenic activity of PTX for T cells from mouse spleen 
(LOSET et al. 1993). However, alterations of these residues did not afkct the 
mitogenicity for human lymphocytes, which was instead significantly dimin
ished by changes of Tyr-82 of S3 (LOOSEMORE et al. 1993). This differen;;e may 
reflect structural differences between the PTX receptors on human and 
murine T lymphocytes. 

Interestingly, PTX is also able to bind to lipopolysaccharide (LPS) via an 
interaction that specifically involves its S2 subunit but not S3 (LEI and MOR
RISON 1992). The functional role of this interaction has not been demonstrated 
yet, but it is intriguing to note that alterations of certain amino acids of S2 
through site-directed mutagenesis, such as Tyr-102 or Tyr-103, result in poor 
toxin secretion by B. pertussis (LOOSEMORE et al. 1993), whereas alterations of 
the conserved residues in S3 do not appear to alter toxin productionJr secre
tion. Since these residues are directly involved in the carbohydrate-binding 
activity of S2, it is possible that they also contribute to the binding of LPS, and 
that the S2-LPS interaction plays a role in some step of toxin secretion. Prein
cubation or coincubation of PTX with fetuin abrogates the ability of LPS to 
bind to S2. The lipid-A moiety of LPS is also able to inhibit thf: S2-LPS 
interaction (LEI and MORRISON 1993), suggesting that S2 may directly bind the 
lipid-A component of the LPS molecule. The sugar portion of the lirid-A may 
have some resemblance to part of the carbohydrate moieties of PTX recep
tors (Fig. 2). 

c. Membrane Translocation of PTX 
Although some activities of PTX, such as mitogenicity, haemagglutination and 
binding to leukocytes and ciliated epithelial cells, are directly medilted by the 
B oligomer of the toxin, most biological activities require, in addition, mem
brane translocation and the expression of the enzymatic activity of the Sl 
subunit subsequent to binding of the toxin via its B oligomer. Th,~ transloca
tion step occurs after the toxin has been incorporated into intrac~lIular vesi
cles by receptor-mediated endocytosis and routed via a retrograde transport 
system involving the Golgi complex and possibly the endoplasmic reticulum. 
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Fig. 2. Comparison of the lipid A portion of lipopolysaccharide (LPS) with the distal 
saccharides of pertussis-toxin (PTX) receptors. A typical lipid A portion of LPS from 
enterobacteria (A) contains a disaccharide to which fatty-acid side chains are attached 
(RI-R4). Lipid A is linked to 2-keto-3-deoxy-o-mannooctonic acid (KDO). The ter
minal chain of the PTX-receptor carbohydrate moiety that binds to the receptor
binding site of the B oligomer, as determined by crystal-structure analysis (STEIN et al. 
1994b), contains a disaccharide composed of sialic acid and galactose linked by an 
a(2,6) bond (B) 
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Brefeldin A, which causes disassembly of the Golgi apparatus, protects CHO 
cells (Xu and BARBIERI 1995) and insulin-secreting pancreatic cells (EL BAYA 
et a!. 1997) from PTX action. In cell lines, such as MOCK cells. in which the 
Golgi apparatus is not affected by Brefeldin A the drug does not inhibi PTX 
action, consistent with the involvement of the Golgi in PTX trafficking. Mutant 
CHO cells that contain a Golgi apparatus whose structure is temperature sen
sitive are resistant to PTX at non-permissive temperatures (EL BAYA et a!. 
1997), again supporting the involvement of an essential Golgi step. Ir addi
tion, unlike the case for diphtheria toxin, translocation of PTX does not :;trictly 
depend on a pH gradient (HAUSMAN and BURNS 1992). arguing against t'anslo
cation at an early, acidified endosomal compartment. However. the addition 
of NH4Cl (Xu and BARBIERI 1995) or of chloroquine (Xu and BARBIERI 1996) 
to CHO cells inhibited PTX action, suggesting that a pH-sensitive step is 
involved in toxin trafficking. Electron microscopy and subcellular fr,lctiona
tion studies of PTX-treated CHO cells have confirmed that PTX ent( rs cells 
via coated pits and then reaches the endosomal compartment and th ~ Golgi 
complex (EL BAYA et al. 1997). The partial inhibition of PTX trafficking 
by microtubule-disrupting agents. such as nocodazole (Xu and E,ARBIERI 
1996), suggests that the toxin transits via both a nocodazole-sensitive and 
a nocodazole-insensitive pathway, consistent with the notion of flxeptor
mediated endocytosis and at least partial trafficking through late endosomes. 
However. much of the toxin is routed for degradation towards the lysosomal 
compartment, similar to other toxins (JOHANNES and GOUD 199~). Xu and 
BARBIERI (1995) proposed a model in which the toxin travels back t(, the cell 
surface. However, in contrast to some other bacterial toxins. such as Shiga 
toxin, for which a full retrograde transport has clearly been demonstrated in 
a number of ways (JOHANNES and GOUD 199~). relatively little information is 
available on the intracellular trafficking of PTX. 

In addition, where exactly the membrane translocation step of the S I 
subunit occurs is not known. Xu and BARBIERI (1995) proposed that S I remains 
membrane associated even after translocation. because only membra le-bound 
PTX-substrate proteins are AOP-ribosylated in vivo. hut not soluh e protein 
substrates, which are present in postnuclear supernatant fractions of CHO cell 
extracts. Whether the translocation step requires the help of the B oligomer 
has also not been clearly established yet. but several observations suggest that 
the translocation step sensu stricto may be independent of the B oligomer. 
PTX can bind to model membranes consisting of phosphatidylcholine even in 
the absence of functional glycoconjugate receptors (HAUSMAN and BURNS 
1992). However, this binding is poor unless adenosine triphosphate :ATP) and 
reducing agents are added. In the presence of both ATP and reducing agents. 
the S I subunit binds efficiently to the model membranes. whereas the binding 
of the B oligomer remains low. Isolated S I avidly binds to membranes even 
in the absence of ATP as long as reducing agents are added. indicating that 
ATP essentially serves to release S I from the B oligomer and suggesting that 
the S I subunit (in a reduced state) may dircctly interact with lipid membranes 
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without the help of the B oligomer. Cleavage of the C-terminal 40-60 amino 
acid residues of Sl abolishes binding of this subunit to the membranes. This 
region corresponds to the major hydrophobic domain of the subunit (ANTOINE 
and LOCHT 1990), suggesting that the hydrophobic C-terminal portion of Sl 
may be the translocation determinant. 

The enhancement of Sl-mediated toxin binding to membranes by ATP 
does not appear to require the hydrolysis of ATP, since ADP (BURNS and 
MANCLARK 1986) or non-hydrolyzable ATP analogues, such as App(NH)p, also 
stimulate toxin activities (Moss et a1. 1986). Instead, ATP may fulfill some 
structural requirement for toxin activation. Activation of PTX by ATP 
depends on the presence of the B oligomer (BURNS and MANCLARK 1986), 
and A TP has been shown to directly bind to the isolated B oligomer and to 
the holotoxin molecule, albeit in somewhat different buffer conditions 
(HAUSMAN et a1. 1990). Competition experiments have indicated that ATP 
binding to the B oligomer involves a site different from the receptor-binding 
site, although fetuin was found to partially interfere, perhaps sterically, with 
ATP binding. 

Recently, the crystal structure of the PTX-ATP complex has been deter
mined; it confirmed that the ATP-binding site is located in the B oligomer 
(HAZES et a1. 1996). It was clearly shown that ATP binds stoichiometrically 
within the B-oligomer pore and has extensive van der Waals interactions with 
the protein. The adenine ring is deeply buried and packed between the a 
helices of the S5 subunit and one of the S4 subunits. The ribose moiety is also 
buried, and its 2' and 3' hydroxyl groups make hydrogen bonds with the side 
chains of two amino acids of one of the S4 subunits. The phosphate groups 
are partially exposed and hydrogen bonded to several positively charged 
amino acids of the S2, S3 and S4 subunits. The negative charges of the triphos
phate moiety of ATP displace the C-terminal, negatively charged residues of 
the Sl subunit due to electrostatic repulsion and steric hindrance. This repul
sion, caused by the entering of ATP into the B-oligomer pore from the side 
opposite the Sl subunit may cause a destabilization of the Sl-B oligomer 
interactions and thus promote the release of the Sl subunit from the B 
oligomer. 

Since ATP is usually found in the cytosol of eukaryotic cells, the ATP
mediated release of Sl necessary for membrane translocation raises a ques
tion about the physiological significance of ATP binding in vivo. In addition 
to the cytosol, the only intracellular compartment known to contain ATP is 
the endoplasmic reticulum (BRAAKMAN et a1. 1992), which also contains protein 
disulfide-isomerases that may help reduce the intramolecular disulfide bond 
of Sl. This suggests that toxin activation and membrane translocation occur 
within this subcellular compartment. 

An attractive model for membrane translocation of PTX integrating all 
the lines of evidence available has been proposed by Hazes and Read (1997). 
After trafficking through the Golgi network, the toxin may reach the endo
plasmic reticulum, where the presence of ATP could constitute the signal for 
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Fig.3. Model for intracellular trafficking and membrane translocation () ' pertussis 
toxin (PTX). In a first step, PTX binds to a cell-surface receptor (1) and is ir.ternalized 
by receptor-mediated endocytosis (2). The toxin is then transferred to earl) (EJ:) and 
late (LE) endosomes (3) and reaches the trans-Golgi network (TGN; 4). It may 
undergo an unconventional retrograde transport across the Golgi hefore rt aching the 
endoplasmic reticulum (ER; 5). In this compartment, the A protomer ma) dissociate 
from the B oligomer under the effect of the presence of adenosine triphosphate (6). 
The A protomer can then translocate across the memhrane, possihly without the he lp 
of the B oligomer (7). N nucleus 

triggering the dissociation of S1 from the B oligomer. Within thi~; compart
ment, Sl may translocate into the cytosol (Fig. 3) either by its ability to directly 
interact with lipid membranes or by the use of a retrotranslocation ma
chinery that is employed in a normal cellular process (known as ubiquitin
mediated, endoplasmic-reticulum-associated degradation) for t~ e removal 
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of improperly folded proteins. However, instead of being degraded in a 
ubiquitin-dependent fashion by this process, the Sl subunit may simply cross 
the membrane to exert its effect on the cytosolic site. Hazes and Read (1997) 
proposed that Sl is protected from ubiquitin-dependent proteolytic degrada
tion because of the absence of lysine in this subunit, since ubiquitination occurs 
at lysine residues. 

Other working hypotheses cannot, of course, be ruled out. Unlike 
Pseudomonas aeruginosa exotoxin A or cholera toxin, which contain clearly 
identified endoplasmic-reticulum retention signals in the form of the amino 
acid sequence KDEL (LORD and ROBERTS 1998), PTX does not contain such 
sequences. However, PTX may interact with undefined cellular protein inter
mediates that may interact with KDEL receptors in a more complex fashion. 
Alternatively, other signals not yet identified in PTX may be involved in 
endoplasmic-reticulum routing. 

D. The Enzymatic Activities of Sl 
Once internalized into the cytosol, the Sl subunit can catalyze the transfer of 
the ADP-ribose moiety of nicotinamide adenine dinucleotide (NADt onto 
an acceptor substrate protein in a reaction called the ADP-ribosyltransferase 
reaction. As such, PTX is a member of the ADP-ribosylating toxin family, 
which includes diphtheria toxin, cholera toxin, E. coli heat-labile toxin, P. 
aeruginosa exotoxin A and exoenzyme S, and many others that constitute key 
virulence factors for their respective producing micro-organisms. All these 
toxins have in common the use of NAD+ as the donor substrate for the 
ADP-ribose moiety. They differ in the specificity of their protein acceptor sub
strate; although the acceptor substrates generally are all guanosine triphos
phate (GTP)-binding proteins, their cellular functions are usually distinct. 
The physiologically relevant acceptor substrate for PTX is the a subunit of 
the Gi/Go protein family, although water can also serve as an ADP-ribosyl 
acceptor, albeit with much less efficiency. This latter reaction is termed 
the NAD+-glycohydrolase reaction, and its physiological significance is not 
known. 

The Gi and Go proteins are members of the signal-transducing, GTP
binding proteins. Gi serves as a relay from the hormone-receptor complex to 
the adenylate-cyclase effector enzyme and is destined to down-regulate the 
adenyl ate cyclase activity in response to a receptor-mediated extracellular 
signal. G proteins are usually composed of three subunits: the a, f3 and ysub
units. The a subunit is able to bind GTP, which activates the protein to trans
duce the signal to the effector protein which, in the case of the Gia, results in 
an inhibition of adenylate-cyclase activity. Binding of GTP to the a subunit is 
triggered by the activation of the cognate receptor. Intrinsic GTPase activity 
of the Gia subunit results in the hydrolysis of GTP to guanosine diphosphate 
and inactivates the system. The ADP-ribosylation of Gia uncouples the G 
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protein from its cognate receptor, and signals that normally should ir.hibit 
adenyl ate cyclase activity are no longer able to do so. As a consequencl~, the 
cyclase activity is constitutively de-repressed, and the intracellular levl~ls of 
cyclic adenosine monophosphate (cAMP) are artificially elevated (LOCH! and 
ANTOINE 1997). Since cAMP is an important secondary messenger invol'led in 
the regulation of many important metabolic processes, abnormal intract:llular 
concentrations of cAMP resulting from PTX intoxication have many dif
ferent physiological effects. It has long been recognized that PTX exerts a 
wide diversity of biological activities, including leucocytosis, stimulation of 
insulin secretion, sensitization to histamine, changes in vascular permeability, 
stimulation of lipolysis in adipocytes, inhibition of macrophage migration, 
and immunomodulation (MUNOZ 1985). This diversity explains the different 
names originally given to PTX, such as lymphocytosis-promoting factor, islet
activating protein and histamine-sensitizing factor. 

E. The Enzyme Mechanism of Sl-Catalyzed 
AD P-Ribosylation 

The amino acid residue that serves as the ADP-ribose acceptor is a cysteine 
(HSIA et al. 1985) located four residues from the C-tenninal end of the Ga 
subunit. In fact, all trimeric G proteins tested so far that contain a cysteine 
residue at this position serve as PTX substrates. Isolated a subunits are poor 
substrates, and the presence of both the f3 and y subunits is requirec for sig
nificant ADP-ribosylation. However, a synthetic peptide corresponding to the 
last 20 residues of Gia has been shown to serve as an acceptor substrate for 
PTX (GRAF et al. 1992). 

Cysteines are unique substrates for bacterial-toxin-catalyzed ADP
ribosylation. Although free cysteine has been reported to sene as an 
ADP-ribosyl acceptor substrate (LOBBAN and VAN HEYNINGEN 19X8), the 
product of this reaction is different from ADP-ribosylcysteine in the G pro
teins formed by PTX in the presence of NAD+ (McDoNALD et al. 1992). 
Whereas the use of free cysteine results in the formation of ADP-ribosylthi
azolidine, the physiological ADP-ribosy1cysteine product in PTX-modified 
proteins contains a thioglycosidic bond. It is likely that ADP-ribosylthiazoli
dine is formed through a non-enzymatic reaction of free cysteine with 
ADP-ribose, which results from the cleavage of NAD' catalyzed hy PTX in 
the NAD+-glycohydrolase reaction. The physiological thioglycm,idie bond 
involves the cysteine sulfhydryl group and the ribose anomeric carbon. The 
reaction product has an a configuration at the ribose ring, whereas the NAD+ 
substrate has a f3 configuration (SCHEURING and SCHRAMM \995). Th: PTX-cat
alyzed ADP ribosylation thus occurs with inversion of the configuration at the 
l' carbon of the ribose ring (Fig. 4), similar to what has been found for the 
reaction catalyzed by diphtheria and cholera toxins. The inversion of the con
figuration suggests that the attacking nucleophilic acceptor sur strate may 
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A. 

B. 

Fig.4. Comparison of the structure of /3-nicotinamide adenine dinucleotide (NAOt 
and the a-adduct on cysteine. The structure of /3-NAO; has been determined within 
the active site of diphtheria toxin (A) by Bell and Eisenberg (1996) and is compared 
with the proposed structure for the adenosine diphosphate (AOP)-ribosylation 
product of cysteine catalyzed by the Sl subunit of pertussis toxin in an a configuration 
(B) . The AOP- ribose moiety of NAO+ or AOP-ribose-cysteine is represented in black, 
and the nicotinamide (A) and cysteine (B) portions are in gray 

transiently associate with the leaving nicotinamide group on the C1 carbon 
of the ribose during the reaction. This is suggestive of an SN2-type reaction 
mechanism involving an oxocarbenium intermediate (LOCHT and ANTOINE 
1995). 

Kinetic-isotope-effect characterization of the transition-state intermedi
ate during NAD+ glycohydrolysis catalyzed by PTX confirmed that it does 
indeed have oxocarbenium-ion character (Fig. 5) in the ribose, with significant 
bond order to the nicotinamide ring corresponding to a distance of 2.14A 
(SCHEURING and SCHRAMM] 997a). In this reaction, water is a weak nucleophile, 
with the water oxygen no closer than 3.5 A from the reaction center. The 
nicotinamide-ribose N-glycosidic bond length in the transition-state structure 
was slightly reduced to 2.06A when the isotope effects were measured in the 
ADP-ribosyltransferase reaction using the 20-residue-long C-terminal Gia 
peptide (SCHEURING and SCHRAMM] 997b) . In that case, the incoming thiolate 
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Fig. 5. Proposed e nzyme mechanism of 
SI-catalyzed adenosine diphosphate ribo
sylation. The oxocarbenium-ion character 
of the transition-state intermediate is pro
moted by the interaction of the carboxylate 
group of Glu-12l) with the 2' OH grl)up of 
the ribose. This weakens the N-gly,;osidic 
bond, which is subjected to a nucl e'.lphilic 
attack by the sulfur of the accept,)r cys
teine activated by His-35 via hy,jrogen 
bonding or even ionization (adapted from 
Locht and Antoine 1997) 

has a bond order that corresponds to a 2.47-A distance, which provides an 
increased SN2 character in a loose transition state, with a strong oxocarbenium 
character in the ribose. The kinetic isotope effects observed are consisknt with 
deprotonation of the attacking cysteine prior to transition-state formation 
(Fig. 5). The sulfur of the cysteine in the G protein appears to participate more 
actively as an attacking nucleophile in the ADP-ribosyltransferase reaction 
than does the oxygen of the water molecule in the NAD+-glycohydrol~lze reac
tion. The catalytic rate of the PTX-catalyzed ADP-ribosyltransferc,se reac
tion is consistently about one order of magnitude higher than thilt of the 
NAD+-glycohydrolyze reaction (CORTINA et aI.1991;ANTOINE et al. \993). 

The oxocarbenium intermediate is stabilized by its positive charg = created 
by the delocalization between the Cl' -04' and Cl' -C2' bonds, with the total 
bond order at C1' held constant. The thiolate anion of the attacking cysteine 
at the transition state may partially neutralize the cation that develops in the 
oxocarbenium intermediate during the ADP-ribosyltransferase reaction . This 
is much less the case during the NAD+-glycohydrolyze reaction . n .e equiva
lent N-glycosidic bond orders in the transition states of NAD+-glycohydrolyze 
and ADP-ribosylation suggest that the enzyme mechanism for t.1e forma
tion of the transition-state intermediate may be similar for both reactions. 
However, the much stronger participation of the cysteine thiol compared with 
water in the nucleophilic attack suggests that the enzyme exerts a somewhat 
different effect on the acceptor substrates. 

F. The Catalytic Residues of PTX 
Two catalytic amino acid residues have so far been identified in the S I subunit: 
Glu-129 and His-35. It has been proposed that, in the NAD+- glycohydrolysis 
reaction, a water molecule is activated by His-35 (ANTOINE and LOCHT 
1994). This activation , however, does not lead to a full ionization of water 
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(SCHEURING and SCHRAMM 1997a). In contrast, His-35 may perhaps induce full 
ionization of the nucleophilic thiol of the cysteine in the G protein (Fig. 5) 
(SCHEURING and SCHRAMM 1997b), which may explain why alterations of 
His-35 have a much more pronounced effect on the ADP-ribosyltransferase 
activity than on the NAD+-glycohydrolase activity of PTX (Xu et a1. 1994). 
Whereas a change from His-35 to glutamine in a truncated recombinant Sl 
resulted in an approximately 50-fold reduction in the kcat value of the NAD+
glycohydrolase activity (ANTOINE and LOCHT 1994; Xu et a1. 1994), the same 
change within the full-length Sl molecule resulted in a 500-fold reduction of 
the k cat value of the ADP-ribosyltransferase activity (Xu et a1. 1994). Neither 
the Km values for NAD+ nor the affinity for the acceptor substrate were 
significantly altered by this amino acid change. More drastic changes, such as 
a change to alanine or proline, had more dramatic effects on the enzyme activ
ities, although the affinity for NAD+, as measured by Km determination or by 
photo-cross-Iinking to NAD+, was not altered by these substitutions. 

The finding that glutamine substitutions had a less dramatic effect than 
alanine or proline substitutions suggests that His-35 functions through hydro
gen bonding, since glutamine can retain some hydrogen-bonding capacity, 
whereas alanine and proline do not. Glutamine can mimic some of the hydro
gen bonding of the £-N of histidine, whereas asparagine can mimic that of the 
8-N, but neither of them has the proton-transfer capability of histidine. A sub
stitution of His-35 by asparagine resulted in a further decrease in enzyme 
activity compared with the glutamine substitution (ANTOINE and LOCHT 1994), 
suggesting that the £-N rather than the 8-N of the histidine imidazole is impor
tant for catalysis. Since there is no evidence for true proton abstraction from 
the water molecule in the NAD+-glycohydrolase reaction (SCHEURING and 
SCHRAMM 1997a), the £-N of the histidine imidazole is probably more involved 
in polarization of the water molecule than in its ionization. 

The kcat for NAD+ -glycohydrolysis varied slightly over a range of 2.5 
pH units, with an estimated pKa between 6.5 and 7 as deduced from the 
log(kcat )/ Km ratios. This slight variation in kcat as a function of pH depends on 
His-35 protonation, because the pH dependence is abolished when His-35 is 
substituted by glutamine (ANTOINE and LOCHT 1994). However, since the cys
teine substrate within the G protein in the ADP-ribosyltransferase reaction 
is ionized by PTX (SCHEURING and SCHRAMM 1997b), and since ionized cys
teine is a stronger nucleophile than non-ionized water, it comes as no surprise 
that alterations of His-35 have a stronger effect on ADP-ribosylation than on 
NAD+-glycohydrolysis (ANTOINE and LOCHT 1994; Xu et a1. 1994), supporting 
the role of His-35 on the acceptor substrate during catalysis. 

The only other catalytic residue identified in Sl is Glu-129. This residue 
lies within hydrogen-bonding distance of His-35 in the active-site structure of 
the enzyme (STEIN et a1. 1994a). Despite the low degree of sequence similari
ties among ADP-ribosylating bacterial toxins, the Ca atoms of 46 active-site 
residues of PTX can be superimposed on corresponding atoms of the other 
toxins for which the crystal structure is known. Among the superimposable 
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residues, Glu-129 is strictly conserved among all these toxins, in contrast to 
His-35, which is not conserved in diphtheria toxin and P. aeruginosa ex(.toxin 
A. We have previously proposed (LoCHT and ANTOINE 1995) that the strict con
servation of Glu-129 may suggest that this residue acts on NAD+, the common 
substrate of all ADP-ribosyltransferases (Fig. 5). As for the other toxim., Glu-
129 of PTX is essential for enzymatic activity (LoCHT et a1. 1989). A change 
from Glu-129 to aspartate, thus maintaining the carboxylate group of the side 
chain, results in a reduction of two orders of magnitude in the catalytic rate 
of the NAD+-glycohydrolase reaction (ANTOINE et a1. 1993), whereas binding 
to NAD+ was not significantly affected, as evidenced by Kill measurements of 
NAD+ and by fluorescent quenching studies. 

Irradiation of PTX at 254nm in the presence of NAD+ results in the cova
lent binding of the nicotinamide moiety of NAD+ to the catalytic glutamate, 
similar to what has been observed for some of the other toxins (BARBIERI et 
al. 1989; COCKLE et a1. 1989; CIEPLAK et a1. 1990). The structure of the photo
product of the diphtheria-toxin-nicotinamide adduct has been determined 
(CARROLL et al. 1985). It consists of the nicotinamide linked via its C6 to the 
decarboxylated y-methylene carbon of the catalytic glutamate, impl) ing that 
the y-methylene carbon of the catalytic residue lies close to the C6 of the 
nicotinamide in the active site. This allows the carboxylate group of the glu
tamate side chain to face the 2' OH of the ribose (LOCHT and ANTOINE 1995). 
The crystal structure of NAD+ bound to diphtheria toxin confirmed that the 
catalytic glutamate could be in contact with the 2'-ribo-hydroxyl of the NAD+ 
(BELL and EISENBERG 1996). Shortening the side chain of Glu-129 of PTX by 
the substitution of this residue with aspartate would move the carboxylate 
group of the side chain too far from the 2' OH of the ribose to mak: contact. 
This shortening results in reduced catalysis, suggesting that the carboxylate-
2'-OH interaction may be catalytically important. This interaction may con
ceivably result in partial deprotonation of the 2' OH group prior to a diol
anion formation, which would promote the formation of the oxocarbenium 
transition-state intermediate (Fig. 5). However, from the kinetic-isotope-effect 
measurements, there is no evidence for 2'-OH ionization by PTX (:'iCHEURING 
and SCHRAMM 1997a). Therefore, it is more likely that the carb:lxylate-2'
OH contact only results in increased polarization without true ionization. 

G. Substrate Binding by PTX 
The addition of increasing concentrations of NAD+ to PTX results in 
quenching of the intrinsic tryptophan fluorescence of the protein (LOBBAN et 
a1. 1991), suggesting that a tryptophan residue may be located close to the 
NAD+-binding site of Sl. A truncated, recombinant version of the S 1 subunit. 
which contains only the first 187 residues but still expresses full NAD+
glycohydrolase activity (LoCHT et a1. 1987), contains only a singe tryptophan 
residue, at position 26. A deletion of this residue or a change to threonine 
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abolishes enzymatic activity (LoCHT et al. 1989). When Trp-26 is replaced by a 
more conserved amino acid, such as phenylalanine or tyrosine (CORTINA and 
BARBIERI 1989; LOCHT et al. 1990b), residual enzyme activity can be detected, 
suggesting that the aromatic side-chain of Trp-26 plays an important role. 
Kinetic analyses of Sl polypeptides, in which Trp-26 is replaced by tyrosine or 
phenylalanine, indicated that these substitutions resulted in a substantially 
increased KIll, whereas the kcat values were not significantly different from that 
of the original enzyme. It appears, therefore, that the protein that contains 
tryptophan at position 26 more efficiently binds NAD+ than the two other ana
logues. In the three-dimensional structure of PTX, Trp-26 is located at some 
distance from the catalytic center defined by His-35 and Glu-129, but its loca
tion is consistent with a role in NAD+ binding (STEIN et a1. 1994a). Given the 
importance of the aromatic side-chain of Trp-26, it is conceivable that, similar 
to other proteins, the tryptophan side-chain interacts with the NAD+ substrate 
by stacking of its indole ring on one of the aromatic rings of NAD+. 

The indole ring of Trp-26 is located near the a-carbon of Cys-41. This cys
teine is involved in a disulfide-bond formation with Cys-201. However, the 
expression of ADP-ribosyltransferase activity requires this bond to be 
reduced (Moss and HEWLETT 1983). Replacement of Cys-41 by other amino 
acids reduces the enzyme activities of S 1 essentially by increasing the Km of 
NAD+, consistent with the notion that this residue is close to the NAD+
binding site (LOCHT et al. 1990a). However, alterations of Cys-41 have a less 
drastic effect than changes of Trp-26, indicating that the role of Cys-41 is less 
critical than that of Trp-26. Molecular modeling of the NAD+ analogue ApUp 
in the active site of the enzyme suggests that the region near Cys-201 has to 
move to allow access of the substrates, which also may explain the require
ment of reduction of S1 for the expression of enzyme activities. 

The opening of the active-site pocket by the reduction of the disulfide 
bond allows the Gia protein to interact with the C-terminal region of the S 1 
subunit. Although the first 187 amino acids of Sl are sufficient for the expres
sion of full NAD+-glycohydrolase activity, the region downstream of residue 
187 is required for full ADP-ribosyltransferase activity (LoCHT et al. 1990b). 
Better-defined studies have shown that the region between residues 180 and 
219 confers high-affinity binding to the G protein (CORTINA et al. 1991), and it 
has been suggested that the residues located between positions 195 and 219 
primarily interact with the f3 and ysubunits of the G proteins. Deletion of the 
last 40 amino acid residues from S 1 not only results in decreased G-protein 
binding (as evidenced by an increase in the KIll for the G protein transducin) 
but also decreases the catalytic rate of the ADP-ribosyltransferase while 
maintaining normal levels of NAD+-glycohydrolase activity. This observation 
is consistent with the need for correct positioning of the acceptor-substrate 
cysteine in order to optimally catalyze the ADP-ribosyltransferase reaction. 

Other important residues that have been implicated in the enzyme 
activities of S 1 include Arg-9. Although the role of Arg-9 has not yet been 
defined, alterations of this residue, even by replacement with the conservative 
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lysine, dramatically decrease both NAD+-glycohydrolase and ADP
ribosyltransferase activities (BURNETTE et a1. 1988). The side chain of Arg-9 
projects into the active-site cleft (STEIN et a1. 1994a), and the Arg-9-to
lysine change decreases the ability of the Sl protein to be photolabeled by 
NAD+ (CIEPLAK et a1. 1990), suggesting that it affects NAD+-binding. Inter
estingly, Arg-9 lies in a region of Sl that is very similar to the A subunits of 
cholera toxin and E. coli heat-labile toxin (LoCHT and KEITH 1986), two 
ADP-ribosylstransferases that share many properties with PTX. 

H. Conclusions 
PTX is the most complex bacterial toxin known. As a member of the A-8 toxin 
family with ADP-ribosyltransferase activity, it is a major virulence factor 
produced by B. pertussis and an important component of whoOpinf, cough 
vaccines. Although vaccines against whooping cough have been availatle since 
the 1940s, side effects have, in the last two decades, decreased confic.ence in 
the first-generation vaccines. Studies on the structure-function relationship of 
PTX have greatly helped in the development of new-generation vaccines. The 
identification of amino acid residues involved in the enzymatic activities 
(PIZZA et al. 1989) and, subsequently of those involved in receptor binding 
(LOBET et al. 1993), has led to the design of genetically detoxified PTX ana
logues, which have been proven to be useful components of new acellular per
tussis vaccines. Such vaccines have already been tested in children and been 
found to be protective and to induce fewer unwanted side effects. The genetic 
engineering of PTX has also shown promise for the development (If attenu
ated live B. pertussis vaccines capable of protecting after a single intranasal 
administration (MIELCAREK et a1. 1998). 
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CHAPTER 9 

Pertussis Toxin as a Pharmacological Tool 

B. NURNBERG 

A. Introduction 

During the last two decades, bacterial toxins, e.g., pertussis toxin (PT), have 
become powerful pharmacological agents to identify and characterize bio
chemical entities involved in guanine-nucleotide-sensitive cellular responses 
elicited by hormones or neurotransmitters (BOURNE et al. 1990, 1991; WESS 
1998). PT in combination with radiolabeled nicotinamide adenine diphosphate 
cation (NAD+) or analogs thereof allowed probing of target proteins even in 
crude extracts. This sensitive technique has facilitated detection, isolation, 
identification and functional characterization of various members of the family 
of heterotrimeric regulatory guanosine triphosphate (GTP)-binding proteins, 
i.e., G proteins (MILLIGAN 1988; GILMAN 1995). Moreover, even in the era of 
genetic targeting approaches, such as antisense-oligonucleotide strategies or 
the gene-"knock-out" technology, PT is appreciated as a valuable tool in cell 
biology for discovering novel G-protein-coupled signaling pathways (GUTKIND 
1998; LEFKOWITZ 1998). 

PT, a 105-kDa, hexameric bacterial exoenzyme produced by Bordetella 
pertussis, was originally implicated in the pathogenesis of whooping cough 
(PITTMAN 1984). The molecular structure and mode of catalytic activity of PT 
are in accordance with the A-B model of various toxins, including cholera and 
diphteria toxin, which share a common enzymatic activity, i.e., the transfer of 
an adenosine diphosphate (ADP)-ribose moiety from NAD to different 
amino acids (LoCH1, this volume). PT consists of two components: the enzy
matically active A protomer (consisting of a single polypeptide chain) and the 
pentameric B oligomer (TAMURA et al. 1982). The B component is involved in 
binding to the surface of eukaryotic target cells and, presumably, in translo
cation of the toxin across the plasma membrane. Once inside the cell, the enzy
matically active A component needs to undergo activation that depends on 
reduced gluthathione; this effect can be mimicked in a cell-free system with 
sulfhydryl-reducing agents. Therefore, use of holoenzyme is mandatory for 
treatment whole cells, whereas the pre activated A protomer is able to modify 
cellular proteins when injected or infused into cells or in cell homogenates or 
purified protein preparations. Enzymatic activity of PT results in pathological 
responses of the infected cells, resulting in increased susceptibility of the 
organism to various signaling molecules, including histamine and serotonin. A 
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hallmark of PT action following injection is hyperinsulinemia despite marked 
hypoglycemia, which is due to sustained potentiation of insulin secretion from 
pancreatic islets and refractoriness to adrenaline. Accordingly, PT was given 
the synonym islet-activating protein. PT also alters the immune system. 
causing lymphocytosis and leucocytosis. All these actions have been explained 
by the profound and irreversible interference of PT with G proteins. 

The use of PT as an experimental tool has greatly influenced our current 
understanding of transmembrane signaling. In fact. seven transmembrane 
ligand-binding proteins, i.e., G-protein-coupled receptors (GPCRs). in concert 
with their transducers. effectors and regulators. have emerged as the doninant 
signal-transduction machinery in mammalian cells (WArsoN and ARKINSTALL 
1994; HELDIN and PURTON 1996). This concept is underscored by the fa:t that 
approximately 90% of all hormones and neurotransmitters and two out of 
three currently prescribed, established drugs are assumed to exert their actions 
by interfering with the superfamily of heptahelical G PCRs (GUDERM \NN et 
al. 1995). Accordingly, hundreds of receptor ligands exhibiting a remcrkable 
chemical heterogeneity use this system through interaction with mOle than 
1000 receptors (HELMREICH and HOFMANN 1996; JI et a!. 199~; WESS 199~). 

In turn, ligand-occupied G PCRs couple to dozens of signal-transducing G
protein isoforms, which are membrane-associated heterotrimers attached to 
the cytoplasmatic surface. They belong to the superfamily of GTP-binding pro
teins or GTPases and are extremely conserved proteins throughout the animal 
kingdom, with considerable homology to plant counterparts (WILKIE et al 
1992). In contrast to enzymatically active receptors or ligand-operated ion 
channels, the GPCRs lack effector domains. Hence. it is the receptor-a:tivated 
G protein which switches the incoming signal into intracellular seco1d mes
sengers by modulating other enzymes or ion channels (GETHER and KOBILKA 
1998; HAMM 1998). 

Recently with the aid of PT as an experimental tool. evidence emerged 
that has extended our thinking about G proteins beyond their classic'll role as 
transducers of extracellular signals. G proteins. which have been found in 
cytosolic compartments (including endomembranes and vesicles). have now 
been recognized to regulate membrane-trafficking and vesicular-transport 
mechanisms of the cell (HELMS 1995; NURNBERG and AHNERT-HILGER 1(96). 
Therefore, G proteins are considered to be universal switches im olved in 
modulation of housekeeping and intra- and intercellular communical ive func
tions of the cell. 

PT-mediated ADP-ribosylation of G proteins represents a virtually irre
versible modification that appears to be stable for the lifetime of the protein 
both in vivo and in vitro. This short overview pursues the concept of PT as an 
appropriate pharmacological tool for structural, functional and cell- Jiological 
studies. It represents a quick and cheap G-protein-"knock-out"" approach. 
Consequently, here I will focus on three aspects of PT function: (1) as a probe 
to understand structure-function relationships of G proteins, (2) as an appro
priate tool to discover G-protein-dependent signaling pathways. and (3) as an 
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agent assigning G-protein actions to particular G proteins. Those who are 
interested in more complete reviews or other aspects of PT are referred to 
numerous excellent previous overviews (Ur 1984; Moss and VAUGHAN 1988; 
GIERSCHIK and JAKOBS 1993; YAMANE and FUNG 1993; LOCHT 1997). 

B. Molecular Aspects of PT Activity on G Proteins 

I. General Considerations 

PT action is not limited to whole cells but also exerts its effects in fraction
ated cell preparations or purified protein solutes devoid of lipid membranes. 
It covalently modifies a subunits of a subset of heterotrimeric G proteins, 
which are traditionally classified as PT-sensitive G proteins. This modification 
appears to be irreversible though, under certain experimental conditions, 
mercury ions specifically remove the transferred moiety from Ga (MEYER et 
al. 1988; NURNBERG et al. 1994). PT-sensitive G proteins are almost congruent 
with the Gi subfamily members of heterotrimeric G proteins, including three 
forms of Gi, two splice variants of Go. two transducins and the gustatory G 
protein, G gust (but not Gz and the longer splice variant of G i2; NURNBERG 1997). 
Additionally, detected PT substrates, such as a fourth, 43-kDa G~ isoform 
(IYENGAR et al. 1987) or a third Gao isoform (NURNBERG et al. 1994; WILCOX et 
al. 1995), which presumably represent a splice variant of the G~3 transcript 
(CARTY and IYENGAR 1990) and a deamidated Gaol (i.e.,Gau3; MciNTIRE et al. 
1998; EXNER et al. 1999), respectively. The primary structures of some other 
PT substrates still remain to be identified. These unknown entities (1) co
purify with known PT-sensitive Ga isoforms, e.g., G~l or G~2' (2) are sensi
tive to antisera directed against PT-sensitive Ga isoforms, and (3) exhibit 
apparent molecular masses ranging between 39kDa and 45kDa (NURNBERG 
et al. 1994). Therefore, it is possible to speculate that they are unidentified 
splice variants (or other modified versions) of PT-sensitive G~-subfamily 
members. In contrast, most PT-insensitive Ga isoforms belong to three other 
G-protein subfamilies: (1) those harboring G s proteins, which are sensitive to 
cholera toxin (CT) and best known for their ability to enhance formation of 
cyclic adenosine monophosphate by stimulating adenylyl cyclases (HOL, this 
volume; Moss, this volume); (2) those of G q proteins, which are activators of 
phospholipase C-{3-isoforms; and (3) those of the poorly characterized G 12I13 

proteins (NURNBERG et al. 1995). Nonetheless, it should be kept in mind that 
the classification of G proteins into four subfamilies is solely based on amino 
acid homology of Ga subunits, which bind guanine nucleotides and exhibit 
GTPase activity, while the heterogeneity of the enzymatically inactive G{3 and 
Gy subunits do not contribute to this nomenclature. However, as outlined 
below, PT intervention of a signaling pathway does not allow one to distin
guish between the Ga subunit and the G{3y complex of the PT-modified G 
protein responsible for a cellular effect. 
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II. PT-Sensitive G Proteins 

1. Mechanism of PT Action 

PT catalyzes both hydrolysis of NAD+ and the transfer of the resulting 
ADP-ribose moiety to those Ga subunits that have a cysteine residue lo~ated 
four positions upstream from the C-terminus (see above and Table 1; WEST 
et a1. 1985). Introduction of a cysteine at this position in a PT-insensiti"e Ga 
like GO; turns it into aPT-sensitive isoform, though it was found to be a poor 
substrate for the toxin (FREISSMUTH and GILMAN 1989). The C-terminal amino 
acid motif of Ga required for PT-mediated ADP-ribosylation is similar to a 
consensus site for a post-translational sequence of reactions comprising 
proteolysis, carboxymethylation and isoprenylation of Ga subunits or vlrious 
monomeric GTPases. Notably, the C-terminal aromatic amino acid of the PT
recognition motif determines the sensitivity of Ga towards PT and the resis
tance against endogenous lipidation (NEER et al. 1988; JONES and SPIEGEL 
1990). In addition, some adjacent residues next to the target cysteine appear 
to be important for PT sensitivity of Ga (AVIGAN et al. 1992). Synthetic pep
tides resembling C-termini of Ga; isoforms not only inhibit PT-mediated 
ADP-ribosylation of G proteins in a competitive, concentration-dep'~ndent 
manner but also serve as substrates for PT (GRAF et al. 1992; SCHEURII.,G and 
SCHRAMM 1997). As outlined below, this finding was somewhat surprisin:?;, since 
it was suggested that Ga is only marginally modified by PT in the absence of 

Table 1. C-terminal amino acid sequences of Ga isoforms 
belonging to four subfamilies, i.e., Gai, Ga" Gaq and Gal2 

Isoform Amino acid sequence 

ail II KNNLK DCGLF 
ai2 II KNNLK DCGLF 
ai21 AP APPLS SDSVP 
ai3 II KNNLK ECGLY 
aol II ANNLR GCGLY 
U o2 II AKNLR GCGLY 
a o3 II ADNLR GCGLY 
a" II KENLK DCGLF 
ate II KENLK DCGLF 
U gust II KENLK DCGLF 
a z II QNNLK YIGLC 
a q IL QLNLK EYNLV 
a 11 IL QLNLK EYNLV 
al4 IL QLNLR EFNLV 
alSI16 VL ARYLD EINLL 
ass IQ RMHLR QYELL 
aI, IQ RMHLR QYELL 
axis IQ RMHLR QYELL 
Uolf IQ RMHLK QYELL 
a l2 IL QENLK DIMLQ 
a!3 IL HDNLK QLMLQ 
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GJ3ycomplexes (WATKINS et al. 1985). In addition to GJ3y, other cofactors sup
porting PT activity under in vitro conditions include adenine nucleotides, 
phospholipids and detergents (Moss et aI1986). The exact role of GJ3ycom
plexes in enhancing the velocity of the PT-catalyzed enzymatic reaction is still 
unclear, but it is unlikely that they simply prevent Ga from denaturation 
(GIERSCHIK and JAKOBS 1993). It is assumed that GJ3yfacilitates PT-mediated 
ADP-ribosylation in a catalytic manner by cycling among different molecules 
of Ga (CASEY et al. 1989; VEDA et al. 1994). Since sub stoichiometric amounts 
of GJ3yare supportive, rates of PT-catalyzed ADP-ribosylation do not permit 
direct assessment of the relative affinities of GJ3y for Ga. It has also been 
reported that, under certain experimental conditions, the proportion of Ga 
that is ADP-ribosylated is proportional to the amount of GJ3yadded (GRAF 
et al. 1992). In fact, PT-mediated 32P-ADP-ribosylation of a known amount of 
purified GlXi in the presence of unknown concentrations of GJ3ycan be used 
to quantify the amount of functionally active GJ3y(INIGUEZ-LLUHI et al. 1992). 

2. G-Protein Specificity 

G proteins are heterotrimers composed of three different subunits, termed a, 
J3 and y, with molecular masses of approximately 39-45,35-39 and 6-8kDa, 
respectively (Fig. 1; NURNBERG et al. 1995). For PT-mediated ADP
ribosylation of Ga, the functional interaction between Ga and the tightly asso
ciated GJ3ycomplex appears to be crucial (GIERSCHIK and JAKOBS 1993). This 
feature is exploited to use PT-mediated ADP-ribosylation as a standard assay 
to assess the interactions of these two functional G-protein subunits. In prin
ciple, parameters affecting the affinities between G-protein subunits should 
also influence the ability of PT to modify Ga. For example, ADP-ribosylation 
of bovine brain Gaol requires higher GJ3yconcentrations than ADP-ribosyla
tion of Ga.,2 or GlXi2 purified from the same source (HUFF and NEER, 1986; 
NURNBERG et al 1994). This observation coincides with the fact that purified 
GlXi2 and Ga.,2 have a lower affinity for bovine brain GJ3ycomplexes than Ga.,l 
does (STERNWEIS and PANG 1990; EXNER et al.1999). Obviously, changes in the 
primary structure of the Ga N-terminus, as the site of interaction with GJ3y, 
affect PT sensitivity (WEDEGAERTNER et al. 1995). This includes absence of a 
covalently linked myristate as well as removal of approximately 20 N
terminal amino acids of Ga, which leads to diminished ADP-ribosylation 
(NAVON and FUNG 1987; NEER et al. 1988; JONES et al.1990; LINDER et al.1991). 
In contrast, an additional covalently linked (albeit labile) palmitate seems to 
have no significant impact on PT-mediated ADP-ribosylation. 

More obvious, the structure of the C-terminal region harboring the target 
cysteine affects the sensitivity to PT (see above). Therefore, it was not sur
prising that a novel Gao isoform, Gao}, which only differs from Ga.,l by 
exchange of a single amino acid e46Asn to Asp), was suggested to be a worse 
substrate for PT than Gaol (NURNBERG et al. 1994). Studies on the initial 
rates of PT-mediated ADP-ribosylation of purified Gaol and Gao3 revealed 
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Fig.I. Structure of a pertussis- toxin (PT)-sensitive heterotrimeric G protein b lsed on 
Ga,f3r Ga, in its inactive, guanosine diphosphate-bound conformation, is complexed 
with Gf3 and Gr The PT-sensitive C-terminal cysteine of Ga is indicated. Orientations 
of the proteins towards the membrane is speculative but supported by tl-e close 
proximity of myristoylation and isoprenylation sites of Ga and Gr respective ly (data 
from LAMBRIGHT et al. 1995) 

significant differences in the velocity of ADP-ribosylation between I he two 
species, though no difference in maximal incorporation of ,2 P-ADP-ribose 
into either protein was observed aft e r prolonged incubation of Ga in the pres
ence of equimolar amounts of Gf3y complexes (EXNER e t a l. J (99). Further 
analysis with increasing amounts of bovine-bra in Gf3ycomplexes showed that 
excess amounts of Gf3y resulted in similar maximum rates of 32 p_ADP_ 
ribosylation in Gaol and Gao3. with an approximately fivefold difference in 
Gf3y EC,o values. This strongly suggests tha t diffe re nces in PT-medi a ted ,2p_ 
ADP- ribosylation were caused by diffe rent inte ractions of Gaol and Gao, with 
Gf3y dimers. This finding emphasizes the assumption that difference; in PT
mediated ADP-ribosylation are secondary to af3y-heterotrimer formation 
rather than representing an immediate consequence of the diffe rent C-termini 
of Ga. In accordance with this suggestion, Gaol and Gaol were found to be 
associated with distinct Gf3 and Gy isoforms, pointing to the involveme nt of 
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the C-terminus of Ga in subunit association (WILCOX et a1. 1995; EXNER 
et a1. 1999). Further support comes from cross-linking studies employing 
derivatives of NAD+, e.g., 32P-2-azido-NAD+, that were used as substrates by 
PT (VAILLANCOURT et a1. 1990, 1995). These studies revealed intramolecular 
interactions of Ga N- and C-termini and intermolecular cross-linking of the 
C-terminus of Ga with Gy. Other derivatives used for structural analysis of 
Ga comprised the fluorescently labeling nicotinamide-1-N-ethenoadenine 
dinucleotide, which was accepted as a substrate by PT, and N-(3-iodo-4-
azidiphenylpropionamide-S-(2-thiopyridyl)cysteine, which bound to the C-ter
minal PT-sensitive cysteine of Ga. In contrast, N-ethylmaleimide and other 
sulfhydryl-alkylating reagents, which also prevented ADP-ribosylation by PT, 
appeared to bind to a cysteine in the N-terminal third of Ga, thereby most 
likely inhibiting interaction of alkylated Ga with Gf3r(DHANASEKARAN et aI., 
1988; HINGORANI and Ho 1988; KASLOW et a1. 1989; HOSHINO et a1. 1990). The 
latter finding points again to the hetrotrimeric G protein as the preferred sub
strate for PT, emphasizing the importance of functional interaction of Ga with 
the Gf3rcomplex for PT-mediated modification of Ga. 

III. PT as a Tool with which to Study 
G-Protein-Subunit Composition 

Accordingly, integrity of the Gf3rcomplex is indispensable for proper function 
of PT. For instance, PT has been helpful in screening for Gf3r combinations 
unable to dimerize, such as GAY!, which consequently fails to support ADP
ribosylation of Ga (INIGUEZ-LLUHI et a1. 1992). This strategy is facilitated by 
the fact that all PT-sensitive Ga isoforms complex with most Gf3r dimers 
studied so far. Nevertheless, depending on the Ga isoform used as the sub
strate for PT action, differences in efficacy and potency of various native and 
recombinant Gf3r isoforms supporting PT-catalyzed ADP-ribosylation have 
been found. While transducin Ga was equally well modified by PT in the pres
ence of transducin f3rfrom rod outer segments and placentar Gf3y, recombi
nant GlXj3 was a better substrate for PT when co-incubated with placentar Gf3r 
than with transducin f3r(FAWZI et a1. 1991; GRAF et a1.1992). In the latter study, 
Gf3rcomplexes from red blood cells or bovine brain had intermediate effects 
(GRAF et a1. 1992). In addition, purified recombinant Gf3rdimers of defined 
composition were tested (INIGUEZ-LLUHI et a11992; MULLER et a1. 1993; VEDA 
et a1. 1994). These studies revealed that differences in the abilities of the puri
fied proteins to support ADP-ribosylation of Gao were negligible. In contrast, 
recombinant Gf31Y! significantly differed from all other Gf3r dimers tested 
when recombinant GlXjl was employed. Furthermore, various recombinantly 
generated Gf3r dimers lacking the isoprenoid modification of Gr failed 
to support PT-mediated ADP-ribosylation of Ga, corresponding to a 
significantly decreased ability of non-prenylated Gf3r to complex with Ga 
(WEDEGAERTNER et a1. 1995). Similarly, carboxymethyl at ion of the C-terminal 
cysteine of Gr has been predicted to stabilize the association of guanosine 
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diphosphate (GDP)-bound Ga and Gf3y. However, its relevance for PT-medi
ated ADP-ribosylation is still a matter of research. While several studies have 
described an enhanced ADP-ribosylation of GlXj and Gat in the presence of 
various methylated Gf3rdimers compared with non-methylated counterparts. 
one report found no difference on PT-catalyzed modification of GlXjl after 
de methylation of Gf3IY2 (FUKADA et al. 1994; PARISH and RANDO 1994; PARISH 
et al. 1995; ROSENBERG et al. 1998). 

In conclusion, these data strongly suggest that structures of all three G
protein subunits, i.e., Ga, Gf3 and Gy, and differences in their post-translational 
processing affect the ability of PT to modify Ga. Putative reasons certainly 
include differences in the affinities of Gas for Gf3ys and other parameters 
(see above). Therefore, PT may serve as a useful tool for study of the func
tional consequences of novel post-translational modifications on G-protein 
subunits, including heterogeneous processing and phosphorylation of C r 
subunits (FUKADA et al. 1990; COOK et al. 1998; YASUDA et al. 1998; UECA 
et al. 1999). 

In this context, a fifth Gf3 isoform, Gf35, has recently attracted much atten
tion. It exhibits a significant difference in its amino acid sequence, with only 
53% identity to other Gf3 subunits, whereas the deduced amino acid sequenc~s 
of Gf31-4 display a high degree of homology, with at least 79% identity (WATSON 
et al. 1994). Consistent with the idea that the low level of homology may cor
respond to distinct functions of Gf35, a differential coupling pattern of Gf3, to 
receptors and effectors as compared with other Gf3 isoforms was fould 
(ZHANG et al. 1996; BAYEWITCH et al. 1998a, 1998b; LINDORFER et al. 199~). 
Furthermore, binding experiments with immobilized Gf3rdimers suggested a 
selective binding of Gf3sY2 to Gaqlll proteins but not to PT-sensitive GlXj(o or 
G~ isoforms (FLETCHER et al. 1998). In agreement with these reports. Gf3,
immunoreactive proteins predominantly co-eluted from an anion exchange 
column with Gaqlll rather than GlXj(o proteins subsequent to cholate extrac
tion from bovine-brain membranes (EXNER and NURNBERG, unpUblished). 
Notably, immunocytochemical studies using specific antisera in rat brain 
showed a differential distribution of Gf35 and Gaqllh arguing against an 
immediate physiological relevance of these findings (AHNERT-HILGERllld 
NURNBERG, unpublished). Consequently, as an unequivocal proof of func
tional subunit interaction, Gf35Y2 was studied for its ability to support ADP
ribosylation of GlXj. In fact, membranes from baculovirus-infected Sf9 cells 
containing recombinant GlXjl and Gf3sY2 or Gf31 Y2 showed a marked increase of 
GlXjl-ADP-ribosylation compared with membranes lacking either Gf3rdimer 
(MAIER et aI., 2000). Moreover, functionally active recombinant Gail Hi,f3S'f> 
have been isolated from Sf9 cell membranes by affinity chromatography, and 
Gf3sY2 dimers were specifically released from immobilized GlXjlHis following 
incubation with AlF4-, an activator of heterotrimeric G proteins. These n.nd
ings emphasize the aforementioned interaction of PT-sensitive Ga sub'mits 
with Gf3rcomplexes of different composition. Surprisingly, in contrast to other 
Gf3rdimers, purified preparations containing Gf35 lost their ability to support 
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PT-mediated ADP-ribosylation. Subsequent search for possible causes 
revealed that Gf35 exhibits a unique tendency to dissociate from Gy(FLETCHER 
et al. 1998; BABICH et al., in preparation). As a G/",free Gf35 monomer, it is 
soluble in the absence of detergents and unable to interact with G~/o proteins 
(BABICH et al., in preparation). The physiological relevance of this remarkable 
decreased affinity of Gf35 for Gy is currently unclear, though a recent report 
has shown the association of Gf35 with G-protein /"'subunit-like domains, which 
was found in various regulator of G-protein-signaling (RGS) proteins, e.g., 
RGS7 and RGSll (SNOW et al. 1998; LEVAY et al. 1999). 

C. Functional Consequences of PT Activity 

I. PT-Affecting Receptor-G-Protein-Effector Coupling 

The PT-catalyzed covalent modification of Ga has immediate consequences 
for the functional interaction of G proteins with receptors. To fulfill their roles 
as cellular switches, G proteins permanently cycle between activated and inac
tivated states (Fig. 2; GILMAN 1987, SPRANG 1997; HAMM 1998). Transition from 
the inactive to the active state is catalyzed by GPCRs and coincides with the 
release of GDP from Ga and the uptake of GTP. Mg2+ is very tightly associ
ated with GTP and Ga in this complex and is required for activation of the 
Ga subunit and for subsequent hydrolytic activity (HIGASHIJIMA et al. 1987). 
Upon G-protein activation, the Ga subunit changes its conformation, which 
decreases its affinity for Gf3y, allowing dissociation of the heterotrimer 
(RUNNELS and SCARLATE 1999). Both the activated Ga subunit and the Gf3y 
complex modulate effector proteins until hydrolysis of the Ga-bound GTP 
terminates signaling. The GTPase activity of the Ga subunit is regulated by 
some effectors and other specialized components called regulators of G
protein signaling, i.e., RGS proteins (BERMAN and GILMAN 1998; WIELAND and 
CHEN 1999). Following GTP hydrolysis, the inactive GDP-bound Ga subunit 
dissociates from the effector and reassociates with the Gf3ycomplex to form 
a Gaf3yheterotrimer. Therefore, it should be kept in mind that the active state 
of Ga governs the signaling kinetics of the Gf3ycomplex; in other words, Ga 
can be considered as a negative regulator of Gf3yfunction (HAMM 1998). 

Ligand-bound GPCRs stimulate activation of the G protein through inter
action with distinct cytoplasmatic segments, catalyzing the release of bound 
GDP followed by high-affinity binding of cytosolic GTP (JI et al. 1998). This 
interaction is blocked by PT. Since the modified cysteine is located four 
residues upstream from the C-terminus, PT-catalyzed ADP-ribosylation pre
vents interaction of the transmembrane receptor with the G protein, which is 
anchored to the cytoplasmic surface of the membrane. This results in func
tional uncoupling of the receptor and the G protein (GIERSCHIK and JAKOBS 
1993). By doing so, the receptor becomes unable to regulate effector pathways. 
These include an increasing number of second-mess enger-generating enzymes, 
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Fig. 2. Activation/inactivation cycle of G proteins. a, f3 And y represent the Ga. Gf3 
and Gy subunits of the G protein. Pertussis toxin (PT) functionally uncouples the G 
protein from the receptor, whereas cholera toxin (eT) abolishes the guanosine triphos
phatase (GTPase) activity of the G protein. Regulators of G protein signaling (RGS) 
and GTPase-activating proteins (GAPs) modulate the intrinsic GTPase activity of ::::Ja 

transporters and ion channels, including various adenylyl cyclases, phos
pholipases A and C-{3, phosphoinositide-3 kinases {3 and y, cyclic guanmine 
monophosphate phosphodiesterases and channels for calcium, potassiummd 
sodium. Vice versa, G proteins activated by GPCRs show a decreased sensi
tivity to PT. Therefore, quantification of 32P-ADP-labeling of G proteins fol
lowing incubation in the presence of PT and receptor agonists has been llsed 
as a read-out system with which to examine coupling of receptors to indi
vidual G proteins (OKAMOTO et a1. 1991; KORNER et a1. 1995). Agonist-bound 
GPCRs activate G proteins, thereby inducing dissociation of subunits, which 
leads to an impaired capability of PT to ADP-ribosylate the coupling Ga. 
Hence, PT is considered to be an important pharmacological tool with which 
to examine Gi/o-sensitive receptor-effector signal-transduction pathways (see 
below). Though it is well established that PT modification does not alter enzy
matic properties of the G protein, basal GTPase activity and GTP}S binding 
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is reduced in membranes of PT-treated cells (GIERSCHIK and JAKOBS 1993). 
These observations probably reflect the ability of an "empty" (i.e., agonist
free) receptor to exert a tonic stimulation of G-protein activity, a phenomen 
also prevented by treatment of receptors with inverse agonists (COSTA and 
HERZ 1989). 

PT-modified G proteins are still able to exchange GOP for GTP and to 
dissociate into activated Ga and Gf3y. Therefore, both regulatory subunits of 
the GTP]8-activated PT-modified G protein keep their ability to interact with 
effectors. Nevertheless, the time required to observe the maximal effect by 
GTP]8 can be markedly increased, probably due to steric hinderance of the 
AOP-ribose moiety at the C-terminus of Ga (JAKOBS et al. 1984; AHNERT
HILGER et al. 1998). Nonetheless, it is currently unclear whether these slowed 
kinetics are also inherent in effector modulation by Gf3ydimers released from 
a GTP-activated, PT-modified G protein. 

II. PT-Affecting Receptor-Independent Activation of G Proteins 

Peptides bearing cationic regions (like mastoparan, a tetradecapeptide iso
lated from the venom from wasps or hornets) function as GPCR surrogates 
that initiate G ilo signaling (NDRNBERG et al. 1999). With striking similarity to 
receptor-induced G-protein activation, mastoparan interacts with N- and C
terminal regions of Ga, thereby activating G proteins by stimulating the 
release of GOP from Ga without altering the rate of hydrolysis of bound GTP 
(HIGASHIJIMA et al. 1988, 1991; WEINGARTEN et al. 1990). In addition, it has been 
shown that mastoparan blocks the ability of Go to increase the affinity of mus
carinic agonists, suggesting that mastoparan and the receptor may compete for 
a common binding site on Go (HIGASHIJIMA et al. 1990). In accordance with 
the assumption of a close mechanistic parallel between the activation of G 
proteins by mastoparans and GPCR, mastoparan-induced G-protein activa
tion is also affected by PT (Fig. 3). The stimulatory effect of mastoparan cannot 
completely be blocked by PT, though mastoparan predominantly activates G ilo 

proteins and is less effective in stimulating Gb G, or Gq proteins (SUKUMAR 
et al. 1997). The partial PT insensitivity of mastoparan is most likely due to 
stimulation of nucleoside diphosphate kinases and monomeric GTPases in 
membranes (KOCH et al. 1991, 1992; KLINKER et aI.1994). Notably, both cationic 
amphiphilic a-helical peptides and various established drugs and experi
mental compounds directly activate PT-sensitive G proteins in a receptor
independent fashion (NDRNBERG et al. 1999). In contrast to receptors, these 
compounds do not require the presence of Gf3ycomplexes to exert their stim
ulatory activity. These systematically designed compounds exhibit a much 
more selective action, corresponding to the ability of PT to completely block 
their stimulatory action on G proteins (Fig. 3; LESCHKE et al. 1997; BREITWEG
LEHMANN et aI., unpublished). Therefore, PT has become an important tool 
with which to screen new chemical entities for a selective mode of action on 
G proteins (NDRNBERG et al. 1999). 
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Fig. 3. Activation of HL-60 membrane proteins by mastoparan (Mas) and compound 
21 (S21). Membranes of HL-60 cells incubated in the absence (filled symbols) or pre';
ence (open symbols) of pertussis toxin (PT) were treated with increasing concentra
tions of Mas or S21 [N-(2,S-diaminopentyl)dodecylamine]. Guanosine triphospha.e 
(GTP) hydrolysis was quantified by measuring the amount of )2p phosphate released 
from [y2p]GTP 

III. Use of PT in Studying Cellular Signal Transduction 

PT ADP-ribosylates target G proteins in most cultured mammalian cells reli
ably, i.e. , almost quantitatively (NURNBERG 1997). Nevertheless, it has to bc 
kept in mind that cells may respond differently to the toxin. ]n particular. 
platelets are able to resist the entry of PT. either because they lack surfclce 
binding sites for the toxin-B oligomer or because they are unable to intem
alize the bound toxin (BRASS et al. 1990; KOESUNG and NURNBERG 1997). PT
sensitive G proteins expressed in insect Sf9 cells (ovary cells from the insect 
Spodoptera frugiperda; Sf9 cells are employed as an overexpression system for 
G proteins and other signal-transduction components by infection with recom
binant baculoviruses) are also not modified by the toxin (MULHERON et al. 
1994). In addition, at present, it is not clear whether sperms from various mam
malian species are sensitive to PT. Therefore. it may be necessary to introduce 
the activated PT-A protomer directly into cells assumed to be resistant to PT. 
Anyway, proper function of PT in a cellular system has to be checked bei'ore 
drawing conclusions about PT's action on a cellular signaling system. 

Despite these experimental considerations, PT represents an excellent 
tool with which to study the pattern of coupling of cell-surface receptors to 
intracellular signal transduction systems. Whereas PT was first appreciated as 
a tool with which to evaluate the coupling of heptahelical (and presumably 
some non-heptahelical) receptors to G proteins, it was subsequently found 
to reveal coupling of GPCRs to PT-sensitive and -insensitive G pro.eins 
(NISHIMOTO 1991; OFFERMANNS and SCHULtZ 1994). 
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Interestingly, while the number of effector functions of Gf3y complexes 
have exceeded those elicited by PT-sensitive Ga subunits, almost every cellu
lar effect sensitive to PT has been speculated to be induced by Gf3ycomplexes 
(BIRNBAUMER 1992; CLAPHAM and NEER 1997). Nonetheless, it has to be kept 
in mind that a Gf3y-dimer-modulating cellular effector may be released from 
PT-sensitive or -insensitive G proteins. For example, whereas Gf3ycomplexes 
released from PT-sensitive Go proteins have been found to inhibit voltage
operated calcium channels in a membrane-delimited manner, Gf3y dimers 
from PT-insensitive G proteins were recently reported to induce stimulation 
of voltage-operated calcium channels via activation of phosphoiniositide-3 
kinases (HERLITZE et al. 1996; IKEDA 1996; VIARD et al 1999). 

By using PT as an efficient tool in cell biology, ample evidence strongly 
suggests that different receptor classes communicate with each other via 
downstream signaling elements, a phenomenon now commonly known as 
"cross-talk" (GUTKIND 1998). Finally, PT is still one of the most important tools 
with which to study the effects of intracellular and endomembrane G proteins 
(HELMS 1995; NURNBERG and AHNERT-HILGER 1996; LANG 1999). 
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Appendix: Experimental Protocols for Using PT 

I. Source of PT and Preparation of Solutions 

PT (List Biological Laboratories, Campbell, Calif., USA; container with 50 pg 
PT, 25 pmo1 NaCI, 5 pmol phosphate buffer, pH 7.0) is reconstituted in a solu
tion containing 2 M urea and 100mM K 2HP04/KH 2P04 buffer, pH 7.0 (final 
concentration of PT: 50-WOO pg/mi; stored at 4°C). 

II. Treatment of Mammalian Cell Cultures with PT 

For AOP-ribosylation of G proteins in cultured mammalian cells, the medium 
is usually supplemented with PT (usually 25-200ng/ml) overnight. 

III. Activation of PT for in Vitro ADP-Ribosylation 

For activation of holoenzyme, PT (5 pi, 1 mg/ml) is co-incubated with 5 pI 
IOmM adenosine triphosphate (ATP), 25 pI 40mM dithiothreitol (OTT), and 
15 pI water (37°C, 30 min). Thereafter, the mixture is diluted with 450 pi 
of a buffer made of 125 pI 1 % bovine serum albumin (BSA) in water 
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(weight/volume), SO.u1 O.SM DTT, 31.u1 40mM ethylene diamine tetraacetic 
acid (EDTA), 31.ul1 M tris(hydroxymethyl)aminomethane chloride (Tris-CI). 
pH 7.S, and l013.u1 water. 

IV. ADP-Ribosylation of Cell-Membrane Proteins by PT 

Cell membranes (stored in aliquots of 2S0 .ug/tube and SOO .ug/tube at -70°C) 
are thawed on ice and washed using a microcentrifuge (13 000 x g, 4°C, lOmin). 
The membrane pellet is resuspended in a buffer containing 2S mM Tris-CI, pH 
7.S, and 1 mM EDTA. The volume of the membrane suspension is adjusted to 
20.u1 (10-lOO.ug of protein) per sample. The reaction buffer consists of 1.S,L'I 
40mM of EDTA, 3.u1 100mM ATP, 0.6.u1 100mM GTP, 1.8.ul 10% poly
oxyethylene-lO lauryl ether, 6.u1 100mM thymidine, 0.6.ul DNAse (2mg/ml), 
S.ul 1M Tris-CI, pH7.S, and 0.3.u1 200.uM unlabelled NAD+. 32p_NAD+ IS 
added to give SOO,OOO-l,OOO,OOOcpm/tube (-0.2S-0.S.uCi). The buffer is 
diluted with water to give a final volume of 30.ulltube. ADP-ribosylations 
of the samples are conducted in glass tubes (-S ml) in case the reaction is 
followed by precipitations with organic solvents. Each tube contains 1O.ul 
pre-activated toxin (100ng PT/tube) and 20.u1 membrane suspension. TIle 
reaction is started by addition of 30.u1 of the 32P-NAD+-containing buffer, 
resulting in a total volume of 60.ulltube. ADP-ribosylation of the sample is 
usually conducted for 30min at 30°C or for 20 min at 37°C while the tubes are 
continuously shaken. 

V. ADP-Ribosylation of Isolated Proteins by PT 

For ADP-ribosylation of extracted proteins, the reaction buffer is slightly dif
ferent from the one used for membrane treatment. Volumes are given per 
assay tube: 0.7S.ul 40mM EDTA, l.S.ul 100mM ATP, 0.3.ul 100mM GTE 
0.9.ul 10% polyoxyethylene-10 lauryl ether, 0.7S.u1 1M Tris-Cl (pH7.S) clOd 
O.lS.u1 200.uM unlabelled NAD+. 32p_NAD+ is added to reach an activit) of 
1 000 000 cpm/tube. The buffer is diluted with water to give a final volume of 
10 .ulltube. Ten microliters of G-protein-containing sample is mixed with 1 a.ul 
pre-activated toxin and started by addition of another 1O.u1 reaction buffer 
(total volume 30.uI). The assay is conducted as outlined under IV. 

VI. Preparation of Samples for Sodium Dodecyl Sulfate 
Polyacrylamide-Gel Electrophoresis 

Samples SUbjected to analysis of labeled proteins by sodium dodecyl sulfate 
polyacrylamide-gel electrophoresis (SDS-PAGE) should be devoid of deter
gents, and non-incorporated radioactivity should be extracted before loading 
gels. Therefore, the reaction is terminated by supplementing the samples with 
1O.u1 1.S M N aCl (4°C) and 600.u1 ice-cold acetone followed by centrifugation 
at 3000 x g (30 min, 4°C). Following sedimentation, supernatants are carefully 
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and completely removed by aspiration. Pellets are carefully dissolved by 1 ml 
of ice-cold trichloroacetic acid [TCA, 20% (volume/volume)] during gentle 
shaking of the tube. Exposure of the sample to TCA should be short. There
fore, centrifugation (20-25 min, 3000 x g, 4°C) and aspiration of the super
natant is completed in a limited time in order to avoid degradation of proteins. 
Afterwards, TCA and lipids are removed by adding 1 ml of ice-cold chloro
form/methanol (1/1 volume/volume) to the pellet. Alternatively, diethyl ether 
may be used equally well but has the disadvantage that it is explosive. After 
centrifugation and careful aspiration as before, the samples are completely 
dried. Pellets are dissolved in sample buffer (25-75.u1, room temperature), 
thoroughly vortexed and subjected to SDS-PAGE. Samples should not be 
boiled before loading onto gels, because G proteins sometimes tend to aggre
gate under these conditions and will not enter separating gels. 

VII. Cleavage of ADP-Ribose from Ga Subunits 

Solutions containing the biological material, e.g., cell membranes or crude or 
purified proteins supplemented with 1 mg/ml BSA, should be buffered at a pH 
of 7.5. Samples are kept in glass tubes and treated simultaneously with 1 mM 
HgCIz or water (60 min, 37°C). The reaction is followed by precipitations with 
acetone/NaCl, TCA and chloroform/methanol. Analysis is usually done by 
SDS-PAGE. 
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CHAPTER 10 

Clostridium Botulinum C3 Exoenzyme and 
C3-Like Transferases 

K. AKTORIES, H. BARTH, and I. JUST 

A. Introduction 

Clostridium botulinum adenosine diphosphate (ADP)-ribosyltransferase 
C3 was the first bacterial exoenzyme/toxin found to act on small guanos
ine triphosphate (GTP)ases of the Rho GTPase family. Subsequently, it has 
been realised that C3 is the prototype of a family of related ADP
ribosyltransferases (C3-like transferases) produced by a diverse group of bac
teria, such as C. botulinum, C. limosum, Bacillus cereus and Staphylococcus 
aureus. Whereas the role of all these agents as virulence factors is still unclear, 
their importance as pharmacological tools is beyond question. Because C3-
like exoenzymes specifically inactive Rho proteins, they are essential for the 
elucidation of the cellular functions of Rho GTPases. Here, we will review our 
current knowledge about C. botulinum C3 transferase and other C3-like trans
ferases and will describe their origins, structures and functions. Moreover, 
another topic of this chapter will be the application of C3 as a pharmacolog
ical and cell-biological tool. Other bacterial agents targeting Rho GTPases are 
the large clostridial cytotoxins and the group of deamidating toxins from 
Escherichia coli and Bordetella species, which are discussed in detail in other 
chapters of this volume. 

B. Origin and Purification of C3 Exoenzyme 

I. Origin of C3 Exoenzyme 

C3 was serendipitously discovered by screening for higher-producing strains 
of the actin ADP-ribosylating C. botulinum C2 toxin (AKTORIES et al. 1987). 
The exoenzyme is produced by various strains of C. botulinum types C and D, 
but not by other types (FUJII et al. 1988; N EMOTO et al. 1991; POPOFF et al. 1991; 
HAUSER et al. 1993; MORIISHI et al. 1993). Thus, C3-producing C. botulinum 
strains also synthesise botulinum neurotoxins (C1 and D) and the actin
ADP-ribosylating C2 toxin. Initially, co-expression of C3 together with botu
linum neurotoxins caused some confusion, because it was suggested that the 
neurotoxins possess C3 activity. However, further purification of the toxins and 
precise immunological, biochemical and cell biological analyses revealed that 
C3 exoenzyme was a contaminant in many neurotoxin-C1 and -D prepara-
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tions (AKTORIES and FREVERT 1987; ADAM-VIZ! et al. 1988; AKTORIES et al. 
1988b; MORII et a1. 1990). Subsequent cloning and sequencing of the gene of 
C3 exoenzyme (see below) definitively proved that neurotoxins and C3 are 
separate, unrelated proteins. Later, this view was further verified by the finding 
that C. limosum produces a C3-like enzyme in the absence of any neurotoxin. 
Moreover, C3-like transferases were identified in the culture supernatants of 
S. aureus and B. cereus. 

II. Purification of C3 Exoenzyme 

All C3-like tranferases are 23-kDa to 28-kDa proteins with high contents 
of basic amino acids (pI = 9~1O). Therefore, C3-like enzymes can be effec
tively purified by taking advantage of their basic isoelectric points. Originally. 
C3 was purified from a 48-h culture supernatant of the C. botulinum type
C strain Stockholm by ammonium sulfate (70%) precipitation, desalting 
on a Sephadex G-25 column and subsequent diethylaminoethyl Sephadex A-
50 anion-exchange chromatography. The basic C3 recovered in the f1ow
through is finally purified to apparent homogeneity hy gel filtration on 
Superdex 75 (AKTORIES et al. I 988b ). A similar purification procedure is used 
for C3 from C. limosum (JUST et al. 1992). NEMOTO et al. (1991) purified C3 by 
using ammonium-sulfate precipitation, CM-Sephadex chromatography, gel fil
tration on a G-75 column and chromatography on Mono S HR column. For 
purification of C3, MORIISHI et a1. (1991) used ammonium-sulfate preci
pitation, gel filtration on Sephadex G-lOO and hydroxylapatite column 
chromatography. The C3-like transferase from S. aureus was purified from the 
concentrated culture filtrate by cation exchange (SP-Toyopearl 650), hydrox
ylapatite chromatography (TSK HA-lOOO) and subsequent reverse-phase 
high-performance liquid chromatography using a column of VIDAC RP-C4 
(SUGAI et al. 1990). 

Today, C3 exoenzymes are mainly produced as recombinant proteins 
lacking the signal sequence. NARUMIYA et al. use a modified enzyme that has 
Met~Ala attached to Serl of the mature enzyme; the modified gene is cloned 
into pET3a vector and is expressed under the control of the hacteriophage T7 
promoter. Purification is performed from the E. coli lysate hy CM-Sepharose 
and subsequent gel filtration (TSK-gel 3000SW; SAITO and NARUMIYA 1997). 
Quite often, C3 is expressed as a glutathione S-transferase (GST) fusion 
protein and purified by affinity chromatography with glutathionc~agarose 
beads. Subsequently, C3 is released from the agarose-bound fusion protein by 
thrombin cleavage (NOBES and HALL 1997). Both purification methods result 
in I ~3 mg of recombinant C3 from I I of culture. C3 from C. hotulinum and C. 
limosum are very stable proteins and are active for months when stored at 
4°C. C3 from C. botulinum type-C strain Stockholm is resistant towards short
term heating (I min, 95°C) and somewhat resistant towards trypsin treatment 
(AKTORIFS et al. 1987). 
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C. Genetics of C3 Exoenzyme 
First, Popoff and coworkers showed that the C3 exoenzyme gene is located on 
a bacteriophage in C. botulinum types C (strain 468) and D (strain 1873; 
POPOFF et al. 1990). These phages also encode for the respective botulinum 
neurotoxins C and D, which are 54 % identical to each other at the amino acid 
level. By contrast, the C3 gene encoded by these phages is 100% identical. The 
open reading frame of the C3 gene covers 759bp, and the deduced poly
peptide is composed of 251 amino acid residues and has a predicted mass of 
27,823Da (Fig. 1). The mature protein covers Ala41-Lys251 (here designated 
"C3P"; predicted molecular mass 23546Da). The 40 N-terminal amino acids 
of the premature protein correspond to a signal peptide and show the general 
features of secretory signal peptides, with positively charged amino acids at 
the extreme N-terminus, a central hydrophobic core, a polar C-terminal region 
and a proteolytic-cleavage site (Lys40-Ala41; POPOFF et al. 1991). It was 
assumed that the C3 gene is located on a mobile genetic element. However, 
the suggested mobile element did not display sequence similarity to known 
transposons or insertion sequences (HAUSER et al. 1993). Typically, for 
clostridia genes, the A + T content of the C3 gene is rather high (by about 
70%). Narumiya and coworkers cloned C3 by using total DNA from C. botu
linum type-C strain 003-9 (NEMOTO et al. 1991). Sequence analysis of the C3 
gene revealed an open reading frame of 732 bp encoding a protein of 244 
amino acids with a molecular mass of 27362 Da. Again, a putative signal 
sequence of 40 amino acid residues preceded the mature protein of 204 
residues (here designated C3N), which had a predicted molecular mass of 
23119Da. Moriishi and coworkers cloned and sequenced several C3-like 

C3N 1 SYADTFTEFTNVEEA KKWGNAQYKKYGLSK PEQEAIKFYTRDASK INGPLRANQGNENGL 60 
Clim 1 PYADSFKEFTNIDEA RAWGDKQFAKYKLSS SEKNALTIYTRNAAR INGPLRANQGNTNGL 60 
C3P 1 AYSNTYQEFTNIDQA KAWGNAQYKKYGLSK SEKEAIVSYTKSASE INGKLRQNKGVINGF 60 
EDIN 1 --AD-VKNFTDLDEA TKWGNKLIKQAKYSS DDKIALYEYTKDSSK INGPLRLAGGDINKL 57 

C3N 61 PADILQKVKLIDQSF SKMKMPQNIILFRGD DPAYLG--PEFQDKI LNK-----DGTINKT 113 
C1im 61 PADIRKEVEQIDKSF TKMQTPENIILFRGD DPGYLG--PDFENTI LNR-----DGTINKA 113 
C3P 61 PSNLIKQVELLDKSF NKMKTPENIMLFRGD DPAYLG--TEFQNTL LNS-----NGTINKT 113 
EDIN 58 DSTTQDKVRRLDSSI SKSTTPESVYVYRLL NLDYLTSIVGFTNED LYKLQQTNNGQYDEN 117 

C3N 114 VFEQVKAKFLKKDRT EYGYISTSLMS-AQF GGRPIVTKFKVTNGS KGGYIDP--ISYFPG 170 
Clim 114 VFEQVKLRFKGKDRK EYGYISTSLVNGSAF AGRPIITKFKVLDGS KAGYIEP--ISTFKG 171 
C3P 114 AFEKAKAKFLNKDRL EYGYISTSLMNVSQF AGRPIITKFKVAKGS KAGYIDP--ISAFAG 171 
EDIN 118 LVRKLNNVMNSRIYR EDGYSSTQLVSGAAV GGRPIELRLELPKGT KAAYLNSKDLTAYYG 177 

C3N 171 QLEVLLPRNNSYYIS DMQISPNNRQIMITA MIFK-----
C1im 172 QLEVLLPRSSTYTIS DMQIAPNNKQIIITA LLKR-----
C3P 172 QLEMLLPRHSTYHID DMRLSSDGKQIIITA TMMGTAINPK 
ED IN 178 QQEVLLPRGTEYAVG SVELSNDKKKIIITA IVFKK-----

204 
205 
211 
212 

Fig.I. Alignment of the amino acid sequences of C3-like exoenzymes. C3N, C3 exoen
zyme from Clostridium botulinum type C from strain C-003-9 [accession number (Ace. 
no.) Q00901j; C3P, C3 exoenzyme from C. botulinum type C strain C468 (Ace. no. 
X59039); C3lim, C3 exoenzyme from C. limosum (Ace. no. Q46143); EDlN, C3-like 
exoenzyme from Staphylococcus au reus (Ace. no. P24121) 
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transferases from C. botulinum type D and also identified two major isoforms 
of C3 largely resembling C3P and C3N (MORIISHI et al. 1993). 

The gene for a C3-like ADP-ribosyltransferase was cloned from C. 
limosum total DNA. It contained an open reading frame of 750 bp encoding 
for a protein of 250 amino acid residues with a molecular mass of 27 R40 Da. 
The encoded protein consists of a signal sequence of 45 amino acid residues, 
and the mature protein starts after Lys45 with Pro46. The nucleotide sequence 
of C. limosum transferase was identical to the sequences of C3 ADP-ribosyl
transferases reported by POPOFF et al. (1990) and N EMOTO et a!. (1991) by about 
7I % and 70%, respectively. At the amino acid level, C. limosum transferase 
was identical to the C3 isoforms from C. botulinum by about 60% and 65%, 
respectively. 

However, C3-like transferases are not only restricted to clostridia. INOUE 
et al. (1991) reported on the cloning and sequencing of a C3-like transferase 
from S. aureus, which was designated as EDIN (epidermal cell differentiation 
inhibitor). DNA sequencing revealed a 247 amino acid precursor protein 
including a 35 amino acid N-terminal signal sequence. The mature ED IN 
protein is composed of 212 amino acid residues with a calculated mass of 
23782 Da and shares about 35% identity with C3 exoenzymes from C. botll

linum. Another C3-like transferase has been identified in B. cercus (JUST et a!. 
1995a). This enzyme has not been cloned. Amino acid sequences available 
from direct protein microsequencing indicate that this enzyme is more dis
tantly related to C. botulinum C3 transferase. 

D. Structure-Function Analysis of C3 Exoenzyme 
All C3-like exoenzymes are mono-ADP-ribosyltransferases like other well
known bacterial toxins, such as cholera toxin, pertussis toxin and diphtheria 
toxin (DT; Domenighini and Rappuoli 1996; see respective chapters for 
details). These agents were originally called A-B toxins, because they consist 
of an active enzyme component (A) and a binding component (B). More 
recent structure analysis of bacterial protein toxins, which is based on the 
crystal structures of the proteins, revealed a tripartite structure of most toxins. 
The toxins had three distinct domains: one for membrane receptor binding, a 
second for toxin translocation into the cytosol and a third, catalytically active 
domain for covalent modification of the target protein (COLLIER 1995; HOL 
et al. 1995). C3 exoenzymes, however, differ from these toxins, because they 
consist of the catalytic domain only. 

During recent years, major progress was made in the structure-function 
analysis of mono-ADP-ribosyltransferases (Chap. 2), which was mainly based 
on the availability of crystal structures of various ADP-ribosylating toxins 
(SIXMA et al. 1991; CHOE et al. 1992; STEIN et al. 1994; WEISS et al. 1995: BELL 
and EISENBERG 1996). These studies revealed that the overall structures of bac
terial ADP-ribosyltransferases are very similar (DOMENIGHINI et a!. 1995). 
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Moreover, bacterial ADP-ribosylating toxins share significant structural 
homology with eukaryotic transferases. However, this homology is almost 
entirely reflected in the three-dimensional structure of the ADP-ribosyl
transferases, the few essential amino acid residues conserved most likely 
involved in nicotinamide adenine dinucleotide (NAD) binding and catalysis. 
At least three regions can be identified in most ADP-ribosyltransferases 
(Fig. 2). Region 1 contains an arginine residue (histidine in DT) and is sug
gested to be involved in NAD binding. About 50-80 residues downstream is 
located an STS motif (serine-threonine-serine) and (again, about 50-
80 amino acid residues downstream) a so-called catalytic glutamic acid 
residue, which is strictly conserved in all ADP-ribosyltransferases known 
(Chap. 2). These regions are also highly conserved in C3-like exoenzymes. The 
arginine residue of region 1 most likely resembles Arg88 in C3 from C. botu
linumllimosum. The STS motif is located at position 134 in C3. Finally, in C3P 
from C. botulinum (Glu173 in C3N) and in C3 from C. limosum, Glul74 cor-

C3 P 84 IMLFRGDDP 129 EYGYISTSLMNV 168 AFAGQLEMLLP 

C3 N 84 IILFRGDDP 129 EYGYISTSLMSA 167 YFPGQLEVLLP 

C3 Lim. 84 IILFRGDDP 129 EYGYISTSLVNG 168 TFKGQLEVLLP 

EDIN 81 VYVYRLLNL 133 EDGYSSTQLVSG 174 AYYGQQEVLLP 

PT 5 ATVYRYDSR 47 NSAFVSTSSSRR 123 LATYQSEYLAH 

CT 3 DKLYRADSR 56 DDGYVSTSISLR 106 PHPDEQEVSAL 

C2 295 LIAYRRVDG 342 NLSFSSTSLKST 383 GFQDEQEILLN 

Iota 291 L1VYRRVDG 333 YPNFISTSIGSV 374 GYAGEYEVLLN 

ExoS 351 GFTYLSTSLNPG 388 NYKNEKEILYN 

RT6.1 H2 HSVYRGTKT 162 FGQFTSSSLSKT 203 FYPDQJ::EVLIP 

Fig. 2. Alignment of conserved regions of adenosine diphosphate (ADP)
ribosyltransferases. The arginine residue from the first region might be involved in 
nicotinamide adenine diphosphate (NAD) binding and in stabilisation of the integrity 
of the active site (BELL and EISENBERG 1996). The STS motif from the second region 
is suggested to be involved in NAD binding (nicotinamide mononucleotide portion). 
The third region contains the conserved catalytic glutamic acid residue. In some trans
ferases. the preceding glutamic acid residue (in C2 toxin) is essential for transferase 
but not for glucohydrolase activity. C3P, C3 exoenzyme from Clostridium botlilinum 
type C strain C46R [accession number (Ace. no.) X59039]; C3N, C3 exoenzyme from 
C. botulinum type C from strain C-003-9 (Ace. no. 000901); C3lim, C3 exoenzyme from 
C. limosllfn (Ace. no. 046143); EDIN, C3-like exoenzyme from Staphylococcus aureus 
(Ace. no. P24121); PT. pertussis toxin. enzymatic subunit Sl (Ace. no. M13223); CT, 
cholera toxin, enzymatic subunit A (Ace. no. P01555); C2, C. botulinum C2 toxin enzy
matic component C2! (Ace. no. AJ224480); IOTA, C. per/ringens iota toxin, enzymatic 
component A (Ace. no. X73562); ExoS, Pseudomonas exoenzyme S (Ace. no. L27629); 
RT6./, mammalian mono-ADP-ribosyltransferase in rat (Ace. no. X252(82) 



212 K. AKTORIES et aI. 

responds to the catalytic glutamic residue. The essential role of Glu 174 
for enzyme activity was verified by mutagenesis of C3 from C. limosllm 
(GESELLCHEN et aI., unpublished); an essential role was also verified for 
Glu173 in C3N (SAITO et a1. 1995). Similarly, as observed with the catalytic glu
tamic acid residues of Pseudomonas exotoxin A (CARROLL and COLLIER 1987), 
DT (CARROLL et a1. 1985) and pertussis toxin (BARBIERI et al. 1989), Giu 174 of 
C3 from C. limosum was labelled by ultraviolet irradiation in the presence of 
[carbonyl-14C]NAD (JUNG et a1. 1993). Moreover, the equivalent amino acid 
residue was radiolabelled with [carbonyl-14C]NAD in the C3-like transferase 
from B. cereus (JUST et al. 1995a). Thus, all data available suggest that 
ADP-ribosylation catalysed by C3 follows the same reaction mechanism as 
shown for other bacterial ADP-ribosylating toxins. However, C3-like trans
ferases are unique in their acceptor amino acid residue of the protein target; 
they modify asparagine residues (see below). 

E. ADP-RibosyItransferase Activity 

I. Basic Properties 

Studies from recent years indicate that C3 and all C3-related exoenzymes 
catalyse the same mono-ADP-ribosylation of Rho proteins. Accordingly, 
phosphodiesterase treatment of Rho ADP-ribosylated by C3 releases 5'
adenosine monophosphate (AMP) and not phosphoribosyl AMP, a cleavage 
product of poly(ADP-ribose; AKTORIES et al. 1988b; RUBIN et al. 1988). The 
reaction is specific for NAD and is not observed with ADP-ribose, which 
serves as a co-substrate for non-enzymatic ADP-ribosylation. ADP
ribosylation is not abolished by thymidine, which is an inhibitor of 
poly(ADP-ribose) polymerase, nor is it blocked by isonicotinic-acid 
hydrazide, an inhibitor of NAD glycohydrolases (RUBIN et al. 1988). The Kll 
value for NAD was calculated to be approximately 0.4 pM (JUST et al. 1992). 
However, for unknown reasons, the Km of the recombinant C. Iimoslim C3 was 
about 100 times higher with recombinant Rho than with native Rho (BOHMER 
et al. 1996). The specific activity was determined to be 6.4nmol/min/mg (JUST 
et al. 1992). As for other ADP-ribosyltransferases, C3 possesses NAD
glycohydrolase activity (AKTORIES et al. 1988b). However, this activity is very 
low. The pH optima for AD P-ribosylation and the reverse reaction (de
ADP-ribosylation in the presence of nicotinamide and the absence of NAD) 
are 7.5 and 5.5, respectively (HABERMANN et al. 1991). 

II. Regulation by Detergents, Nucleotides and Divalent Cations 

ADP-ribosylation of Rho proteins is affected by various lipids and detergents 
(WILLIAMSON et al. 1990; BOURMEYSTER et al. 1992; JUST et al. 1992, 1993). 
Whereas sodium dodecyl sulfate (SDS; 0.01 %), sodium cholate (0.2%), 
dimyristoylphosphatidylcholine (3 mM) and desoxycholate (0.1 %) increase 
C3 ADP-ribosylation (WILLIAMSON et al. 1990; JUST et al. 1993), SDS 
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(>0.03 %), 3-[ (3-cholamidopropyl) dimethylammonio ]-l-propane-sulfonate, 
Lubrol-PX and various phospholipids decrease ADP-ribosylation (JUST et al. 
1993). Also, amphiphatic agents like mastoparan, mellitin and compound 48/80 
inhibit ADP-ribosylation of Rho by C3 (KOCH et al. 1992). The effects of 
detergents on C3-catalysed ADP-ribosylation depend on the specific Rho 
preparation. Stimulation of Rho labelling was observed with human platelet 
cytosol, recombinant RhoA and RhoA purified from bovine brain cytosol 
(WILLIAMSON et al. 1990; JUST et al. 1992,1993). By contrast, human platelet
membrane Rho, recombinant RhoB, and RhoB purified from bovine brain 
cytosol were not affected (WILLIAMSON et al. 1990; JUST et al. 1992, 1993). Most 
likely, the effect of SDS on ADP-ribosylation occurs on Rho, because the 
detergent has no stimulatory effect on the NAD-glycohydrolase activity of C3. 
Two mechanisms are conceivable: first, the detergents or certain phospholipids 
(phosphatidylinositol phosphates) split Rho-protein complexes [Rho
guanosine diphosphate (GDP)-dissociation inhibitor (GDI) complex], which 
are poor substrates for ADP-ribosylation (BOURMEYSTER et al. 1992; KIKUCHI 
et al. 1992). Second, the detergents (SDS at low concentration) may provide 
a more lipophilic environment for the GTPase thereby favouring the 
ADP-ribosylation. In this respect, it is noteworthy that, in the presence of SDS 
(0.01 %), the ability of Rac to serve as a substrate for C3 (from C. botulinum 
but not from C. limosum) is increased (up to 10% of ADP-ribosylated Rac is 
detected; JUST et al. 1992). 

ADP-ribosylation of Rho proteins by C3 is regulated by magnesium ions 
and guanine nucleotides. C3-catalysed ADP-ribosylation of cytosolic Rho 
proteins is enhanced by magnesium, calcium, barium and manganese 
ions; cadmium and lanthanum (each SmM) reduce it (NARUMIYA et al. 1988). 
Magnesium exhibits a biphasic curve, with a stimulatory effect up to 10mM, 
whereas higher concentrations inhibit ADP-ribosylation. The influence of 
guanine nucleotides on C3-induced ADP-ribosylation depends on the assay 
conditions and Rho preparation used. In the absence of magnesium ions or in 
the presence of chelators (ethylene diamine tetra acetic acid), guanine 
nucleotides have stimulatory effects. In the absence of the divalent cation, the 
nucleotide is released and the protein is likely to be degraded (HABERMANN 
et al. 1991). In the presence of magnesium, ADP-ribosylation of membrane
bound Rho or recombinant RhoA is lower with GTP or GTP]8 than with 
GDP (HABERMANN et al. 1991). However, cytosolic Rho is a better substrate 
for C3 with GTP or GTP]8 than with GDP (WILLIAMSON et al. 1990). Most 
likely, GTP and GTP]8 favour the dissociation of the Rho-GDI complex, 
thereby increasing the ADP-ribosylation of Rho. 

III. Rho Proteins as Substrates for C3 

The Rho subfamily of GTPases is comprised of more than ten members, which 
can be listed in three groups. The first group is composed of Rhos, including 
RhoA, RhoB, RhoC, RhoD, RhoE and TTF. The second group includes four 
Rac proteins (Rac 1-3 and RhoG), and the third group consists of Cdc42, 
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G25K and TClO. C3 ADP-ribosylates RhoA, Band C (AKTORIES et al. 19K9: 
BRAUN et al. 1989; CHARDIN et al. 1989; Fig. 3). The modification of Rho occurs 
at Asn41 (SEKINE et al. 1989; Fig. 4). Although most other members of the Rho 
GTPase family contain an equivalent asparagine residue, they are poor in vitro 
substrates (Rae, see above) or are not at all modified (RhoE; NOBES et al. 
1998). No evidence exists that Rho GTPases (other than RhoA. Band C) arc 
modified by C3 in intact cells. ADP-ribosylation of asparagine is unique to 
C3-like transferases. Other A DP-ribosylating toxins modify arginine residues 
(cholera toxin, E.coli heat-labile toxins, c. hotulinum C2 toxin, Pseudomonas 
exoenzyme S), cysteine residues (pertussis toxin) or C\iphthamide, a post-
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Fig. 3. Alignments of Rho guanosine triphosphate (GTP)ases. Numbering correspcnds 
to RhoA. Asparagine-41 of RhoA and the respective asparagine residues of o.her 
Rho GTPases are in bold letters. Swissprot accession numbers: RhoA_Hs (P06i49). 
RhoCHs (P08134), RhoB_Hs (POl L21). Racl_Hs (P15154 ). Rac2_Hs (PI5]53). 
RhoG_Hs (P35238), Cdc42_Mm (P25763). G25K_Hs (P21181), RhoD_ Mm 
(P97348), RhoE_Hs (P52199) 
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Fig. 3. Continued 

translationally modified histidine residue (DT, Pseudomonas exotoxin A). 
Whereas the arginine~ADP~ribose linkage is cleaved by hydroxylamine 
(O.SM, 2h), and HgCb (1 mM, 30min) splits the pertussis-toxin-formed bond 
of ADP~ribose with cysteine, the asparagine~ADP-ribose linkage is stable 
towards both treatments (AKTORIES et al. 1988a). 

Although C3 ADP-ribosylates exclusively Rho A, the transferase appears 
to interact with Ral, a GTPase belonging to the Ras subfamily. Addition of 
Ral to cell lysate blocks the ADP-ribosylation of Rho by C3 (Rex, Just and 
Aktories, unpublished observation). Similarly, C3 inhibits the glucosylation of 
Ral by C. sordellii lethal toxin. Moreover, a direct interaction of Ral with C3 
was verified by precipitation of the transferase by GST -Ral Sepharose beads. 
The relevance of this interaction is not clear. 

IV. Functional Consequences of the ADP-Ribosylation of Rho 

Asn41 is located on the extended fJ-strand B2 and near the so-called switch-
1 region (residues 28-38) of the GTPase. The switch-l region and its C
terminal flanking regions undergo major conformational changes, depending 
on the nucleotide bound, thereby playing a key role as a molecular switch in 
signal transduction. The side chain of Asn41 forms a hydrogen bond (3.1 A) 
to the main-chain carbonyl group of Glu40 (IHARA et al. 1998). This allows 
Asn41 to interact with the indole ring of TrpS8 of strand B3. Since the indole 
ring functions as a strong electron donor, this interaction enhances the nucle
ophilicity of the side-chain nitrogen of Asn41 (IHARA et al. 1998). Because 



216 K. AKTORIES ct al. 

Fig. 4. Crystal structure of Rho. Asparagine 41 is adenosine diphosphate-ribosylated 
by C3-like transferases. Threonine 37 is glucosylated by large clostridial cytotoxins. 
Glutamine-63 is deamidated by cytotoxic necrotising factors CNFI and CNF2 from 
Escherichia coli and by the dermonecrotic toxin from Bordetella (crystal-structure data 
are from WEI et al. 1997) 

mono-AOP- ribosylation reactions are suggested to occur by a nucleophilic 
attack (by the protein substrate) on an oxocarbonium-like transition state of 
the ribose moiety of the AOP-ribose, increase in nucleophilicity will favoUl 
the AOP-ribosylation of Asn4l (Locht and Antoine 1997). 

The side chains of Asn41 are oriented away from the effector loop (IHAIV, 
et aI.1998). Accordingly, it was reported that AOP-ribosylation has only minor 
effects on the nucleotide binding and GTPase activity of Rho. ADP
ribosylation of Rho slightly increased the release of GOP (control Rho?: 
O.047/min; AOP-ribosylated: kGDP = O.056/min) and decreased the release of 
GTPts (control RhoA: k GTPrS = O.013/min; AOP-ribosylated RhoA: kG1P = 
O.007/min; SEHR et al. 1998). The intrinsic GTPase activity was increased fro ,11 
O.027/min (control) to O.060/min (AOP-ribosylated RhoA). Stimulation :Jf 
GTPase activity by Rho-GTPase-activating protein (GAP) was eight- and 
fivefold with control and ADP- ribosylated Rho, respectively. Surprisingly, 
AOP-ribosylated Rho is still able to interact with its effectors (protein kinclse 
N; SEHR et al. 1998). Thus, the blockade of the Rho/effector interaction is flOt 

the molecular mechanism underlying the biological inactivation of Rho by 
AOP-ribosylation. In contrast, it has been reported that ADP- ribosylatior of 
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Fig. 5. Rho proteins act as molecular switches. Rho proteins are regulated by a 
guanosine triphosphate (GTP)ase cycle. The GTPases are inactive with guanosine 
diphosphate (GDP) bound. Nucleotide exchange of GDP with GTP, induced by 
guanine-nucleotide-exchange-factor proteins, activates Rho. Guanine-nucleotide
dissociation inhibitors block the exchange. In the GTP-bound form, Rho proteins (Rho, 
Rac, and Cdc42) interact with a large array of effectors to elicit the cellular effects as 
indicated. The active state of Rho GTPases is terminated by hydrolysis of GTP. This 
hydrolysis is stimulated by GTPase-activating proteins. C3 ADP- ribosylates Rho 
(RhoA, Band C, but not Rac or Cdc42) at asparagine 41. ADP-ribosylated Rho is bio
logically inactive. The precise mechanism of the inactivation is not clear (see text for 
details) . Effectors are still able to bind to ADP- ribosylated Rho 

Rho increases its affinity for its effector. ADP-ribosylated Rho-GST beads 
showed an approximately eightfold-higher binding to phosphatidylinositol-4-
phosphate-5 (PIP5) kinase than that shown by control Rho. Accordingly, a 
higher salt concentration (lOOOmM NaCI versus 250mM) was necessary to 
release the PIP5 kinase from ADP-ribosylated Rho, indicating a higher affin
ity of the modified Rho for the kinase (REN et al. 1996). These authors 
suggested that C3 has a dominant negative effect by sequestering the effector 
without activating it. Consistent with this hypothesis are findings that microin
jection of ADP-ribosylated Rho into Swiss 3T3 cells induces the typical C3 
effects in a dominant manner (PATERSON et al. 1990; RIDLEY and HALL 1992). 
Moreover, co-injection of C3 with the C3-resistant mutant N41L RhoA was 
not able to prevent the typical C3 phenotype (PATERSON et al. 1990). However, 
several results are not compatible with a dominant inhibitory effect of 
ADP-ribosylated Rho (Fig. 5) . 
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Co-expression of C3 and C3-resistant N41I RhoA in NIH 3T3 cells 
restored the RhoA-dependent pathway to activate transcription. This pathway 
was blocked by expression of C3 alone (HILL et al. 1(95). Thus, endogenous 
Rho ADP-ribosylated by C3 does not appear to be dominant negative under 
these conditions. In line with the latter findings are recent studies in Hela cells. 
Narumiya and coworkers inactivated endogenous Rho by transfection of the 
C3 gene and then studied the activity of Rho chimeras by microinjection 
(FUJISAWA et al. 19(8). Again, C3-induced ADP-ribosylation of endogenous 
Rho apparently did not cause dominant negative effects. At present. the reason 
for these discrepancies are not clear but may depend on the cell type studied. 
What are alternative mechanisms by which ADP-ribosylation renders Rho 
inactive? Preliminary results from our laboratory indicate that the ADP-ribo
sylation largely reduces the activation of Rho by exchange factors (SEHR et. 
aI., unpublished) and prevents the membrane translocation of Rho usually 
observed during the activation of Rho (GENTH et aI., unpublished). Both 
effects may have major impacts on the inhibition of the biological activity of 
Rho by ADP-ribosylation. 

Although ADP-ribosylation does not appear to inhibit the interaction of 
the GTPase with certain effectors, the modification at Asn41 prevents subse
quent glucosylation of Rho by large clostridial toxins, which occurs at Thr37. 
Vice versa, glucosylation of Rho by these toxins at Thr37 inhibits subsequent 
ADP-ribosylation at Asn41 by C3 (JUST et al. 1(94). 

F. Application of C3·Like Exoenzymes as Tools 
As mentioned above, C3 consists only of the catalytic domain but appears to 
possess no specific receptor-and-translocation domain. Therefore, the uptake 
of C3 into cells is generally poor. C3 is supposed to enter cells by non-specific 
pinocytosis. However, the precise mechanism, including translocation into tht: 
cytosol, is largely obscure. Because C3 is characterised by a rather poor cell 
accessibility, it has to be applied at high concentrations (WIEGERS et al. 1991: 
MORIl and NARUMIYA 1995; AMANO et al. 1996; VERSCHlJEREN et al. 1997'1. 
Usually, 5-50,ug/ml of the toxin is used in cell cultures, and the incubation time 
is often extended to up to 24-48h. Lipofectamine is used to facilitate the 
uptake (HIRAO et a1. 1996; RENSHAW et al. 19(6). In most studies, C3 has bee n 
introduced into cells by microinjection (PATERSON et al. 1990: RIDLEY and HALL 
1992,1994; CHONG et al. 1994; W AfANABE et al. ] 997: OLSON et al. 1(98). In fad. 
numerous studies have been reported in which microinjection of C3 was t le 
major tool used to alter Rho functions in intact cells. The disadvantage of this 
method is the small number of cells, which docs not allow biochemical study 
of the cells treated. Therefore, other approaches to introduce C3 into culture 
cells have been successfully employed, such as permeabilization of cells by 
digitonin (MACKAY et al. 1997), streptolysin 0 (FENSOME et al. 19(8), electrical 
discharge (electropermeabilization; STASIA et al. 1991: KOCH ct al. 19(4) or by 
scrape loading (BARRY et al. ] 997). Another approach is the transfcction of the 
C3 gene into eukaryotic cells. This is usually carried out by transient trans fec-
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tion (HILL et al. 1995; CARON and HALL 1998; FUJISAWA et al. 1998). An 
exciting approach is the stable transfection of C3 by using a thymus-specific 
expression vector based on the proximal promoter of p56kk (HENNING et al. 
1997). By this means, transgenic mice exhibiting ADP-ribosylation of Rho 
specifically in the thymus were generated. 

To circumvent the poor cell accessibility of C3, toxin chimeras consisting 
of the cell-binding and membrane-translocation domains of complete toxins 
and having C3 as the enzyme component have been constructed (Figs. 6, 7). 
For this purpose, C3 was fused to the binding-and-translocation subunit of DT. 
Interestingly, the fusion protein DC3B was most effective when 17 amino acid 
residues (which cover the disulfide bridge of the toxin) from the C-terminus 
of the A component of DT were included in the fusion construct (AULLO 
et al. 1993; NUSRAT et al. 1995; VOURET-CRAVIARI et al. 1998). With the chimeric 
toxin DC3B, 600pg/ml was sufficient to induce the redistribution of F-actin 
structures in Vero cells. Although the fusion toxin is efficiently transported into 
cells, the underlying translocation pathways and mechanisms may differ from 
that of native DT, because the fusion toxin was not able to trans locate into the 
cytosol upon acidification (AULLO et al. 1993). Recently, the C. botulinum C2 
toxin was used to construct a chimeric C3-fusion toxin. C2 toxin is binary in 
structure and consists of the actin-ADP-ribosylating enzyme component 
C21 and the binding-and-translocation component C2II (OHISHI et al. 1980; 
AKTORIES et al. 1986;AKTORIES and WEGNER 1989). Both components are sep
arate proteins which act together after receptor binding of C2II at the surface 
of the target cell (Chap. 18). The N-terminal part of the binary enzyme com
ponent (C2I), which interacts with the binding component C2II, was fused to 
full-length C3. The fusion toxin was efficiently taken up by Chinese-hamster
ovary and Hela cells, and the typical cytotoxic effects were observed at 200 
ng/ml C2IN-C3 and 200ng/ml C2II after 1-2h of incubation (Fig. 7). In the 
cytosol, Rho - but not actin (the actin ADP-ribosylation activity was deleted) 
- was ADP-ribosylated by the fusion toxin (BARTH et al. 1998). 

G. Cellular Effects of C3 Exoenzymes 
As stated above, C3-like transferases have a significant impact on the eluci
dation of functions of Rho GTPases. In the following paragraphs, examples of 
these studies, documenting the successful application of C3 as a pharmaco
logical and cell biological tool, are reviewed. Excellent, comprehensive reviews 
on the functions of Rho GTPases have been published recently (COLLARD 
1996; LIM et al. 1996; NARUMIYA 1996; SYMONS 1996). 

I. Effects of C3 on Cell Morphology and Actin Structure 

Depending on the cell type studied, treatment of intact cells with high con
centrations of C3 or microinjection of C3 into culture cells causes major 
changes of the actin cytoskeleton. It was first shown by treatment of Vero cells 
that C3 (5,ug/ml, for 12-24h) induces rounding up of cells, with concomitant 
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Fig.6A,B. Chimeric C3 fusion toxins. To facilitate the cellular uptake of C3 exoenzyme 
chimeric fusion toxins are constructed. A Fusion toxin DC3B on the bas is of diphtht
ria toxin. The C-terminus-Iocated binding component B of diphtheria toxin and 17 
amino acid residues of the A component, covering the disulfide bridge of diphth er;a 
toxin , are fused to C3 to form DC3B (AULLO et al. 1993). B Fusion toxin C21N-C3 en 
the basis of C2 toxin. Clostridium botulinum C2 toxin consists of the enzyme comp'J
nent C21 and the cell-binding component C2II. C3 was fused to the N-t erminal part :)f 
C21 , which interacts with C2II, to form C2IN-C3 (BARTH et al. 1998) 

destruction of stress fibres (CHARDIN et al. 1989). These results were cc n
firmed with various other cell types. Typically, the cells remain in contact '/ia 
small extensions. In contrast to C3, treatment of cells with the actin ADP
ribosylating C2 toxin , which completely blocks actin polymcrisation. causes 
complete rounding up, with loss of cell contacts (WIEGERS et al. 1991). Alter 
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Fig. 7. Effects of the fusion toxin C2IN-C3 on culture cells. Chinese-hamster ovary cells 
were treated without (A) or with (B) the chimeric toxin C2IN-C3 (200 ng/ml) and the 
binding component C21I (200 ng/ml) for 3 h. Thereafter, cells were fixed for microscopy 
and act in-staining by phalloidin- rhodamine (right panel) 

C3 treatment, cells are still viable, and change of the culture medium causes 
reversal ofrounding after 1-2days (CHARDIN et al. 1989; WIEG ERS et aI.1991). 
Actin staining by rhodamine-phalloidin reveals loss of stress fibres, and rho
damine-phalloidin-decorated F-actin is often concentrated into a few larger 
aggregates. Cortical actin is much more resistant towards C3 treatment. Most 
important for the understanding of the effects of C3 and for the elucidation 
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of the role of Rho proteins in the organisation of the actin cytoskeleton were 
microinjection studies (PATERSON et al. 1990; RIDLEY and HALL 1992; HALL 
1994). In these studies, rounding up and specific destruction of the actin 
cytoskeleton is observed earlier (10-15 min after microinjection) than after 
addition to the culture medium. By this means, it was demonstrated that C3-
induced inactivation of Rho prevents growth-factor-induced formation of 
stress fibres and focal adhesions (RIDLEY and HALL 1992; HALL 1994; MACKAY 
et al. 1997). Similarly, integrin-induced formation of stress fibres and focal 
adhesions is blocked by C3 in Swiss 3T3 cells (BARRY et a1. 1997). However, in 
fibroblasts, formation of lamellipodia and microspikes, which are under the 
control of Rac and Cdc42 GTPases, respectively, are not affected by C3, 
emphasising the specificity of Rho ADP-ribosylation (RIDLEY et a1. 1992; 
KOZMA et a1. 1995; NOBES and HALL 1995). However, one has to keep in mind 
that the effects of C3 depend on the cell type studied. For example in KB cells, 
a cell line derived from epidermoid carcinoma, or in Madin-Darby canine 
kidney (MDCK) cells, membrane ruffling induced by hepatocyte growth 
factors or phorbol esters depends on Rho and is prevented by microinjection 
of C3 (NISHIYAMA et a1. 1994). Although C3 induces rounding up in adherent 
cells like fibroblasts or Vero cells, in monocytes, C3 causes cell spreading 
(AEPFELBACHER et a1. 1996). Moreover, in the human myelomonocytic U937 
cell line, C3 enhances adhesion to fibronectin via aSf31-integrin receptors 
(AEPFELBACHER 1995). 

A surprising effect was observed with C3 in neuronal cells. Different 
groups showed that microinjection or addition of C3 to the culture medium 
causes inhibition of thrombin or lysophosphatidic acid (LPA)-induced neurite 
retraction and cell rounding in neuronal-like cells (JALINK et al. 1994; TIGYI 
et al. 1996a, 1996b; KATOH et a1. 1998). It was suggested that LPA cause~ 
receptor-mediated contraction of these cells via a pathway involving Rho 
kinase/ROKa and myosin phosphorylation (KATOH et al. 1998). These studie', 
with C3 were the starting point for the hypothesis that Rho-family GTPases 
playa role in neuritogenesis (MACKAY et a1. 1995). 

C3 was applied to study the role of Rho in various motile functions of 
cells. The exoenzyme C3 was shown to inhibit cell motility (STASIA et a1. 1991; 
TAKAISHI et a1. 1994; SANTOS et al. 1997), cell invasion (VERSCHUEREN et "I. 
1997) and cytokinesis (KISHI et a1. 1993; TAKAISHI et al. 1995; DRECHSEL et a1. 
1996). 

II. Effects of C3 on Cell-Cell Contacts 

Rho proteins participate in the regulation of cell-cell contacts and are 
important for the barrier functions of epithelial and endothelial cells. In 
keratinocytes, E-cadherin-dependent adhesions are formed when cells are 
transferred from a low- to a high-calcium medium. Microinjection of C3 prior 
to high-calcium incubation selectively removes cadherin complexes from jl.nc
tions. A similar effect is observed after microinjection of dominant negative 
N17Rac, indicating that Rho and Rac are necessary for establishment of cad-
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herin junctions. In contrast, desmosomes, which contain different members of 
the cadherin family (desmocollins) and interact with intermediate filaments 
but not with microfilaments, are not affected by C3 (BRAGA et a1. 1997). C3 
also has major effects on tight junctions. In the human intestinal cell line T84, 
treatment of cells with the C3 toxin chimera DC3B caused destruction of tight
junction function concomitantly with loss of the perijunctional actin ring, 
redistribution of the tight-junction protein ZOl and a decrease in trans
epithelial resistance, whereas E-cadherins were not affected in these cells 
(NUSRAT et a1. 1995). However, several laboratories showed that the increase 
in endothelial permeability induced by histamine and thrombin is inhibited by 
C3 (5.ug/ml, 24 h), indicating the involvement of Rho in this process, most 
likely by regulating the myosin light-chain phosphorylation and the contrac
tion of the actin-myosin system in a manner very similar to the effects of Rho 
described above for the contraction of neuronal cells (ESSLER et al. 1998; 
MAJUMDAR et al. 1998; VAN NIEUW AMERONGEN et al. 1998). 

III. Effects of C3 on Endocytosis and Phagocytosis 

C3 and Rho proteins were shown to affect endocytosis. In Xenopus oocytes, 
C3 induced the blocking of constitutive endocytosis of surface sodium pumps. 
Similarly, C3 or microinjected ADP-ribosylated RhoA inhibited phorbol
ester-induced increase in fluid-phase endocytosis in oocytes, indicating that 
RhoA is an essential component of a presumably clathrin-independent endo
cytotic pathway (SCHMALZING et al. 1995) and stimulates endocytosis. The 
effects of C3 were different in studies on clathrin-mediated endocytosis of 
transferrin and EGF receptors. In permeabilized A431 cells, C3 increased 
endocytosis (LAMAZE et a1. 1996). Accordingly, active Rho (also Rac) blocked 
this type of endocytosis. 

Recently, it was shown that C3 blocks the phagocytosis induced by acti
vation of the CR3 integrin receptor (Caron and Hall 1998), indicating the 
essential role of Rho in this process. In contrast, C3 showed no effect on Fc}'R
mediated phagocytosis in the same professional phagocytic cells, indicating 
two distinct mechanisms of phagocytosis: one blocked by C3 and one largely 
independent of the C3 substrate (Caron and Hall 1998). 

IV. Effects of C3 on Cell Signalling not Directly Involving 
the Actin Cytoskeleton 

1. Phospholipase D and PIPS Kinase 

During recent years, it has been realised that Rho proteins are not only 
involved in the control of the cell architecture and in the dynamic regulation 
of the actin cytoskeleton (including motility) but also in a large array of signal
transduction processes not directly involved in regulation of the microfilament 
system. It was shown that PIP5 kinase is an effector of Rho, and C3-induced 
ADP-ribosylation blocks the activation of the kinase by the GTPase (CHONG 
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et al. 1994). Although the substrate of PIPS kinase, phosphatidylinositol-4,S
bisphosphate, plays an important role as a substrate in signalling via phos
pholipase C, regulation of PIPS kinase by Rho might also connect receptor 
signalling with the cytoskeleton, because phospholipids regulate the interac
tion of actin with actin-binding proteins (HARTWIG et al. 1995). 

Several reports have shown that RhoA regulates phospholipase 0 (PLO; 
SIDDIQI et a1. 1995; HAMMOND et al. 1997). In HEK cells, C3 and C difficile 
toxin B, which inactivates Rho GTPases by glucosylation, block PLD stimu
lation via muscarinic receptors (SCHMIDT et al. 1996). C3 inhibited the activa
tion of PLO in a rat-brain preparation (KURIBARA et al. 1995) and, in MDCK 
0-1 cells, activity of nuclear PLD was inhibited by C3 (BALBOA and [NSEL 
1995). Surprisingly, in a recent report, AOP-ribosylation of Rho had no effect 
on PLD stimulation by Rho (SMITH et al. 1988). This finding is in contrast to 
the effects of C3 on most other effectors of Rho. Interestingly. recent studies 
indicate the existence of several phospholipase isoforms, which are most likely 
differently regulated by Rho GTPases. 

2. Signalling to the Nucleus and Gene Transcription 

Various Rho GTPases are implicated in the control of gene transcription. cell
cycle progression and cell transformation involving different pathways. C3 was 
used in several studies to identify the participation of RhoA in transcriptional 
activation. It was shown that C3 inhibits activation of the transcription factor 
SRF (serum-response factor) by serum and LPA, which might he the essen
tial factor in serum (HILL et al. 1995; ALBERTS et al. 1998). Moreover, C3 was 
successfully employed in delineation of the role of Rho in the signalling (via 
heterotrimeric G proteins) of various heptahelical receptors to the nucleus 
C3 inhibited the activation of SRF by a,-adrenergic-receptor-signalling vill 
Gaq in cardiomyocytes (SAH et al. 1996). by muscarinic ml receptors via Gale 
(FROMM et al. 1997) or hy thrombin, LPA, thromboxane and endothelin recep
tors via Gal2m (MAO et a1. 1998a, 1998b). Interestingly, Galr and Gal3-induce j 
stress-fibre formation and focal adhesion assembly is also blocked by CI. 
emphasising the role of Rho in these effects (BUHL et al. 19LJ5). Microinjec
tion of C3 inhibited cell-cycle progression (YAMAMOTO et al. 1993) and bloch d 
serum-induced DNA synthesis in Swiss 3T3 fibroblasts (OLSON et al. 199~). 
Recently, C3 was shown to activate the stress-signalling pathways. c-lun N
terminal kinase and p38 to potentiate c-lun expression and phosphorylatie.n, 
but to inhibit the transcriptional activity of activator protein 1 (AP-I). Tht se 
findings suggest that C3 is a cellular stress which antagonises activation of 
AP-l (BELrMAN et al. 19LJ9). 

H. Concluding Remarks 
Although much is known about the cellular functions of Rho GTPascs. the 
roles of C3-like transferases in pathogenicity are not at all understood. An 
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action of C3 exoenzymes on the immune system of the eukaryotic target 
organism is most likely. Some of these effects have already been mentioned. 
Inhibition of immune cell functions, including cytotoxicity of lymphocytes 
(LANG et a1. 1992), adhesion (NEMOTO et a1. 1996), migration and invasion of 
lymphocytes (VERSCHUEREN et a1. 1997; STAM et a1. 1998) and leukocytes 
(LAUDANNA et a1. 1996, 1997) by C3, have been demonstrated. Rho GTPases 
have been proven to be important components of signal pathways used by 
antigen receptors, co-stimulatory, cytokine, chemotaxin receptors that regulate 
the immune response (PRICE et a1. 1995; LAUDANNA et a1. 1996; PREPENS et a1. 
1996; HENNING and CANTRELL 1998; REIF and CANTRELL 1998; WOJCIAK
STOTHARD et a1. 1998). Moreover, Rho proteins participate in the barrier func
tions of epithelial cells (NUSRAT et a1. 1995; VOURET-CRAVIARI et a1. 1998) and 
in wound healing (SANTOS et a1. 1997). However, considering the poor cell 
accessibility of C3 exoenzymes, an important question remains: how do these 
specific and potent agents get to their site of action? Thus, further studies are 
necessary to elucidate the role of C3 exoenzymes in pathogenesis. 

Rho proteins are not substrates for C3-like transferases only. The family 
of large clostridial cytotoxins, including C. difficile toxins A and B, inactivates 
Rho proteins by mono-glucosylation (AKTORIES and JUST 1995; JUST et a1. 
1995b, 1995c). These toxins modify all members of the Rho family, including 
Rac and Cdc42. Moreover, Rho GTPases are the eukaryotic targets for the 
cytotoxic necrotising factors (CNF1 and CNF2) from E. coli and for the der
monecrotic toxin from Bordetella species. The latter toxins induce the deami
dation of Rho GTPases at Gln63 of Rho (Gln61 of Rac and Cdc42), there 
by inhibiting the intrinsic and GAP-stimulated GTP hydrolysis and, hence, 
persistently activating the GTPases (FLATAU et a1. 1997; HORIGUCHI et a1. 
1997; SCHMIDT et a1. 1997). Moreover, recent studies indicate that the list of 
bacterial toxins/exoenzymes that act on Rho GTPases is even longer. 
For example, exoenzyme S from P. aeruginosa, which is introduced into the 
eukaryotic cell by a type-III secretion system, appears to alter the actin 
cytoskeleton by a mechanism suggested to involve Rho (FRITHZ-LINDSTEN et 
a1. 1997; PEDERSON et a1. 1998). Another example is the YopE protein from 
Yersinia. This protein is suggested to attack the actin cytoskeleton via Rho 
GTPases to prevent phagocytosis by macrophages (MEcsAs et a1. 1998). 
Finally, SopE, a protein from Salmonella, directly activates Rho proteins 
(Rac, Cdc42) to induce cell-membrane ruffling (HARDT et a1. 1998). Thus, 
Rho GTPases appear to be preferred targets for bacterial toxins and/or 
exoenzymes. 
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CHAPTER 11 

Pseudomonas aeruginosa Exoenzyme S, 
a Bifunctional Cytotoxin Secreted by a 
Type-III Pathway 

IT. BARBIERI and D.W. FRANK 

A. Introduction 

Cystic-fibrosis patients, burn victims, and immunocompromised individuals 
are particularly susceptible to infection by Pseudomonas aeruginosa, a Gram
negative opportunistic pathogen. (BODEY et al. 1983; ROlLlDES et al. 1992; 
MENDELSON et al. 1994). Although P. aeruginosa can be controlled with antibi
otics, the prevalence of multi-drug-resistant strains has limited the number of 
antimicrobial agents that are of clinical use (FINLAND 1972). P. aeruginosa pos
sesses an array of virulence factors that contribute to its pathogenesis, includ
ing a number of proteases, phopholipases, a neuraminidase, capsular materials, 
and adhesins (GORANSON and FRANK 1996; TUMMLER et al. 1997). In addition 
to components that aid in adhesin, tissue invasion, and replication within the 
host, P. aeruginosa also encodes three secreted enzymes that possess adeno
sine diphosphate (ADP)-ribosyltransferase activity: exotoxin A (PAETA), 
exoenzyme S (ExoS), and exoenzyme T (ExoT). 

PAETA is the most toxic exotoxin P. aeruginosa produces. The gene 
encoding PAETA is present in over 95% of clinical isolates. PAETA was 
identified by IGLEWSKI and coworkers as an ADP-ribosyltransferase that 
targeted eukaryotic elongation factor 2 (EF-2; IGLEWSKI and KABAT 1975). 
ADP-ribosylated-EF-2 is unable to perform its translocase function, which 
results in an inhibition of protein synthesis, and cell death (IGLEWSKI and 
KABAI' 1975; VASIL et al. 1977; LORY and COLLIER 1980). PAETA is secreted as 
an inactive proenzyme (LORY and COLLIER 1980), which is activated by pro
teolytic cleavage and disulfide-bond reduction, yielding a catalytic carboxyl
terminal peptide. Although PAETA possesses limited primary amino acid 
homology with other members of the family of bacterial ADP-ribosylating 
exotoxins (bAREs), the three-dimensional structure of the catalytic domain 
of PAETA can be superimposed on other bAREs (SIXMA et al. 1993). In 
addition, PAETA contains an active-site glutamic acid (Glu553), which is a 
signature residue for these exotoxins (CARROLL et a1.1980; OGATA et aI.1992). 
The detailed molecular properties of PAETA are reviewed in a separate 
chapter. 
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B. Initial Biochemical Characterization of ExoS 
ExoS was identified by Iglewski and coworkers as an ADP-ribosyItransferase 
of P. aeruginosa that possessed unique biochemical and enzymatic activities 
relative to PAETA (IGLEWSKI et al. 1978). ExoS was purified from the culture 
supernatant of P. aeruginosa as an aggregate composed principally of two 
proteins with apparent molecular masses of 53kDa and 49kDa (NICAS and 
IGLEWSKI 1984; COBURN 1992; KULICH et al. 1994). The 49-kDa form of ExoS 
possessed ADP-ribosyltransferase activity and was termed the enzymatically 
active form of ExoS, while the 53-kDa protein possessed little intrinsic 
ADP-ribosyltransferase activity. This observation led to the hypothesis that P. 
aeruginosa produced ExoS as a 53-kDa, non-catalytic precursor, which was 
proteolytically processed to an enzymatically active 49-kDa form. Since the 
amino-terminal sequences of the 53-kDa and 49-kDa forms of ExoS were 
essentially identical, post-translational processing was hypothesized to occur 
at the carboxyl terminus of the 53-kDa form to produce the 49-kDa active 
form of ExoS. Although this hypothesis was consistent with the known prop
erties of exotoxins with ADP-ribosyltransferase activity, genetic analyses re
vealed that the two forms of ExoS were encoded by separate loci. 

C. Genetic Analysis of the Structural Genes 
Encoding ExoS 

To clone the structural gene encoding ExoS, the enzymatically active 49-kDa 
form was purified, and segments of the amino acid sequence were generated 
from amino-terminal and internal tryptic peptides. Degenerate oligonu
cleotides were designed to amplify the DNA encoding short segments of 
the structural gene. The gene encoding ExoS, exoS, was cloned from a bank 
of P. aeruginosa chromosomal DNA using the amplified DNA fragments a~ 
probes (KULICH et al. 1994). Expression analyses in E. coli and P. aeruginos(' 
demonstrated that recombinant ExoS was expressed as a 49-kDa, enzymati· 
cally active protein (KULICH et al. 1995). This observation supported thl~ 

hypothesis that the 49- and 53-kDa forms were encoded by separate structurcl 
genes. 

Two experiments demonstrated that the 49-kDa and 53-kDa forms of 
ExoS were encoded by separate genes. In one study, exoS was specificallY 
deleted from the chromosome of P. aeruginosa by allelic replacement, and the 
production of ExoS was measured by Western-blot analysis. The deletion 
strain, 388MxoS::Tc, failed to synthesize the 49-kDa protein but still produc.:!d 
the 53-kDa form of ExoS. Second, using exoS coding sequences as probes, 
Southern-blot analysis of chromosomal DNA from 388MxoS:Tc indicated that 
a second gene related to exoS was encoded on the chromosome. This gene was 
subsequently cloned and produced a recombinant protein that co-migrated 
with the 53-kDa form of ExoS, cross-reacted with antibodies specific for ExoS, 
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and expressed a low but detectable amount of ADP-ribosyItransferase activ
ity for target proteins similar to those acted on by ExoS. Initially, this related 
gene was termed exoS53 (Y AHR et al. 1996a). The nomenclature was subse
quently changed to exo T to reflect the fact that there are several extracellu
lar proteins produced by P. aeruginosa that are coordinately regulated with 
the production of ExoS. For historical purposes, the term exoenzyme S is used 
to refer to both ExoS and ExoT as extracellular enzymes that form an aggre
gate, since much of the early biochemical work characterized this aggregate. 

Relative to other bAREs, ExoS and ExoT possess several unique prop
erties, including the ability to ADP-ribosylate numerous target proteins 
(COBURN et al. 1989b; COBURN and GILL 1991), the requirement for a eukary
otic accessory protein termed FAS (factor activating ExoS; COBURN et al. 1991) 
to express ADP-ribosyltransferase activity, and the observation that purified 
ExoS and ExoT were not cytotoxic to cultured cells. Recent studies have pro
vided insight into the mechanisms responsible for these unique properties of 
ExoS. 

D. ExoS Requires F AS to Express 
AD P-Ribosyltransferase Activity 

COBURN and GILL reported that ExoS possessed an absolute requirement for 
a eukaryotic protein to express ADP-ribosyltransferase activity, which was 
termed FAS (COBURN et al. 1991). FAS was cloned from a eukaryotic com
plementary DNA library and was identified as a member of the 14-3-3 protein 
family (Fu et al. 1993). 14-3-3 proteins have been shown to be ubiquitous 
within the eukaryotic kingdom, with homologs identified in species from 
yeast to vertebrates (AITKEN 1995). 14-3-3 proteins contribute to host cell 
physiology via the regulation of numerous signal-transduction pathways (Fu 
et al. 1993). Recent studies indicate that ExoS possesses intrinsic ADP
ribosyItransferase activity (KNIGHT 1998) and that FAS is an allosteric 
activator that increases both the affinity of ExoS for nicotinamide adenine 
dinucleotide (NAD) and the catalytic turnover rate. The activation of ExoS 
by FAS appears to be kinetically similar to the activation of cholera toxin by 
ADP-ribosylation factor (BOBAK et al. 1990). 

E. Molecular Properties of ExoS 
The elucidation of the genetic and biochemical relationships between the 49-
kDa and 53-kDa forms of ExoS led to further molecular analyses that estab
lished functional domains (Fig. 1). tFASTA analysis showed that ExoS and 
ExoT shared little overall primary amino acid homology with other members 
of the family of bAREs. This is a common theme among members of this 
family of exotoxins. For example, Escherichia coli heat-labile enterotoxin (LT) 
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Fig.l. Molecular organization of exoenzyme S (ExoS) and exoenzyme T (E.roT). 
Pseudomonas aeruginosa exoenzyme S is composed of two proteins encoded on sepa
rate genes. ExoS has 453 amino acids and possesses 76% primary amino acid homol
ogy with ExoT, which is composed of 457 amino acids. Both ExoS and ExoT are 
biglutamic-acid transferases (active-site glutamic acids are noted). The amino terminus 
is required for the secretion and expression of the aggregation phenotype of the 
two proteins, while the carboxyl terminus encodes the FAS-dependent adenosine 
diphosphate- ribosyltransferase domain 

and PAETA share common three-dimensional structures within their active 
site despite the fact that the two proteins possess only three homologous 
residues among the 43 residues that comprise their active sites (SIXMA et al. 
1993). One local region of primary amino acid homology, which included 
Ser343-Thr344- Ser345 of ExoS, was identified between ExoS and severa I 
other bAREs. This Ser-Thr-Ser sequence is a conserved component of the 
active sites of several bAREs. This alignment provided a reference for th: 
subsequent identification of Glu381 as an active-site glutamic acid of ExoS 
(LJU et al. 1996). 

Although ExoS and ExoT possess 76% primary amino acid homology 
(Y AHR et al. 1996a), ExoT catalyzes the ADP-ribosylation of eukaryotic pD
teins at only 0.2 % of the specific activity of ExoS (Y AHR et al. I 996a ). A kine .ic 
study showed that ExoT possessed a similar binding affinity for NAD and only 
a fourfold increase in the Kill for target proteins. Thus, it appears that a sloVier 
turnover rate is responsible for the low specific activity of ExoT in the =x
pression of ADP- ribosyltransferase activity. ExoT also catalyzed the N,AD
glycohydrolase reaction at a much slower specific activity than EwS, 
consistent with the idea that ExoT possesses a catalytic defect and not low 
affinity for target protein. Analysis of chimeric proteins composed of reci!)ro
cal halves of the catalytic domains of ExoS and ExoT localized the catalytic 
defect to the residues between 235 and 349 within ExoT (Ll u et al. 1\/97). 
Figure 1 outlines the molecular organization of ExoS and ExoT. 
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F. Secretion of ExoS via a Type-III Secretion Pathway 
Once the structural gene for ExoS was cloned and recombinant ExoS was ana
lyzed, it became apparent that purified ExoS had no biological effects in tissue 
culture or when injected into animals. The simplest explanation for these re
sults, which is consistent with the known structural properties of exotoxins, 
was that the binding subunit or domain of ExoS was not present in the recom
binant materials. Toxicity, however, was not detected with crude extracellular 
material from P aeruginosa containing ExoS, suggesting that the intoxication 
mechanism may differ from traditional A:B models. One model that fit the 
experimental observations was that ExoS might need the bacterium to deliver 
the molecule. A specialized intoxication mechanism mediated by a bacterial 
delivery system has been termed type-III secretion. The genes encoding type
III secretion systems have been found in both plant and animal Gram
negative pathogens (HUECK 1998) and contain homo logs to genes involved in 
the assembly, regulation, and secretion of flagellar proteins. 

Data to support the hypothesis that ExoS was delivered into susceptible 
host cells through a type-III pathway was shown in domain-mapping studies. 
First, ExoS was not processed during secretion, which eliminated a role for the 
general secretory pathway (type-II secretion) in ExoS secretion. Type-I 
secreted proteins generally possess a glycine-rich domain within their carboxyl 
terminus. Since ExoS did not possess a glycine-rich domain, and carboxyl
terminal deletion proteins of ExoS were secretion competent, it appeared 
that ExoS was not secreted via the type-I secretion pathway. Type-III secreted 
proteins utilize amino-terminal amino acids or possibly a mRNA recognition 
sequence for secretion. Consistent with the utilization of a type-III secretion 
pathway was the observation that amino-terminal deletion proteins of ExoS 
were not secreted but were retained within the cytoplasm of P aeruginosa 
(YAHR et al. 1996b; FRITHZ-LINDSTEN et al. 1997). 

The genes encoding the P aeruginosa type-III secretion system were 
mapped and sequenced based on their coordinate regulation with ExoS ex
pression (YAHR et al. 1997). The P aeruginosa type-III system is encoded 
within five operons that are located in the 55-min region of the chromosome. 
The proteins encoded by the P aeruginosa type-III system possess striking 
homology to the type-III secretion/translocation system of Yersinia. In general, 
gene order and operon content is highly conserved. Functional conservation 
between the two type-III systems was demonstrated by the delivery of recom
binant ExoS (rExoS) into eukaryotic cells by the Yersinia system (FRITHZ
LINDSTEN et al. 1997) and the functional complementation of Yersinia 
translocation mutants with P aeruginosa gene products (FRITHZ-LINDSTEN et 
al. 1998). 
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G. Regulation of exoS Regulon Expression 
In bacteriological medium, ExoS production is induced by growth of P. aerug
inosa in the presence of chela tors, including ethylene diamine tetraacetic acid, 
nitrilotriacetic acid, or ethylene glycol tetraacetic acid. Growth in the presence 
of chela tors reduces calcium in the medium, a signal which appears to mimic 
the interaction with eukaryotic cell surfaces. ExoS production is also induced 
after growth in the presence of eukaryotic cells or growth in the presence of 
serum (VALLIS 1998). Induction was shown to occur at the level of transcrip
tion of the ExoS trans-regulatory locus, which encodes ExsA, a DNA-binding 
protein that is part of the AraC family of transcriptional activators. ExsA binds 
to a specific sequence (TxAAAAxA, where x represents any nucleotide) 
present in the promoter regions of all the operons that constitute the ExoS 
regulon (HOVEY and FRANK 1995). These operons include structural, regula
tory, translocation, and effector proteins of the P. aeruginosa type-III pathway. 

H. The Carboxyl Terminus of ExoS Comprises the 
AD P-Ribosyltransferase Domain 

I. Functional Mapping of ExoS 

Purified rExoS that was expressed in E. coli catalyzed the FAS-dependent 
ADP-ribosyltransferase reaction at a specific activity that was equivalent to 
ExoS purified from P. aeruginosa (KULICH et a1. 1995). This showed that ExoS 
was necessary and sufficient to express ADP-ribosyltransferase activity and 
that other Pseudomonas proteins did not contribute to the reaction. Charac
terization of deletion peptides identified the requirement of the amino termi·· 
nus for efficient secretion of ExoS into the culture medium by P. aeruginosll 
(KNIGHT et a1. 1995). In addition, deletion of the amino-terminal 99 amino 
acids eliminated the aggregation properties of ExoS. One amino-termimll 
deletion peptide that comprised the 222 carboxyl-terminal amino acids of 
ExoS (termed L\N222) catalyzed FAS-dependent ADP-ribosyltransferm;e 
reaction at a specific activity that was comparable to that of full-length ExoS. 
Together, these results indicated that the amino terminus did not contribute 
to the expression of catalytic activity. Deletion peptides shorter than L\N222 
were not stable or possessed low rates of ADP-ribosyltransferase activity, 
indicating that L\N222 represented the catalytic domain of ExoS. L\N222 is 
expressed as a stable, soluble peptide in E. coli and has been used to charac
terize the catalytic properties of ExoS. 

II. ExoS is a Biglutamic-Acid Transferase 

Glu381 was identified as a potential active-site residue of ExoS by alarine
scanning mutagenesis of selected glutamic acids, which were located or the 
carboxyl-terminal side of the conserved Ser343-Thr344-Ser345 sequence 
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Fig.2. Alignment of the active-site glutamic acids of several prokaryotic and eukary
otic adenosine diphosphate (ADP)-ribosyltransferases. Upper alignment: prokaryotic 
enzymes. Heat-labile enterotoxin of Escherichia coli (LT; AC-P43530), cholera toxin 
(CT; AC-P01555), iota toxin of Clostridium perfringens (Iota; AC-AF037328), 
Pseudomonas aeruginosa exoenzyme S (ExoS; AC-L27629) and P aeruginosa exoen
zyme T (ExoT; AC-L46800). Lower alignment: eukaryotic enzymes. Chicken bone
marrow cell ADP-ribosyltransferase 1 (CHATl; AC-D31864), human skeletal-muscle 
ADP-ribosyltransferase (HMAT; AC-P52961), rat T-cell antigen (RT6.J; AC-P17982) 
and (RT6.2; AC-P20974) and mouse homologue of RT6 (MRT6H: AC-P17981). 
• Denotes active-site glutamic acids 

(LIU et al. 1996). The primary amino acid sequence immediately surround
ing Glu381 aligned with several other ADP-ribosyltransferases, including the 
active-site glutamic acids of CT, LT, iota toxin of Clostridium perfringens, and 
several eukaryotic ADP-ribosyltransferases (Fig. 2). In LT, both GlullO 
and Glu1l2 contribute to the ADP-ribosylation reaction (LOBET et al. 1991) 
and are located at the entrance to the NAD-binding domain (SIXMA et al. 
1993; PIZZA et al. 1994). ADP-ribosyltransferases like LT have been termed 
biglutamic-acid transferases, with two catalytic glutamic acids organized in an 
EXE motif, where E represents the glutamic acids and X represents any amino 
acid. In contrast, pertussis toxin, diphtheria toxin (DT), and PAETA appear 
to be mono-glutamic acid transferases, since only a single glutamic acid is 
required for expression of ADP-ribosyltransferase activity (PIZZA et al. 1988; 
DOUGLAS and COLLIER 1990; WILSON et al. 1990). 

We have recently observed that both Glu379 and Glu38l are required for 
the efficient ADP-ribosyltransferase activity of ExoS, which identifies ExoS 
as a biglutamic-acid transferase (RADKE 1998). Additional studies showed that, 
while Glu381 was required for expression of both NAD-glycohydrolase activ
ity and ADP-ribosyltransferase activity, Glu379 is required for expression of 
only ADP-ribosyltransferase activity. Thus, it appears that the two glutamic 
acids play unique roles in the catalytic process. Glu381 contributes to an early 
step in the catalytic reaction mechanism, while Glu379 contributes to a step 
later in the transferase reaction, possibly the transfer of ADP-ribose to an 
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arginine residue within the target protein. Thus, Glu381 appears to be the 
catalytic glutamic acid residue in the transferase reaction. The determination 
that the Glu381Asp mutant was deficient in both ADP-ribosyltransferase 
and NAD-glycohydrolase activities while the Glu379Asp mutant was only 
deficient in ADP-ribosyltransferase activity also allowed a direct determina
tion of the roles of ADP-ribosyltransferase and NAD-glycohydrolase activi
ties in the modulation of host cell physiology. Intracellular expression of 
neither L1N222-Glu381 Asp nor L1N222-Glu379Asp caused measurable biologic 
effects in Chinese hamster ovary (CHO) cells. These data support the hypoth
esis that expression of ADP-ribosyltransferase activity, but not NAD
glycohydrolase activity, is responsible for the observed cytotoxicity of the 
ADP-ribosyltransferase domain of ExoS (discussed below). 

Enzymes that catalyze the ADP-ribosyltransferase reaction have 
been proposed to possess a common motif that is comprised of three non
contiguous regions within the primary amino acid sequence (T AKADA et al. 
1995). Alignment of each protein from the amino terminus to the carboxyl ter
minus allows the mapping of common amino acid residues within regions of 
the molecules that may contribute to catalysis. The three non-contiguous 
regions include region I, which contains an essential histidine or arginine 
residue, region II, which contains aromatic and/or hydrophobic amino acids 
and includes the Ser-Thr-Ser motif, and region III, which contains the con
served glutamic acid, along with other acidic residues. Our current under
standing of the functional properties of ExoS has identified two of the three 
non-contiguous regions within the common motif of ADP-ribosyltransferases, 
including region II, which contains Ser343-Thr344-Ser345, and region III, 
which contains Glu379 and Glu381. 

III. ExoS can ADP-Ribosylate Numerous Proteins 

Most bAREs ADP-ribosylate specific target proteins. For example, DT and 
PAETA ADP-ribosylate only EF-2 (KRUEGER and BARBIERI 1995). In contrast, 
after the addition of FAS, ExoS is capable of covalently modifying numerous 
proteins in extracts from either prokaryotic or eukaryotic cells (COBURN et al. 
1989a, 1989b). The preferred eukaryotic target proteins of ExoS reside with:n 
both intracellular and extracellular compartments. Intracellular proteins that 
are ADP-ribosylated by ExoS include several members of the Ras supn
family of small-molecular-weight guanosine triphosphate (GTP)-binding 
proteins, and vimentin (COBURN et al. 1989a, 1989b). Recently, ExoS was 
reported to ADP-ribosylate Ras in vivo (MCGUFFIE et al. 1998) and interfere 
with a Ras-mediated signal-transduction pathway in PC-12 cells (GANESAI' et 
al. 1998b). Extracellular target proteins ADP-ribosylated by ExoS include 
serum immunoglobulin G and apolipoprotein Al (KNIGHT and BARB IERI 
1997). Although the physiological significance of the ADP-ribosylation of 
extracellular proteins remains to be determined, ExoS-mediated ADP
ribosyltransferase activity has been identified in extracellular compartments, 
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such as blood (plasma; NICAS and IGLEWSKI 1984) and pleural fluid (KUDOH et 
aJ. 1994) during infection of animal models by P aeruginosa and, more recently, 
in the tissue-culture medium of eukaryotic cells co-cultured with P aeruginosa 
(VALLIS 1998). 

IV. ExoS ADP-Ribosylates Ras at Multiple Arginine Residues 

Ras is a central component of eukaryotic signal transduction, which makes its 
ADP-ribosylation by ExoS of potential physiological significance. Other bac
terial exotoxins post-translationally modify Ras and other members of the Ras 
superfamily, resulting in the modulation of eukaryotic signal transduction 
(JUST et al. 1996). ExoS ADP-ribosylated Ras in vitro at a stoichiometry of 
two molecules of ADP-ribose per molecule of Ras, which suggested that ExoS 
could ADP-ribosylate Ras at more than one arginine residue (GANESAN et aJ. 
1998a, 1998b). Utilizing in vitro transcribedltranslated Ras, Arg41 was identi
fied as the preferred site of ADP-ribosylation. While ExoS ADP-ribosylated 
Ras at a second site, it appeared that this second ADP-ribosylation did 
not occur at a specific arginine residue (GANESAN et aJ. 1998a). Subsequent 
studies showed that ExoS double ADP-ribosylates Ras at Arg41 and 
Arg128 (GANESAN 1998a; Fig. 3). Analysis of the double mutant, Ras 

Arg 
128 

Arg -. 
135 

Fig. 3. Exoenzyme S (ExoS) adenosine diphosphate (ADP)-ribosylates Ras at 
multiple sites. This ribbon diagram shows the two arginines of Ras that are ADP
ribosylated by ExoS, Arg41 and Arg128. Arg41 is located on a f3-strand within the 
switch-l region , and Argl28 is located within an a-helix. Arg135 is located within the 
same a-helix as Arg128 and is an alternate site of ADP- ribosylation by ExoS 
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Fig. 4. Alignment of members of the Ras superfamily with respect to Arg4l and 
Argl28 of Ras. Using the Pileup program (Genetics Computer Group). regions of 
members of the family of small-molecular-weight guanosine triphosphate (GTP)
binding proteins corresponding to sites of adenosine diphosphate (ADP)-rihosylation 
of Ras were aligned. lndividual memhers of the family of small-molecular-weight 
GTP-hinding proteins are indicated to the left of the alignment. 1he sites of ADP
ribosylation of Ras are shown in bold llnderline, and potential sites of ADP
ribosylation within other members of this family are shown in hold 

Arg4 1 Lys,Arg 128Lys, revealed an alternative site for ADP-ribosylation 
by ExoS as Arg135. Since ExoS did not ADP-ribosylate ArgL35 in wild-type 
Ras, it appears that the ADP-ribosylation at Arg128 sterically blocked the 
ADP-ribosylation of Arg135. This indicates that ExoS can bind Ras in several 
orientations to facilitate ADP-ribosylation along the a-helix containing 
Arg128 and Arg135. ExoS ADP-ribosylates Ras at arginine residues on two 
distinct surfaces of Ras, the f3-sheet containing Arg41 and the a-helix con
taining Arg128 and ArgL35 (Fig. 3). These data are consistent with the pres
ence of two independent binding events to achieve double ADP-ribosylation. 

The plasticity of the ExoS-Ras interactions may explain the observed 
ability of ExoS to ADP-ribosylate numerous small-molecular-weight CiTp· 
binding proteins in vitro (COBURN et al. 1989b). Alignment of members of tht: 
Ras superfamily showed that a limited subset of the family (Ras. Ral. and Rap) 
contained the Arg41 homologue. In contrast, alignment of the a-helix. which 
contains Arg128. the second site AD P-ribosylated by ExoS. identified severe I 
members of the Ras superfamily with potential sites for ADP-ribosylatiofl. 
However. no distinct recognition motif is apparent upon examination of the 
primary amino acid sequences of members of the Ras superfamily (Fig. 4). Tr e 
potentials of ADP-ribosylating Ras superfamily members at their Arg41 or 
Arg128 homologues may have functional implications. 

I. ExoS is a Bifunctional Cytotoxin 
The ability to independently express the amino- and carboxyl-terminal 
domains of ExoS has increased the resolution of the functional mapping of 
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Fig. 5. Functional domains of exoenzyme S (£xoS) . The schematic demonstrates the 
bifunctional properties of ExoS. The amino-terminal 234 amino acids elicit a Rho
dependent depolymerization of actin, while the carboxyl-terminal 222 amino acids 
comprise the FAS-dependent adenosine diphosphate-ribosyltransferase domain. £379 
and £381 correspond to the biglutamic acids involved in catalysis 

ExoS and has allowed the determination that ExoS is a bifunctional cytotoxin 
(Fig. 5). 

I. Cytotoxic Properties of ExoS 

Attempts to intoxicate eukaryotic cells with purified ExoS have been unsuc
cessful (COBURN 1992; OLSON et a\. 1997). These earlier observations can be 
explained by the identification of genes encoding a type-III secretion appara
tus within the exoS regulon (Y AHR et a\. 1996b). To determine the role of P 
aeruginosa adhesion in ExoS-mediated intoxication of cultured cells, a co
culture infection model was developed in Detroit 532 fibroblastic cells (OLSON 
et a\. 1997). In this model, P aeruginosa expressing ExoS caused a greater 
decrease in DNA synthesis and cell viability than strains of P aeruginosa that 
lacked the gene encoding ExoS. These results supported studies with ExoS 
expressed by Yersinia pseudotuberculosis (FRITHZ-LINDSTEN et a\. 1997). Using 
Yen·inia as a heterologous delivery system, ExoS exerted a cytotoxic effect in 
HeLa cells. In these experiments, cytotoxicity was defined as the ability to elicit 
rounding of cells. Delivery of ExoS was also dependent on the presence of a 
functional YopB protein, which indicated that ExoS was translocated in a 
manner similar to Yops. While the amount of cytotoxicity correlated to the 
level of ADP-ribosyltransferase activity, infection of HeLa cells with a Yersinia 
strain that expressed a non-catalytic form of ExoS elicited an intermediate 
cytotoxic phenotype. 

II. The Amino Terminus of ExoS Stimulates Rho-Dependent 
Depolymerization of Actin 

To enhance the resolution of the effect of ExoS on the physiology of eukary
otic cells, a transient cytomegalovirus expression vector was developed to 
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transfect cultured cells with plasmids encoding specific forms of ExoS. Intra
cellular expression of the amino-terminal 234 amino acids of ExoS in CHO 
cells elicited the depolymerization of actin via a Rho-dependent mechanism 
(PEDERSON 1998a). Analysis of reporter-protein expression and trypan-blue 
staining showed that the depolymerization of actin by expression of the amino 
terminus of ExoS was not cytotoxic to eukaryotic cells. 

Although the in vivo role of ExoS in host pathogenesis remains to be fully 
elucidated, the amino terminus of ExoS shares limited homology with the 
YopE cytotoxin of Yersinia and the amino terminus of SptP of Salmonella 
(YAHR et al. 1996b; COLLAZO and GALAN 1997; FRITHZ-LINDSTEN et al. 1997). 
YopE is a member of a group of effector proteins that are secreted and translo
cated by Yersinia into eukaryotic cells via a type-III-dependent secretion 
pathway and serve primarily to protect Yersinia from the host immune system 
(CORNELIS and WOLF-WATZ 1997). YopE inhibits phagocytosis of Yersinia by 
macrophages and was identified as a cytotoxin due to its ability to alter cell 
morphology and depolymerize actin filaments in HeLa cells (RosQvlsT et al. 
1990, 1991). Recent studies demonstrating inhibition of bacterial cell entry by 
YopE with various inhibitors of cell signaling implicated a role for Rho in the 
action of YopE on eukaryotic cells (MECSAS et al. 1998). 

III. The Carboxyl Terminus of ExoS is an ADP-Ribosyltransferase 
that is Cytotoxic to Cultured Cells 

Intracellular expression of the carboxyl-terminal 222 amino acids of 
ExoS, which includes the ADP-ribosyltransferase domain, was cytotoxic to 
eukaryotic cells (PEDERSON 1998b). Intracellular expression of ~N222 re
duced the expression of two independent reporter proteins and decreasd 
trypan-blue exclusion. In contrast, intracellular expression of a non-catalytic 
form of ~N222, which expressed reduced ADP-ribosyltransferase activity, 
elicited little inhibition of reporter-protein expression and little cytotoxici:y 
in transfected cells. These data indicated that expression of the ADP
ribosyltransferase domain of ExoS is cytotoxic to cultured cells. 

J. Mechanism for the Inhibition of Ras-Mediated Signal 
Transduction by ExoS 

Recent studies have addressed the mechanism of the inhibition of Ras
mediated signal transduction by ExoS, which was observed in PC-12 cells 
(GANESAN et al. 1998a). In these experiments, Ras was double-ADP
ribosylated by ExoS, and the physiological properties of ADP-ribose-Ras 
were compared with those of native Ras. ADP-ribosylation of Arg41 c:mld 
modulate several steps in Ras-mediated signal transduction, including i'1ter
actions with Raf or nucleotide exchange. Initial experiments showed that 
ADP-ribosylated Ras possessed the same binding capacity for Raf as native 
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Ras, which indicated that ADP-ribosylation did not interfere with Ras-Raf 
interactions. Although ADP-ribosylated Ras and native Ras possessed similar 
capacities for intrinsic nucleotide exchange, ADP-ribosylated-Ras possessed 
a lower rate of guanine-nucleotide-exchange-factor-mediated nucleotide 
exchange relative to native Ras (GANESAN 1998b). Thus, it appears that 
ADP-ribosylation at Arg41 interferes with growth-factor-stimulated signal 
transduction in eukaryotic cells. This mechanism of inhibition of Ras-mediated 
signal transduction by ExoS is not found in other exotoxins. Future studies 
will address whether or not this inhibition is solely responsible for the 
observed effects of expression of ADP-ribosyltransferase activity by ExoS. 

K. Functional and Sequence Relationship Between ExoS 
and the Vertebrate ADP-Ribosyltransferases 

One unexpected observation that has been made during the characteriza
tion of ExoS is that it shares some functional and molecular properties with 
the vertebrate ADP-ribosyltransferases. To date, several vertebrate ADP
ribosyltransferases have been identified, including rabbit skeletal-muscle 
ADP-ribosyltransferase, rat RT6, human ecto-ADP-ribosyltransferase, and 
chicken ADP-ribosyltransferase types I and II. Properties common to ExoS 
and the vertebrate ADP-ribosyltransferase include the ability to ADP
ribosylate multiple target proteins and the ability to ADP-ribosylate more 
than one arginine residue within a target protein. The tFASTA algorithm 
showed that ExoS could be aligned more extensively with the vertebrate 
ADP-ribosyltransferases than the bAREs, which extended from region II and 
included sequences surrounding the Ser-Thr-Ser motif through the catalytic 
glutamic acids of region III. Figure 6 shows a tFASTA alignment between the 

SCORES Init1: 33 Initn: 33 opt: 81 
Smith-Waterman score: 85; 31.9% identity in 116 aa overlap 

280 290 300 310 320 
ExoS YTGIHYADLNRALRQGQELDAGQKLIDQGMSAAFEKSGQAEQVVKTFRGTRGGDAFNA 

I :: II I: III I I III :::::: I: II I I:: 
RT6 YKAFHYY-LTRAL---------QLLSDQGCRSVYRGTN-----VR-FRYTGKGSV---

130 140 150 160 

330 340 350 360 370 380 
ExoS VEEGKVGHDDGYLSTSLNPGVARS--F--GQGTISTVFGRSGIDVSGISNYKNEKEIL 

: II : I: III : II I I 1111: I I I : I: I: I 
RT6 ----RFGH---FASSSLNRSVATSSPFFNGQGTLFIIKTCLGAHIKHCSYYTHEEEVL 

170 180 190 200 210 

Fig. 6. Primary amino acid alignment between the catalytic domain of exoenzyme S 
(ExoS) and a vertebrate adenosine diphosphate-ribosyltransferase, RT6. Using the 
tFASTA algorithm, an alignment was observed between region II and region III of 
ExoS and RT6. This region shows 31.9% homology over 116 amino acids 
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catalytic portion of ExoS and the vertebrate ADP-ribosyltransferase, RT6. 
Characterization of vertebrate RT6.1 showed that this protein possessed only 
NAD-glycohydrolase activity and that conversion of Gln379 to Glu379 
resulted in the ability of the RT6.1 to catalyze the ADP-ribosyltransferase 
reaction, which was consistent with RT6 being a biglutamic-acid transferase 
(HARA et al. 1996). In contrast, alignment of ExoS with the bAREs showed 
primary amino acid homology centered within the Ser-Thr-Ser sequence of 
region II and did not extend to the catalytic glutamic acids of region III. These 
data suggest that ExoS may have an evolutionary link with the vertebrate 
ADP-ribosyltransferases. 

L. Conclusion 

ExoS possesses several properties which are unique among members of the 
family of bAREs. ExoS is secreted via a type-III secretion pathway, requires 
a eukaryotic protein for expression of catalytic activity, and can target mul
tiple proteins for ADP-ribosylation. Recent investigations have begun to 
resolve the molecular properties of ExoS and indicate that ADP-ribosylation 
interferes directly with Ras-mediated signal transduction. Future experiments 
will continue to address the significance of the bifunctional properties of ExoS 
and its role in the pathogenesis of P. aeruginosa. 
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CHAPTER 12 

Structure and Function of Actin-Adenosine
Diphosphate-Ribosylating Toxins 

I. OHISHI 

A. Introduction 

Anaerobic and spore-forming clostridia produce various types of toxins. For 
almost two decades, the novel molecular structures and enzyme activities of 
clostridial toxins have been intensively studied. The toxins that are composed 
of neither covalently nor noncovalently linked proteins and that specifically 
adenosine-diphosphate (ADP)-ribosy1ate muscle and/or non-muscle actins 
are a new category of the bacterial toxin. In this chapter, I shall focus on 
research on these new bacterial toxins, especially on the molecular structures 
and functions of the clostridial actin-specific ADP-ribosylating toxins. To date, 
the actin-specific ADP-ribosylating toxins elaborated by the bacteria other 
than clostridia have not yet been explored. 

B. Clostridium Botulinum C2 Toxin 

I. Actin-ADP-Ribosylating Toxin of C. Botulinum Types C and D 

C. botulinum is known to produce an extremely potent neurotoxin. In the 
1920s, two strains of C. botulinum type C were isolated. One was isolated from 
green-fly larvae by BENGTSON in United States, and one was isolated from 
cattle by SEDDON in Australia (BENGTSON 1922; SEDDON 1922). BENGTSON 
and SEDDON'S strains were designated as Ca and Cf3, respectively, because 
anti-toxin sera to Ca and Cf3 strains did not completely cross-neutralize 
(GUNNNISON and MEYER 1929). Thereafter, the antigenically distinct toxins 
produced by Ca and Cf3 strains were designated as C 1 and C2 toxins; Ca pro
duced C 1 and C2 in addition to a small amount of type-D toxin, whereas Cf3 
produced C2 toxin only (MASON and ROBINSON 1935; JENSEN 1971). However, 
C2 toxin produced by either Ca or Cf3 strains was considered to be one of the 
botulinum neurotoxins until the C2 toxin was purified and characterized in 
1980 (OHISHI et al. 1980). 

C2 toxin is produced by some, but not all, C. botulinum type C and D 
strains and by "nontoxigenic" C. botulinum type C, which produces no C 1 or 
D toxin. These non toxigenic strains were induced by curing prophages with 
UV light or other suitable agents and were isolated from soil (INOUE and IJDA 
1970; EKLUND et al. 1971; NAKAMURA et al. 1978). The purified C2 toxin con-
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sists of two distinct proteins, which are linked by neither covalent nor nonco
valent bonds. In 1986, one of the two components of Cz toxin turned out to be 
an actin-specific ADP-ribosyltransferase (AKTORIES et al. 1986; OHISHI and 
TUYAMA 1986). These findings revealed that C2 toxin is entirely different from 
botulinum neurotoxin in terms of molecular structure and biological activity. 

II. Molecular Structure of Botulinum C2 Toxin 

The evidence that Cz toxin is composed of two dissimilar, non-linked proteins 
was obtained by chromatographic separations of the toxin in the culture su
pernatant of C. botulinum type C strain 92-13. Substances with little or only 
weak toxicity were eluted from chromatography columns, gel filtrations and 
ion-exchangers (IWASAKI et al. 1980). However, a substance with almost full 
toxicity was recovered when two different fractions were combined, implying 
that Cz toxin consists of two protein components, which individually have 
extremely low activity and can be resolved into two fractions by chromatog
raphy. These two proteins were purified from nontoxigenic C. botulinum type 
C strain 92-13 and were designated components I and II because of the order 
of their elution from CM-Sephadex columns at pH 6.0. Each of components 
I and II gave a single band in sodium dodecyl sulfate polyacrylamide-gel elec
trophoresis (SDS-PAGE) both before and after treatment with reducing 
agents, indicating that both proteins have no subunit structure. The same mol
ecular structure was proved with the toxins produced by C. botulinum type C 
and D strains (OHISHI 1982; OHISHI and OKADA 1986). 

The molecular sizes of purified components I and II, as determined by 
SDS-PAGE, were 55kDa and 105kDa, respectively (OHISHI et al. 1980). Re
cently the genes encoding both components r and II were cloned from 
nontoxigenic C. botulinum type C strain 203U28, which was induced by UV
irradiation of toxigenic type C strain 203 and produces no C1 or D toxin (FUJI 
et al. 1996; KIMURA et al. 1998). The molecular masses of components I and II. 
calculated from the deduced amino acid sequence, were 49.40037 kDa and 
80.52550kDa, respectively. A large difference between the molecular weight 
of component II calculated with SDS-PAGE and that calculated from the 
cloned gene seems to be due to heterogeneity in the molecular size of com
ponent II, which depends on the Crtoxin-producing strain used (OHISHI ard 
OKADA 1986; OHISHI and HAMA 1992). The gene for component II of strain 
203U28 was homologous to that of C. botulinum type 0 strain 1873, whil:h 
produced a component II weighing 95kDa (instead of 105kDa), according to 
SDS-PAGE studies. The primary structures of components I and II of C:' toxin, 
as deduced from the cloned genes, are compared with the structure of iota 
toxin in Sect. cn. 

The two components of C2 toxin produced by different strains of C. bot
ulinum types C and D differed in size and in biological activity (OHISHI and 
HAM A 1992). Based on the differences in antigenicity, molecular size and bio
logical activity, the C2-toxin producers were divided into three groups (OHISHI 
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and OKADA 1986; OHISHI and HAMA 1992). Little or no activity of C2 toxin was 
detected in culture supernatants of the strains of the third group. Because the 
two components were detected by agar-gel diffusion and immunoblotting 
in the culture supernatant, and because the activity was restored when com
ponent I of strain 92-13 was added to the culture supernatant, it seems that 
component I of the third group is produced in an inactive form (OHISHI and 
HAM A 1992). 

C2 toxin is produced as a precursor, and the toxicity is enhanced by treat
ing the toxin with trypsin (OHISHI 1987). It was possible to examine the activ
ity of the toxin simply by combining the trypsinized component with the 
non-trypsinized one, because C2 toxin is composed of two non-linked protein 
components. The activation of Cz toxin was attained by a mixture of non
trypsinized component I and trypsinized component II, but not by that of 
trypsinized component I and non-trypsinized component n. Therefore, the 
activation of Cz toxin is attributable to the molecular cleavage of component 
II by trypsin. As determined by SDS-PAGE analysis, the trypsinization of 
component II was always accompanied by a decrease in molecular size from 
10 I kDa to 88 kDa (Fig. 1). The trypsinized component II was resolved into 
two peaks by gel filtration (OHISHI 1987). The molecular sizes of these peaks 
(as determined by gel filtration) were 365 kDa and 74 kDa, respectively, while 
that of non-trypsinized component II was 84 kDa. The 365-kDa component 
II showed hemagglutination and hemolytic activity, whereas that of 74kDa 
exhibited only hemagglutination activity; non-trypsinized component II had 
neither activity. The proteolytic cleavage of component II of Cz toxin may be 
an essential step in creating a divalent molecule during the binding of the toxin 
to the cell membrane. 

Fig.l. Lethal activity of botulinum C2 
toxin in mice, caused by combining 
each of trypsinized or non-trypsinized 
components I and II (I, II). Open 
areas , untrypsinized ; hatched areas , 
trypsinized 
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III. Molecular Functions of Two Components of C2 Toxin 

Each of the two components of botulinum C2 toxin, components I and II, has 
a different function, although the cooperation of the two is essentially requi
site for activity in an assay system for whole cells. At present, it is known that 
component I has actin-specific ADP-ribosyltransferase (the "active compo
nent"), whereas component II binds to cell membranes (the "binding compo
nent"). These specialized functions of the two components are very similar to 
the well-known molecular structures of the other bacterial toxins, e.g. cholera, 
pertussis and diphtheria toxins. In the A-8 model of bacterial toxins proposed 
by Gill, the two components of C2 toxin correspond to A (active) and 8 
(binding) subunits (GILL 1987). However, C2 toxin differs from this toxin 
model in that the two components of the toxin are not linked by covalent or 
noncovalent bonds (OHISHI et al. 1980). Therefore, the question of how these 
two non-linked components cooperate in eliciting biological activity arises. 

C2 toxin, a mixture of non-trypsinized component I and trypsinized com
ponent II, showed enterotoxic activity when injected into ligated intestinal 
loops of mice, although neither component alone showed any activity (OflISHI 
1983b). In addition, the activity was positive even when the intestinal loop was 
washed to remove free toxin immediately after injection of the toxin. This sug
gests that the activity is induced by the binding of the two components to cell 
surfaces in the intestine. This is supported by the finding that component II 
(both trypsinized and non-trypsinized) binds to the isolated epithelial cells of 
mouse intestine, as examined by immunofluorescence staining. The cell-bound 
component II is highly localized on brush borders of epithelial cells. Com
ponent I bound to the cells only when they were exposed to trypsinized com· 
ponent II (but not to the non-trypsinized components). The binding of these 
components was very rapid and was dependent on their concentrations 
(OHISHI 1985). Therefore, the two components of C2 toxin act as dual-functioml 
molecules, with trypsinized component II as the recognizer of target cell merr,
branes and component I as the effector in the cytoplasm. This was further sup
ported by the cytopathogenic effects of the toxin on cultured CMK cells, who~;e 
characteristic response to the toxin is rounding (MIYAKE and OIllSIII 1987). C 2-

toxin component I or II alone or a combination of non-trypsinized componer ts 
I and II induced little or no response in cells, whereas a mixture of component 
I and trypsinized component II induced marked response. As determined 
by immunofluorescence staining, component I bound to the cells only in the 
presence of trypsinized component II, although both trypsinized and non
trypsinized component II bound to the cells. In vascular permeability assay~; of 
Cz toxin in guinea pigs, the activity was positive only at the site of injection of 
activated component II when the two components were injected intradermally 
into separate sites (OHISHI 1983a). Moreover, by injecting one component 
intradermally and the other intravenously, the intradermal injection site 
of trypsinized component II (but not the site of component I) showed a posi
tive response. All of these results indicate that the binding of trypsin-activated 
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component II to the cell membrane induces the binding site for component J, 
which enters the cells and subsequently induces cellular damage. 

Receptor-mediated endocytosis of the two components of C2 toxin in cul
tured Y-l cells was reported by SIMPSON (1989). When the cells were exposed 
to component II at 37°C and then incubated at 4°C, the cells were no longer 
accessible to component 1. Antagonists for receptor-mediated endocytosis, 
such as ammonium chloride and methylamine hydrochloride, inhibited the 
rounding of the cells (SIMPSON 1989). In cultured Vero cells, binding and inter
nalization of the two components of C2 toxin were visualized using fluores
cently labeled components I and II (OHISHI and YANAGIMOTO 1992). 
Component J was located with trypsinized component II on cell membranes 
during an early period of the incubation. On further incubation, the two com
ponents were found in the same cytoplasmic vesicles, indicating that compo
nents J and II of C2 toxin enter the cells through the same route and in the 
same endosomes. Both non-trypsinized and trypsinized component II of the 
toxin apparently bind to the same sites of the cell membrane, because the two 
components are competitive in binding the fluorescently labeled and unla
beled components. 

The activated (but not the non-activated) component II of C2 toxin was 
able to induce the formation of small ion-selective channels in artificial lipid
bilayer membranes (SCHMID et al. 1994). This suggests that channel formation 
is one of the steps of the translocation of the toxin through the cell membrane, 
because several bacterial toxins that are known to enter the cells by receptor
mediated endocytosis also induced pore formation. Recently, the isolation of 
a Crtoxin-resistant cell line induced by mutagenesis was reported (FRITZ et 
al. 1995). The cytoplasmic actin of these mutant cells remained sensitive to 
ADP-ribosylation by Cz toxin and other cytopathogenic bacterial toxins, sug
gesting that only the binding site for component II of C2 toxin on the cell mem
brane is impaired in these cells. However, little is known about the mechanisms 
underlying the binding site and the translocation of C2 toxin into the cells. 

IV. ADP-Ribosylation of Actin by C2 Toxin 

In 1984, SIMPSON reported that component J (which he designated the "light 
chain") of C2 toxin possessed the ability to ADP-ribosylate the synthetic sub
strate homo-polY-L-arginine, indicating that the component I is an enzyme. 
Component J also ADP-ribosylates protein(s) in the supernatants or pellets 
from homogenates of several mouse tissues, suggesting that the modified site 
of the intracellular protein(s) is an arginine residue or something structurally 
closely related (SIMPSON 1984). However, the target protein modified by com
ponent I was not identified. In 1986, the substrate for component I was iden
tified as intracellular actin (AKTORIES et al. ] 986a; OHISHI and TUYAMA 1986). 
Component I of C2 toxin ADP-ribosylated non-muscle actin (fJly-actin iso
forms) purified from rabbit brain but did not ADP-ribosylate muscle actin 
(a-actin isoform) from rabbit muscle. Actin monomers (G-actin) - but not 
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polymers (F-actin) - were modified by component l, implying that the ADP
ribosylation site of actin monomer in the polymerized form is inaccessible to 
component I, because the site is folded inside a linear double helix of actin 
polymers (AKTORIES et al. 1986a). In an in vitro assay, the ADP-ribosylated 
actin is incapable of polymerization, indicating that the covalent modification 
of non-muscle actin monomers by component I alters at least one of the func
tional activities of the actin (AKTORIES et al. 1986a). Actin is one of the most 
abundant proteins in eukaryotic cells. It is involved in various cellular motile 
functions, such as locomotion, cytoplasmic streaming, endocytosis and exocy
tosis, and plays an important role in the organization of cell architecture and 
cell-to-cell interaction. These diverse functions of actin are made possible by 
its ability to polymerize and depolymerize. Therefore, the covalent modifica
tion and subsequent inactivation of intracellular actin monomers by Cc toxin 
can easily be linked to marked cytopathic effects in cells. Thus. the ADP
ribosylation of cytoplasmic actin by component I of C, toxin explains a variety 
of cellular responses to the toxin. 

The changes in the biological activities of cells exposed to C. toxin have 
been investigated in various systems. including whole animals. intact organs 
and cultured cells. Since this review does not aim to cover all of these areas. 
they are listed in Table 1, which is useful when determining the intracellular 
function(s) of actin by using C2 toxin as a tool (especially when applying the 
toxin to the outsides of the cells). 

1. ADP-Ribosylation of Intracellular Actin of Cultured Cells 

The ADP-ribosylation of intracellular actin by C2 toxin correlates well Wit'l 
the rounding of cultured CMK cells (OmsHI and TUYAMA ](86). The rounc
ing of CMK cells depends on the concentration of C. toxin after a latent period 
for 0.5-] h; again. components I or II alone show very low activity (MIYAH 
and OHISHI l(87). The morphological changes in cultured Y-I adrenal 
cells were not accompanied by an increase or decrease in cyclic-AMP 'lr 
eyclic-guanosine-monophosphate levels (ZEPEDA et al. 1988). Moreover, 
no inhibitory effect of C2 toxin on the incorporation of 14C-leucine,'H-uridi ne 
or 3H-thymidine was observed (MIYAKE and OHlSHI 1987; ZEPEDA et al. IY8~). 
[n fluorescein-phalloidin staining of stress fibers, the microfilament network 
in intact chick embryo cells was disorganized by C2 toxin, depending on 'he 
incubation period (REUNER et al. 1987). C, toxin induced a disruption of 
cytoskeletal microfilaments and intermediate filaments without affecting 
microtubules in cultured rat-hepatoma FAO cells (WIEGERS et al. 1991). The 
G-actin pool in intact chicken cells increased. depending on the degree of 
ADP-ribosylation of intracellular actin (AKTORIES et al. 1989). All of these 
results show that ADP-ribosylation of intracellular actin monomers b~' Cc 
toxin causes the depolymerization of F-actin. thereby resulting in the d ,sas
sembly of the cytoskeletal network and, subsequently, in morpholo ~ieal 
changes in cultured cells. 
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Table 1. Biological activities of botulinum C2 toxin in the whole animals, the organs and 
the tissue-cultured cells. The activities assayed with purified C2 toxin are listed chrono
logically 

Biological activity 

Lethality by intravenous 
injection 

Vascular permeability by 
intradermal injection 

In vitro toxicity 
Paralysis in 

neuromuscular 
transmission 

Drop in blood pressure 
and heart rate 

Gross pathological 
findings 

Enterotoxic activity 
Histopathological effect 

Cytopathic activity 
(rounding activity) 

Inhibition of histamine 
release 

Disorganization of 
microfilaments 

Activation of oxidase 

Rounding of the cells 

Rounding of the cells 
FMLP-stimulated 

superoxide-anion 
production 

Exocytosis; stimulated 
noradrenaline release 

Inhibition in muscle 
contraction 

Disassembly of cytoskeletal 
filaments 

Increase in endothelial 
permeability 

Chemoattractant-evoked 
PMN activation 

Chemoattractant-evoked 
cellular signal 
transduction 

Steroid production 

Morphological changes 

Inhibition of stimulated 
insulin secretion 

Inhibition of in vitro 
invasiveness and motility 

Whole animals/organs/cells 

Mice 

Guinea pigs 

Mice, rats, guinea pigs and chicks 
Isolated neuromuscular 

preparations 

Rat heart 

Mice and rats 

Mouse intestine 
Mouse intestine 

Cultured BHK-21, FL, HeLa, 
RK13, Vero, CHO-Kl, 
intestine 407 and L929 cell 
lines 

Rat mast cells 

Chick embryo cells 

Rat neutrophils 

Cultured CMK cells 

Cultured Y-l adrenal cells 
Human neutrophils 

PC12 cells 

Longitudinal muscle of guinea 
pig 

Rat hepatoma FAO and glioma 
U333 cells 

Monolayer of pulmonary-artery 
endothelial cells 

Human neutrophils (PMN) 

Human neutrophils (PMN) 

Cultured Y-l adrenal cells 

Cultured endothelial cells of 
porcine artery 

Cultured HIT-TIS cells and 
pancreatic islets 

Murine T-lymphocyte cell line 

References 

OHISHI et al. 1980 

OHISHI et a!. 1982 

SIMPSON 1982 

OHISHI 1983b 
OHISHI and 

ODAGIRI 1984 
OHISHI et a!. 1984 

BOlTINGER et al. 
1987 

REUNER et a!. 1987 

AL-MoHANNA et a!. 
1987 

MIYAKE and 
OHISHI1987 

ZEPEDA et al. 1988 
NORGAUER et a1. 

1988 

MAlTER et al. 1988 

MAUSS et a!. 1989 

WIEGERS et a!. 1991 

SUlTORP et al. 1991 

GRIMMINGER et a!. 
1991 

GRIMMINGER et al. 
1991 

CONSIDINE et al. 
1991 

MULLER et al. 1992 

LI et al. 1994 

VERSCHUEREN 
et al. 1995 
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Table 1. Continued 

Biological activity 

Increase in permeability of 
perfused rabbit lungs 

Toxin-resistant cell line 
Microinjection of 

AD P-ribosylated actins 
Inhibition in actin synthesis 
Microfilament morphology 

and migratory behavior 

Ultrastructural changes in 
endothelium 

Degranulation and 
depolymerization of 
actin filaments 

Exocytosis and superoxide
anion formation 

FCERI-mediated serotonin 
release 

Whole animals/organs/cells 

Rabbit lungs 

CHO-KI cells 
PtK2 cells 

Hepatoma 
Fihroblasts and myofibroblasts 

Perfused rabbit lungs 

Rat peritoneal mast cells 

Human neutrophils 

RBL cells 

I. OffiSH I 

References 

ER\1FRT d al. 1995 

FRITS et al. 1995 
KII.FER ct al. 1996 

RElI~IR d al. 1996 
RONNov-]EssEN 

and PETLKSLN 

1996 
ERMER! ct al. 1997 

WEX e\ al. 1997 

WENZLL-SLlI'IXI 

et al. 1997 
PREPE~S et al. 1(91) 

ADP, adenosine diphosphate; FMLP. formyl-methionyl-leucyl-phellylalallille: I'MN. 
polymorphonuclear neutrophil; RBL. rat basophilic leukemia. 

2. ADP-Ribosylation of Purified Actin 

ADP-ribosylation of purified human platelet actin by component I of C, toxin 
abolished the formation of typical F-actin. as observed by electron microscop;l. 
although gravel-like structures were formed with ADP-ribosylated actirs 
under polymerization conditions (AKTORIES et al. 1986b). Component I mod
ified both (3- and y-actins of hog liver. and the ADP-ribosylation site of the 
actin was located at Arg-l77, which is the same as the modification site for 
both muscle (a-actin) and non-muscle «(3Iy-actin) actins by C. pcrlringens type 
E iota toxin (VANDEKERCKHOVE et al. 1987,1988: Sect. C). VANDEKERCKHOVE et 
al. suggested that the substrate specificity for component I is possibly dekr
mined by the amino acid residue preceding the AD P-ribosylated Arg-I77. The 
amino acid residue preceding Arg-l77 is methionine in muscle actin il11d 
leucine in non-muscle actin (V ANDEKERCKHOVE et al. 1988). They mentiolLed 
another possible reason for the substrate specificity: the topographical struc
ture far from the target residue may influence modification by C,-tc,xin 
component L This was partly evidenced by ADP-ribosylation of purified 
Drosophila indirect-flight-muscle actin by component I (JUS! et al. 1993) By 
cloning the Act88F gene, which encodes the indirect-flight-muscle actin. 'hey 
prepared several mutants: C-terminal mutants (E334K, V229I, E364. G368 and 
R372H) and L176M, Rl77Q and llO-12. Actins from the RI77Q mutant and 
the N-terminal 0-12 deletion mutant were not ADP-ribosylated by compo
nent I of Co toxin. whereas the others were modified. The results show that 
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Arg-l77 is the modification site of indirect-flight-muscle actin, and the 
preceding leucine is not essential for substrate specificity. Moreover, the N
terminal region may be requisite for the modification, whereas some of C
terminal residues (Glu-334, Val-339, Glu-364, Gly-368 and Arg-372) are 
not crucial for modification by component I of C2 toxin. The y-smooth-muscle 
actin differs from a-smooth-muscle actin only in three amino acid residues at 
the N-terminal end; y-smooth-muscle actin also differs from a-skeletal, a
cardiac and a-smooth-muscle actins at an additional amino acid residue at 
the N-terminal end. Therefore, the substrate specificities of clostridial ADP
ribosyltransferases may be ascribable to differences in the N-terminal 
structures of the actins. 

Many cellular functions are undoubtedly controlled by reversible poly
merization/depolymerization of cytoplasmic actins. Actin filaments have polar
ity, and the rate constants for monomer association or dissociation at both ends 
are different; the filaments grow faster at the barbed end than at the pointed 
end. The effect of actin-ADP-ribosylation On the equilibration between poly
merization and depolymerization was first demonstrated with rabbit skeletal 
muscle actins modified by C. perfringens iota toxin (WEGNERS and AKTORIES 
1988; Sect. C). The polymerization of actin monomers was inhibited, depend
ing on the concentration of ADP-ribosylated actin, while the polymerized 
actin was dissociated in the presence of modified actins. Because polymeriza
tion at the pointed ends of actin filaments (the barbed ends of which were 
capped with gelsolin) was not affected by the presence of ADP-ribosylated 
actin, the inhibition of actin polymerization in the presence of ADP
ribosylated actin may occur at barbed ends. Similar results were also observed 
with the ADP-ribosylated non-muscle actin and component I of C2 toxin 
(WEIGHT et al. 1989). Therefore, the ADP-ribosylated actin behaves like a 
capping protein to inhibit further polymerization of actin monomers at the 
barbed ends. The actin monomers released from the pointed ends, which are 
not capped with ADP-ribosylated actins, are supplied as the substrates for 
further ADP-ribosylation (Fig. 2). These molecular events in cells exposed to 
botulinum C2 toxin or C. perfringens iota toxin seem to be the causes of the 
disorganization of microfilament networks. 

It has been reported that the actin in gelsolin-actin or gelsolin-actin
actin complexes is ADP-ribosylated in vitro by both botulinum C2 and C. 
perfringens iota toxins (WILLE et al. 1992). It was also demonstrated that 
the actin of the gels olin-actin complex in intact human neutrophils was ADP
ribosylated by C2 toxin (JUST et al.1993). These findings indicate that theADP
ribosylation site (Arg-l77) of actin is not masked in the actin of gelsolin-actin 
complexes, and the complexes are additional target molecules for toxins in the 
cells. Although the nucleating activities of the gelsolin-ADP-ribosylated actin 
and gelsolin-ADP-ribosylated actin-actin complexes were indistinguishable 
from that of the gelsolin-actin complex, actin polymerization in the presence 
of the gelsolin-ADP-ribosylated actin complexes was significantly retarded 
compared with polymerization nucleated by the gelsolin-actin complex 
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Capping 
at the barbed end 

I. OIIiSHI 

Degradation of 
--.... actin fi laments 

o polymerization 
activity 

f\cDDD .. f\4tID ~~4 
V'" D 0 D ADP-nbosyl> onY\7 D ADP-ri bo YI~on~1I4 ~ 
'9 cD D.b (1)+ AD ~ DC'J (I)+NAD VD 

D D ~ a-ac 'Ilt. pool 2:> ADP-ribo;yfated 
actin monomers 

Fig. 2. Model for the degradation of actin filaments by adenosine diphosphate (AD!') 
ribosylation of acti n monomers with component I of botulinum C2 toxin. Firstly, poly
merization of actin proceeds at both barbed and pointed ends by incorporating actin 
monomers (G-actin), although polymerization at barbed ends is faste r than that at 
pointed ends. The G-actins ADP-ribosylated by component I of botulinum C2 toxin 
then bind to the barbed ends of actin filaments in a capping-protein-like manner. 
thereby inhibiting further polymerization at the fast-growing end of F-actin. Lastly, and 
in addition, the modifi ed actins are incapable of polymerization (AKTORIES 1990) 

(WILLE et aI.1992). Thus, the interaction of ADP-ribosylated actins with actin
binding proteins (including gelsolin and possibly others) is another mechanism 
of the cytopathic effects of the actin-ADP-ribosylating toxins. 

c. C. Perfringens Iota Toxin 

I. Actin-ADP-Ribosylating Toxin of C. Perfringens Type E 

C. perfringens is, at present , divided into five types (A- E) depending on th,:ir 
ability to produce four toxins: ex, {3, I and E. Iota toxin is produced only by C. 
perfringens type E strains; it is produced along with ex toxin (which is a single 
polypeptide of 42.5 kDa) , phospholipase C sphingomyelinase and hemol~!tic 

and lethal activities. C. perfringens type E has been implicated in enteric 
disease in calves, lambs and rabbits (BOSWORTH 1943; Ross et al. 1949). it lad 
been known that iota toxin produced by C. perfringens type E is immunOlog
ically related to the toxin produced by C. spiroforme (BORRIELl.O and CARvlAN 

1983). In 1986, STILES and WILKINS found the two protein components of iota 
toxin by immunoelectrophoresis in the culture supernatant of C. perfi-im;ens 
type E ; they designated these components i" and it> (STILES and WILKINS 19:\6a). 
Moreover, they demonstrated that i" and it> of iota toxin were not linked by 
covalent or noncovalent bonds; these individual components showed litHe or 
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no activity (STILES and WILKINS 1986a). When these two proteins were com
bined, synergistic effects on mouse lethality and guinea pig dermonecrotic 
activity were observed, indicating that the molecular structure of iota toxin is 
analogous to that of botulinum C2 toxin. At that time, however, it had not yet 
been revealed that iii of iota toxin is actin-specific AOP-ribosyltransferase. In 
1987, SIMPSON et al. reported evidence that one of iota toxin components, i,,, is 
an enzyme with mono-ADP-ribosylating activity, with homo-poly-l-arginine as 
the substrate (SIMPSON et al. 1987). Thereafter, SCHERING et al. demonstrated 
that the AOP-ribosyltransferase activity of ia is specific for actin and modifies 
both muscle and non-muscle actins (SCHERING et al. 1988). 

II. Molecular Structure and Function 

STILES and WILKINS reported purifkation procedures for the two protein com
ponents (i" and ih) of iota toxin produced by C. perfringens type-E strain NCIB 
10748 (STILES and WILKINS 1986b). These two components are non-linked pro
teins and are synergistic in eliciting the biological activity of the toxin; either 
component alone was inactive in terms of lethality in mice and dermonecrotic 
activity in guinea pigs, whereas the combination of the two was active. The 
molecular sizes of i" and ih , as determined by SOS-PAGE, were 47.5 kDa and 
71.5 kDa, respectively, and each of them cross-reacted with antiserum to C. 
spiroforme. These two proteins of iota toxin did not show any synergistic effect 
with the two components of botulinum C2 toxin; i.e., neither the combination 
of i" of iota toxin and the component II of C2 toxin nor that of ih of iota toxin 
and the component I of C2 toxin was lethal to mice, implying that the primary 
structure of C. perfringens iota toxin is quite different from that of botulinum 
C2 toxin, although the structure-function relationship of iota toxin mimics that 
of C2 toxin. 

In 1988, SCHERING et al. reported that the target molecule of iii of iota toxin 
is actin (SCHERING et al. 1988). In contrast to C2 toxin of C. hotulinum, however, 
i" ADP-ribosylated both muscle and non-muscle actins, whereas component 
I of C2 toxin AOP-ribosylated only non-muscle actin, as described in Sect. 
B. Five different actin isoforms - a-skeletal-muscle actin, a-cardiac-muscle 
actin, gizzard y-smooth-muscle actin, spleen j31y-cytoplasmic actin and aortic 
aly-smooth-muscle actin (this compound contained 77% a isoform and 
23% yisoform) - were prepared and compared with respect to the substrate 
specificity for iota and C2 toxins (MAUSS et al. 1990). The i" component of iota 
toxin modified all of these actin isoforms, whereas component I of C2 toxin 
modified gizzard y-smooth-muscle and spleen j31y-cytoplasmic actins and 
the y-isoform of aortic aly-smooth muscle actin. The modification of actin 
by i" resulted in the inhibition of the polymerization activity of actin. Cyto
plasmic actin in intact chicken embryo cells exposed to iota toxin was ADP
ribosylated, and the modification was counteracted with component I of C2 
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toxin. Pretreatment of the cells by Cz toxin resulted in marked reduction of 
ADP-ribosylation of cytoplasmic actin by iota toxin, suggesting that the target 
site on the actin molecule is identical for both component I of Cz toxin and ia 
of iota toxin. Since the ADP-ribosylation site for Cz toxin was identified as 
Arg-l77 of non-muscle actin, and since this site is identical for muscle and non
muscle actins, both iota toxin and Cz toxin were presumed to modify this amino 
acid. Thereafter, the ADP-ribosylation site of skeletal-muscle actin (a-actin) 
by iota toxin was identified as Arg-l77, which is the same as the target of 
botulinum C2 toxin (V ANDEKERCKHOVE et al. 1987). 

In 1993, iota-toxin genes of C. perfringens type E strain NCIB 10748 were 
cloned, and the details of the molecular characteristics were reported by 
PERELLE et al (1993). The ia gene encoded 454 amino acids (52.314kDa) con
taining a signal peptide of 41 amino acid residues at the N-terminal end 
(matured ia is composed of 413 amino acids, 47.586kDa). The i" sequence 
reported in 1993 was incorrect, and the correct sequence was reported in 1995 
(PERELLE et al. 1995). The ib gene encodes 875 amino acids (98.467kDa) con
taining a signal peptide of 39 residues at the N-terminal end (matured ih 

was 836 residues, 94.013kDa). The trypsin-activated form of ih appeared to be 
composed of amino acid residues from Ala-212 to Asn-875 (664 amino acids, 
80.890kDa; PERELLE et al. 1993). In the primary structure of ih of iota toxin. 
the hydrophobic sequence from Leu-292 to Ser-309, which possibly forms a 
transmembrane segment across the cell membrane, was determined. Ih is 
required for entry of ia into the cytosol, and ih must undergo limited proteol
ysis to be functionally active. The cloning of the gene encoding component II 
of C2 toxin revealed a similar transmembrane segment from Met-260 to Ser· 
277 (KIMURA et al. 1998). Thus, iota toxin shares a comparable structure and 
mode of action with botulinum C2 toxin. 

In 1996, VAN DAMME et al. reported that the active site for ADP-ribosy
lation activity of iota toxin is located at Glu-378, which seems to be pivotal for 
catalysis, because the residue is cross-linked to nicotinamide adenine dinu
cleotide (NAD) by UV-irradiation; this is accompanied by inhibition in AD?
ribosylation activity (VAN DAMME et al. 1996). They suggested that the spac1:d 
biglutamic acid sequence, which was found in iota toxin at Glu-378 a1d 
Glu-380, participates in the catalysis of ADP-ribosylation activity. as occurs 
in various transferases, including bacterial toxins [Staphylococcus aUrl'llS 
transferase (epidermal cell differentiation inhibitor), Vibrio cholerae tm.in. 
Escherichica coli heat labile toxin and Bordetella purtussis toxin]. PERELU: ct 
al. also reported that the active site of i" for ADP-ribosyltransferease is located 
in the C-terminal region of the protein (PERELLE et al. 1996). Site-directed 
mutagenesis of amino acid residues (Arg-295-Lys, Glu-378-Ala. Glu-380-Asp 
and Glu-380-Ala) in the C-terminus of the toxin induced a drastic decrease 
in both ADP-ribosylation and cytotoxic activities. This is consistent with the 
results of labeling iota toxin with NAD+ by UV-irradiation, as described above 
(DAMME et al. 1996). The conserved NAD+ -binding site in component I of C2 

toxin was found to be composed of residues Glu-331 to Try-336 (FUJII d al. 
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1996). However, the homology between component I and i" was reported to 
be only about 10% (this was incorrectly calculated, and the homology recal
culated with the data of 063902 and X73562 in the DNA Data Bank of Japan 
is 36%), whereas that between component II and ih was 39% (FuJII et al. 1996; 
KIMURA et al. 1998) 

D. C. Spiroforme Toxin 

I. Actin-ADP-Ribosylating Toxin of C. Spiroforme 

C. spiroforme is an enteric pathogen of weaning rabbits and causes 
enterotoxin-mediated diarrhea, which is possibly a common cause of mortal
ity among rabbits. BORRIELLO and CARMAN reported the detection of iota-like 
toxin and the isolation of C. spiroforme from cecal contents of rabbits suffer
ing from spontaneous or antibiotic-associated diarrhea (BORREIELLO and 
CARMAN 1983). As described in Sect. C, in 1986, STILES and WILKINS demon
strated that iota toxin elaborated by C. perfringens was cross-neutralized with 
antiserum to C. spiroforme (STILES and WILKINS 1986b). Moreover, they 
reported that C. perfringens type E and C. spiroforme both produce two 
protein components, ia and ih• These two components were purified from the 
culture supernatant of C. perfringens type E strain NCIB 10748 by isoelec
tric focusing. The biological activity of the toxin increased when the two 
purified protein components were combined, as described in Sect. C. These 
findings indicate that C. spiroforme also produces iota-like toxin, the molecu
lar structure and function of which is analogous to that of iota toxin of C. 
perfringens. The two purified proteins of C. spiroforme were characterized 
in detail, and one of the two components was found to be actin-specific AOP
ribosyltransferase (POPOFF and BOQUET 1988; POPOFF et al. 1989). 

II. Molecular Structure and Function 

In 1988, POPOFF and BOQUET reported immunological cross-reactions among 
purified AOP-ribosyltransferases of C. spiroforme strain 246 and C. perfrin
gens type E strain NCIB 10748, the enzymatic component of C. difficile strain 
C196 (OCT; Sect. D) and component I of botulinum C2 toxin. The AOP
ribosyltransferases purified from C. spiroforme, C. perfringens and C. difficile 
cross-reacted with each other in an immunoblotting assay; only component 
I of botulinum C2 toxin did not cross-react. All of these purified components 
AOP-ribosylated actin prepared from the lysate of Xenopus oocytes. C. spiro
forme, in addition to the enzyme component (designated as Sa), produced 
another protein component, Sb, which showed a synergistic effect on lethality 
in mice and cytotoxicity in cultured cells when combined with Sa (POPOFF et 
al. 1989, SIMPSON et al. 1989). They also examined the interchangeability of the 
enzyme components with the binding components of the four clostridial 
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strains. As with immunological effects, only component I of C2 toxin is excep
tional, although the two components from the other three clostridial strains 
were interchangeable with their counterparts from the toxins. All of the com
binations (ia and Sb, CDT and Sb, Sa and ih, CDT and if,) werc cytotoxic to 
cultured Vero cells. The results indicate that C. ~piroforme produces a "'binary 
toxin" whose molecular structure and function are similar to those of C. per
fringens type E iota toxin (SIMPSON et aI. 1989). The molecular weights of the 
two proteins, Sa and Sb, as determined by SDS-PAGE, were 44kDa and 
92 kDa, respectively, while that of Sb activated by trypsin was 76 kDa (POPOFF 
et aI. 1989). As demonstrated with the two components (I and II) of botulinum 
C2 toxin, these components alone were neither lethal to mice nor cytotoxic to 
cultured cells (SIMPSON et ai. 1989). 

E. C. Difficile Toxin 

I. Actin-ADP-Ribosylating Toxin of C. Difficile 

C. difficile is the pathogenic organism in pseudomembranous colitis and 
antibiotic-associated diarrhea (REHG and Lu 1981; CARMEN and EVANS 1984) 
and produces two large-molecular-weight, single-polypeptide toxins. toxins 
A (308 kDa) and B (270kDa; BARROSO et aI. 1990: SAUERBORN and VON EICHEL' 
STREIBER 1990). Toxin A is a lethal enterotoxin and induces intestinal inflam 
mation, causing hemorrhagic diarrhea, whereas toxin B is not enterotoxigenif; 
but is potently cytotopathogenic to cultured cells. These toxins are not ADP
ribosyltransferases but are monoglucosyltransferases that covalently modify 
the Rho family by uridine-diphosphate-glucose-dependent glycosylation at 
threonine 37 and result in inactivation of Rho proteins. thereby inducing di,;
assembly of cytoskeletal actin filaments (JUST et ai. 1995a, 1995b). In addition 
to toxins A and B, it has been reported that one of 15 C. difficile strains exarn
ined produced actin-specific ADP-ribosyltransferase, designated CDT (Pope FF 
and BOQUET 1988). 

II. Molecular Structure and Function 

In 1988, POPOFF and BOQUET reported an unique strain of C. diffie-ile, strain 
CD 196, which produced only an actin-specific AD P-ribosyltransferase: the 
microinjection of culture supernatant of the strain into [12P]NAD-loadcd 
Xenopus leu'vis oocytes resulted in ADP-ribosylation of cytoplasmic <.ctin 
(POPOFF and BOQUET 1988; POPOFF et ai. 1988). The purified enzyme COf1pO
nent, designated CDT, weighed 43 kDa, as determined by SDS-PAGE. ane was 
not immunologically related to C. difficile toxins A or B or with componcnts 
I or II of botulinum C2 toxin. CDT was not cytotoxic to cultured Vero cells 
and was not lethal to mice by intraperitoneal injection (POPOFF et ai. 1988). 
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Moreover, CDT was neither cytotoxic nor lethal, even when combined with 
component I or II of botulinum Cz toxin. However, the ADP-ribosylation of 
cytoplasmic actin by CDT in lysates of Vero cells was counteracted by botu
linum C2 toxin; exposure of the cells to Cz toxin depleted the actin substrate 
available for modification by CDT. In immunoblotting assays with anti-CDT 
serum, CDT immunologically cross-reacted with a 43-kDa protein in the 
culture supernatant of C. perfringens type E, which is known to produce iota 
toxin, an actin-specific ADP-ribosyltransferase. In combination with the 
binding component of either iota toxin or Spiroforme toxin, CDT showed cyto
toxicity to Vero cells and lethality in mice, whereas it did not do so when com
bined with component II, the binding component of botulinum Cz toxin. These 
results imply (1) that CDT is ADP-ribosyltransferase, which is antigenically 
similar to C. perfringens iota toxin, and (2) that C. difficile strain CD196 pro
duces only the enzyme component corresponding to component I of botu
linum Cz toxin. Thus, CD196 seemed to be an exceptional strain producing 
no binding component of "binary toxin". This puzzle was solved in 1997 by 
PERELLE et a1. Using an immunoblotting method, they detected two proteins 
- the enzyme and binding components (designated as CDTa and CDTb, 
respectively) of C. difficile toxin - in 40-fold-concentrated culture supernatants 
of strain CD196. Moreover, they demonstrated that the CDT locus of C. dif
fidle strain CD196 contains two genes, cdtA and cdtB, which encode CDTa 
and CDTb, respectively. In addition, they showed that the lower production 
levels of both components are due to lower transcription levels and, probably, 
to the lower stabilities of their mRNAs. The levels of the transcription prod
ucts of the genes for cdtA and cdtB were approximately 30- to 60-fold lower 
than those of C. perfringens type E iota toxin. 

The antigenicity of CDTb is similar to those of both Sb and ih but not that 
of component II of Cz toxin. Similarly, CDTa cross-reacts immunologically 
with Sa and i" but not with component I of Cz toxin (PERELLE et a1. 1997). The 
molecular weights of CDTa and CDTb, determined by SDS-PAGE, are 43 kDa 
and 75 kDa, respectively. The morphological changes in cultured cells exposed 
to concentrated culture supernatants of CD196 are very similar to those 
caused by botulinum Cz toxin, iota toxin and Spiroforme toxins: the rounding 
of the cells, as detected by light microscopy, and the disassembly of microfila
ments, detected by staining with ftuorescently labeled phalloidin. Trypsiniza
tion of CDTb is required to achieve full activity of CDT toxin. The apparent 
molecular size of the activated CDTb is 73 kDa in SDS-PAGE. The amino acid 
sequences of CDTa and CDTb (deduced from gene cloning) are 81 % and 84 % 
identical to those of ia and ih of iota toxin, respectively. 

Though not yet examined, CDT probably modifies muscle actin, because 
the toxin has molecular characteristics very similar to those of iota toxin, which 
ADP-ribosylates both non-muscle and muscle act ins. Thus, CDT is another 
"binary toxin" of actin-specific ADP-ribosyltransferease and is apparently 
involved in the pathogenesis of C. difficile infection. 
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Table2. Actin-adenosine diphosphate (ADP)-rihosylating toxins 

Toxin producer 

C. hotulinum types 
C and D 

c. pert'ringens 
type E 

C. spiroforme 

C. dijficile 

Toxin components 
( molecular weight)" 

C 2 toxinh : 

component [ 
(55 kDa) 
C 2 toxin b: 

component II 
(105/88 kDa) 

rota toxin: in 
(47.5 kDa) 
rota toxin: ih 

(7L.5 kDa) 

Spiroforme toxin: 
Sa (44kDa) 
Spiroforme toxin: 
Sh (92/76 kOa) 

CDT': CDTa 
(43 kDa) 
CDT': CDTh 
(75173 kOa) 

Suhstrate 
specificity 

~/y-Actin 

a- and ~/y-actins 

~/y- and possihly 
a-actinsd 

~/y- and possihly 
a-actinsd 

Antigenically 
common'l 

Not with i". Sa and 
COTa 

Not with ih• Sh and 
CDTh 

Not with (I)' hut 
with i", Sa and CD'nl 
Not with (II)' hut 
with ih• Sh and COTh 

Not with (I) hut 
with i". Sa and COTa 
Not with ([[) hut 
with ih• Sh and CDTh 

Not with (l) hut 
with i,. Sa and CDTa 
Not with (II) hut 
with ih• Sh and CDTh 

"Molecular size was determined by sodium dodecyl sulfate polyacrylamide-gel elec
trophoresis. The weights of component II. Sh and COTh are given as the weight of the 
component when not activated hy trypsin/the weight of the component when activated 
by trypsin. See the text for a discussion of the molecular weights deduced from gene 
cloning. 
!oSee Sect. B.Il. for a discussion of the heterogeneity (depending on the strain) of the 
two components of C2 toxin in biological activity and molecular size. 
C (l) and (II) are short for components rand ][ of C2 toxin. respectively. 
d Only cytoplasmic actin was examined for AOP-ribosylation with these toxins. 'I11ere
fore, it has not yet heen reported whether all of these actin isoforms are modified or 
not. However. the immunological cross-reaction and the homology in amino aci:! 
sequence support this suhstrate specificity. 
C Clostridium ditJicile toxin? 

F. Concluding Remarks 
Most bacterial toxins are enzymes that modify. in most cases, a key protein 
in a living system of eukaryotes. Like all other types of protein catalyst. the 
toxin enzyme has substrate specificity and catalyzes a chemical reaction at 
an extremely high rate. In addition, as we learn from basic enzymology. the 
enzyme molecules themselves ideally are not changed after participating 
in the reaction and, therefore, can function many times. All of these cha'ac
teristics of the toxin enzyme explain the rapid, specific and serious damage to 
cells exposed to the toxin. Paradoxically, the substrate specificity of a bacter
ial toxin is an useful tool to analyze the specific role of the substrate prctein 
at a molecular level in the cell. The bacterial toxins are sometimes considered 
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to be specialized molecules that cause an unusual cellular response. However, 
in any field of science, our ideas always change from specific ones to general 
ones and vice versa. Therefore, the fundamental principles of cell biology, I 
hope, could be revealed by the toxinology of clostridial actin-specific ADP
ribosyltransferases. The molecular structures and functions of clostridial actin
specific ADP-ribosyltransferases are summarized in Table 2. 
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CHAPTER 13 

Molecular Biology of Actin-ADP
Ribosylating Toxins 

M.R. POPOFF 

A. Introduction 

The actin cytoskeleton is the target of a large number of toxins. The actin 
network controls the shape and spatial organization of the cell and contributes 
to many cell functions, such as movement, cytokinesis, endocytosis, exocytosis 
and control of intercellular junctions. Its disorganization by toxins leads to 
important cell dysfunctions and induces the severe lesions which are found in 
the associated pathologies. Some toxins modify enzymatic regulatory proteins 
of actin polymerization (Rho family), including: C3 enzyme, which specifi
cally adenosine diphosphate (ADP)-ribosylates Rho (Chap. 11): the large 
clostridial toxins [Clostridium difficile ToxA and ToxB, C. sordellii heat -labile 
toxin (LT) and hemorrhagic toxin, and C. novyi Toxa], which monoglucosy
late various p21 G-proteins (Chap. 14); and cytotoxic necrotizing factor from 
Escherichia coli and dermonecrotizing toxin from Bordetella bronchiseptica 
(Chap. 13), which catalyze the deamidation of Gln-63 in Rho protein. Modifi
cation by ADP-ribosylating or glucosylating toxins traps the Rho family pro
teins in their inactive forms, leading to depolymerization of the actin filaments 
in cells. In contrast, the deamidation of Gln-63 impairs the Rho guanosine 
triphosphate (GTP)ase activities, and Rho is permanently active (FLATAU et 
al. 1997; SCHMIDT et a!. 1997). This increases the actin filaments and ruffles and 
blocks the cytokinesis. Other toxins act directly on the actin monomers by 
ADP-ribosylation, which is a common mechanism of action for many toxins 
(Chap. 2); thereby, they cause a complete disorganization of the actin filaments. 
These toxins, which are called actin-ADP-ribosylating toxins, are produced by 
bacteria from the Clostridium genus. 

The actin-ADP-ribosylating toxins are binary toxins and share a common 
structure consisting of two independent protein chains (binding and enzymatic 
components). The binding component is involved in the recognition of a cell
surface receptor and mediates the internalization of the enzymatic component 
into the cytosol. The enzymatic component modifies the actin monomers by 
ADP-ribosylation at Arg-l77, leading to the inhibition of actin polymeriza
tion and the disassembly of actin filaments (Chap. 18). The other ADP
ribosylating toxins, such as diphtheria toxin (DT) and cholera toxin (CT), are 
also organized into different functional domains. The special feature of the 
binary toxins is that the enzymatic domain is localized on a distinct protein 
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chain that is not linked (by either covalent or non-covalent bonds) to the 
binding component. This review is focussed on current data about the genetic 
aspects of the actin-ADP~ribosylating toxins. 

B. Bacteria Producing Actin-ADP-Ribosylating Toxins 
The bacteria that produce actin-ADP~ribosylating toxins and their main asso
ciated pathologies are listed in Table 1. 

I. C. Botulinum 

C2 toxin is produced by C. botulinum type-C and -D strains, which are the 
causative agents of botulism in diverse animal species and, rarely, in humans. 
These C. botulinum strains also produce botulinum neurotoxins CI and D, 
respectively, and the C3 enzyme. The C2 toxin is not involved in the neuro
logic disorder of botulism, but it is probably responsible for the necrotic and 
hemorrhagic lesions of the intestinal wall which are occasionally observed 
during the autopsies of animals that die of botulism, particularly in avians 
(EKLUND and DOWELL 1987). Experimentally, C2 toxin is dermonecrotic and 
induces hemorrhagic enteritis in mice (OHISHI and ODAGIRI 1984). 

II. C. Perfringens 

C. perfringens is widespread in the environment and is divided into five to x
inotypes (A, B, C, D and E) according to the major toxins, which are lethal for 
mice. C. pertringens E is characterized by the production of Iota and Alpha 
toxins as major toxins. This microorganism type is an occasional cause of diar-

Table 1. Actin-adenosine diphosphate 
Clostridia-associated pathology and hosts 

(ADP)-ribosylating 

Bacterial Aetin-ADP- Other Pathology 
species ribosylating toxin toxins 

C. botulinum C C2 Neurotoxin Botulism 
CLC3 

C. hotulinllm D C2 Neurotoxin Botulism 
D,C3 

C. perj'ringells E Iota Alpha Enterotoxemia 

C. spir%nll£' C. Diarrhea. 
spir%ml£' toxin death 

C. difficile COT ToxA. Diarrhea. 
ToxB colitis 

toxin-producing 

Host 

Birds. minks. 
other animal:; 

Cattle, other 
animals 

Calves. othe . 
young animals 

Rabbit. human 

Humans. 
rodents 
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rhea and enterotoxemia in calves and, more rarely, in other young animals. 
The enteric clostridial affections, including C. perfringens enterotoxemia, 
result from colonization (by Clostridia) of the digestive tracts of hosts with 
compromised intestinal flora, and from the production of toxins. The most 
common predisposing factors are the use of antibiotics, and weaning. The 
toxins produced in the intestinal content are responsible for the symptoms and 
lesions. The Iota toxin is dermonecrotic and lethal for mice when injected 
intraperitoneally (McDoNELL 1986). 

III. C. Spiroforme 

C. spiroforme, so called because of its spirally coiled chains of curved rods, is 
commonly found in the digestive tracts of rabbits, and it is a major cause of 
diarrhea and death in this animal species (CARMAN et a1. 1997). The C. spiro
forme toxin causes fluid accumulation when injected into ligated sections of 
rabbit ileum. The intestinal submucosa is thickened by an inflammatory 
exudate, and the mucosal epithelium shows varying degrees of necrosis, 
leading to ulcerations and even to diffuse mucosal denudation (CARMAN et a1. 
1997). One case of colitis and diarrhea in a leukemic human has been reported 
(BAUDIERI et a1. 1986). 

IV. C. Difficile 

C. difficile is the well-documented agent of pseudomembranous colitis and 
diarrhea following antibiotic treatment. The major toxins synthesized by C. 
difficile are ToxA and ToxB (Chap. 15). It has been found that a C. difficile 
strain (CD196) produces an actin-specific ADP-ribosyltransferase (CDT) 
immunologically related to the Iota toxin and distinct from ToxA and ToxB, 
which are also synthesized by this strain. However, a binding component for 
CDT was not evidenced (POPOFF et a1. 1988). Genetic analysis and DNA 
sequencing showed that CD196 contains both enzymatic (CDTa) and binding
component (CDTb) genes and that they are related to the corresponding 
genes of the Iota toxin from C. perfringens (PERELLE et a1. 1997a). 

The exact role of CDT in the natural C. difficile diseases remains to be 
determined. CD196 was isolated from a patient with severe pseudomembra
nous colitis (POPOFF et a1. 1988). In a short series, 12.5% of C. difficile strains 
isolated from patients with enteritis contained CDT genes in addition to those 
coding ToxA and ToxB (PERELLE et a1. 1997a). This suggests that CDT could 
be an additional virulence factor and that CDT-producing strains could be 
involved in severe C. difficile afflictions. 

c. Families of Actin-ADP-Ribosylating Toxins 
The clostridial actin-ADP-ribosylating toxins share the same structure, con
sisting of two independent protein components (Tables 1, 2). However, two 
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Table 2. Immunological cross-reactions between the bind
ing components of the Iota and C2 families by enzyme
linked immunosorbent assay 

PA Ib Sb C2-II 

Anti-PA 400000 <100 <100 <100 
Anti-Ib 1200 1600000 410000 <100 
Anti-Sb 100 102000 102000 <100 
Anti-C2-II 350 2400 1000 16000 

PA, protective antigen. 

M.R. POPOFF 

families of actin-ADP-ribosylating toxins can be distinguished on the basis of 
their immunological relatedness and biological activites, one corresponding 
to the C2 toxins from C. botulinum (C2-toxin family), and the other to the C. 
perfringens Iota toxin, C. ,\piroforme toxin and C. difficile transferase (Iota
toxin family). 

I. C2-Toxin Family 

The C2 toxin family is heterogeneous. Three groups of C2 toxins from C. bot
ulinum C and 0 strains have been identified according to their molecular 
weights (MWs) and immunological cross-reactions (OHISHI and OKADA 1986). 

The electrophoretic mobilities of the enzymatic component (C2I) from 
the three groups are approximately the same (-49 kDa). C2I from the three 
different groups share common epitopes, but a partial immunological reaction 
was observed between C21 from groups I and II (OHISHI and OKADA 1986). 

The binding components (C21I) from the three groups are dissimilar il 
size (84,69 and 80kDa for the mature proteins of groups I-III, respective I) ) 
and are immunologically heterogeneous, as tested by immunoprecipitation 
(OHISHI and HAM A 1992). The heterogeneity has been confirmed by pol'Y
merase chain reaction (PCR) amplifications (KIMURA et al. 1998). Moreover, 
the biological activities (vascular permeability and cell rounding) were diffn
ent for the C2 toxins from the three groups (OHISHI and OKADA 1986; OHI5H1 

and HAM A 1992). The vascular-permeability activity of C2 toxins from group 
II, tested by intradermal injection in rabbit, was higher than that of C2 toxlOS 
from groups I and III. C2 toxin from group III produced very low vascuJar
permeability activity. Combinations of C2I from group III and C2II from 
group I formed toxins with low activity, whereas combination of C2I from 
group I with C2I1 from group II or III reconstituted active toxins. C2II 
of group III was more efficient than C2II of group II in forming active toxin 
with C21 of group I. This indicates that component II of group III is as active 
as those of groups I and II, and component I of group III is possibly inactive 
(OHISHI and OKADA 1986; OHISHI and HAM A 1992). 
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II. Iota-Toxin Family 

The enzymatic and binding components of the Iota-toxin family produced by 
C. perfringens , C. spiroforme and C. difficile have different sizes (Figs. 1, 2) but 
are immunologically related. The antibodies raised against the enzymatic com
ponents of Iota toxin (la), C. spiroforme toxin (Sa) and CDTa recognize indis
tinctly each enzymatic component by Western blotting (Fig. 3). Cross-reactions 
between Ib and Sb have also been observed by Western blotting and enzyme
linked immunosorbent assay (ELISA; Table 2). Heterogeneity between toxins 
produced by individual strains of the same Clostridium species remains to be 
determined. Moreover, the binding and enzymatic components of the Iota 
family can be interchanged to form toxins fully active in cell rounding and 
mice lethality. For example, the binding components of Iota toxin (Ib) and C. 
spiroforme toxin (Sb) can mediate the internalization and cytotoxicity of 
CDTa (POPOFF and BOQUET 1988). 

III. Relatedness Between C2-Toxin and Iota-Toxin Families 

The toxins from the two families are not, or are only weakly, immunologically 
related (Fig. 3; Table 2), and no functional complementation was evidenced 
between the components of each family (Table 3). Thus, the binding compo
nents of the Iota-toxin family cannot translocate the enzymatic component of 
C2 toxin into host cells; similarly, the binding component of C2 toxin is inef
ficient in permitting the translocation of the enzymatic proteins of the Iota 
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Fig. 1. Structure and domain organization of the enzymatic components of actin
adenosine diphosphate-ribosylating toxins 
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Table 3. Comparison of the structure and properties of toxins from Iota and C2 
families 

Toxins 

Amino acid identity 
Immunological 

cross-reaction 
Functional 

complementation 
between enzymatic 
and binding 
proteins 

Cell-surface 
receptor 

Intracellular target 
of the enzymatic 
components 

Enzymatic reaction 

Iota family 

C. perfringens 
Iota toxin 

C. spiroforme 
toxin 

C. difficile 
(CDT) 

80-85% 
High 

Yes 

Unidentified 

All actin 
isoforms 

ADP, adenosine diphosphate. 

Inter-family 
comparison 

31-40% 
Weak 

No 

Different 

ADP-ribosylation 
at Arg-l77 

C2-toxin family 

C2 toxins of C. 
botulinum C and D 
(three groups) 

?a 
High 

Yes 

Unidentified 

Cellular actin 
isoforms 

a C2-toxin sequence was determined from only one C. botulinum strain. 

family (POPOFF and BOQUET 1988; CONSIDINE and SIMPSON 1991). Other dif
ferences between the two families concern the recognition of different cell
surface receptors by the binding components, and the mode of entry into cells 
(Table 3). 

The binary toxins are internalized into cells by receptor-mediated endo
cytosis (SIMPSON 1989). The cell receptors have not yet been identified. C2II 
may recognize a receptor related to those of growth factors (FRITZ et al. 1995). 
No competition was observed between C2II and Ib in internalizing either C2l 
or la, indicating that C2 and Iota toxins recognize different cell-surface recep
tors (unpublished). Furthermore, a Chinese hamster ovary (CHO) mutant cell 
line resistant to the C2 toxin was isolated. The ADP-ribosylation of G-actin 
by C2I was not impaired in lysates of mutant cells. However, the binding of 
C2II to the resistant cells was drastically decreased, indicating that the muta
tion affected the C2II receptor. Interestingly, the C2-resistant CHO cells 
remained sensitive to Iota toxin, confirming that the C2II receptor is different 
from that of Ib (FRITZ et al. 1995). 

The cytopathic effects of C2 toxin are blocked by agents preventing endo
cytic pathway acidification (chloroquine, bafilomycin A1 and monensin), 
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whereas the cytotoxicity induced by Iota toxin and C. spiroforme toxin are not 
modified by these agents (POPOFF et al. 1989; SIMPSON 1989; GIBERT et al. 1997; 
PERELLE et al. 1997b). It has been found that C. spiroforme toxin enters cells 
by coated-pit vesicles, since its cytotoxicity is blocked by potassium depletion, 
which impairs the clathrin assembly. The translocation of Sa into the cytosol 
seems to take place in the cell periphery. Therefore, a temperature of 15°C, 
which inhibits the traffic from endosomes to the trans-Golgi network, does not 
affect the C. spiroforme toxin effects (POPOFF et al. 1989). This indicates that 
the Iota toxins are routed in a different way than via the acidic endosomes 
used by C2 toxin. Furthermore, the intracellular targets of the enzymatic com
ponents are different. Iota toxin is able to modify alI the actin isoforms, 
whereas the specificity of C2 toxin is restricted to non-muscular actin (MAUSS 
et al. 1990; Table 3). 

D. Actin-ADP-Ribosylating Toxin Genes and 
Predicted Molecules 

I. Iota-Toxin Genes and Iota-Toxin Proteins 

The Iota-toxin genes were the first genes of actin-ADP-ribosylating toxins 
to be characterized. The DNA region of C. perfringens E strain NCIBI0748 
encoding the Iota-toxin structural genes has been cloned and sequenced using 
degenerated oligonucleotides derived from protein sequencing (PERELLE et al. 
1993). Two genes (iap and ibp) localized in the close vicinity encode Ia and Ib 
components, respectively. 

The coding regions of iap and ibp genes predict a protein 454 amino acid, 
long for Ia and a protein 875 amino acids long for lb. The 41 N-terminal amin.) 
acids of la and the 39 corresponding amino acids of Ib have the features (If 
bacterial signal sequences, including the presence of charged N-terminal 
residues, a long hydrophobic core followed by charged residues, a turn residl.e 
and a cleavage site for signal peptidase. Therefore, the mature Ia consists 1)1' 

413 amino acids (Fig. I). The predicted MW (47588Da) and pI (5.01) are in 
agreement with those determined experimentally (MW 47500 Da and pI 5.2; 
STILES and WILKINS 1986b; PERELLE et al. 1993). The recombinant iap gene 
expressed in E. coli yielded a protein migrating at 44kDa; it was recognized 
by anti-Ia antibodies and exhibited ADP-ribosyltransferase activity with actin 
as substrate (PERELLE et al. 1993). 

The secreted Ib encompasses 836 amino acids and corresponds to the Ib 
precursor. The mature lb (664 amino acids) results from the proteolytic cleav
age of the N-terminal propeptide (172 amino acids) from the precursor form 
(Fig. 2). The predicted MW (80890Da) and pI (4.67) differ from those found 
for native Ib (67000Da and pi 4.2; STILES and WILKINS 1 986b). Recombinant 
Ib produced in E. coli is recognized by anti-Ib antibodies, but it is not 
processed in its mature form (PERELLE et al. 1993). 
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II. C. Spiroforme Toxin and eDT Genes 

The genes of C. spiroforme toxin and CDT have been cloned and sequenced 
from one representative bacterial strain of each species. The toxins of the Iota 
family are immunologically related, suggesting that they have a similar 
sequence. Therefore, the cloning of the homologous genes was facilitated by 
the fact that Iota toxin recombinant clones, which were used as probes, 
hybridized with DNA from C. spiroforme and C. difficile. The genes (at least 
those that were characterized) that code the toxin components of the Iota 
family have approximately the same size and show the same organization. 
The two genes encoding the enzymatic and binding components are in the 
close vicinity, and they are transcribed in the same orientation. They are 
separated by 40 non-coding nucleotides in C. perfringens E, 41 in C. spiroforme 
and 52 in C. difficile. The gene encoding the enzymatic component is localized 
upstream from that encoding the binding component. A consensus ribosome
binding site (GGAGG) is found upstream from each open reading frame. 
An inverted repeat able to form a hairpin-loop structure and probably 
corresponding to a Rho-independent terminator sequence is lying down
stream from the binding component gene in C. difficile (~G = -16.1 kcal/mol). 
No such sequence was found either downstream from the enzymatic
component genes or downstream from the binding-component genes 
in C. perfringens and C. spiroforme (PERELLE et al. 1993, 1997; GIBERT 
et al. 1997). 

III. C. Spiroforme Toxin and eDT Proteins 

A typical signal-peptide sequence precedes the coding regions for the mature 
proteins. The signal-peptide lengths of C. spiroforme toxin and CDT compo
nents ranges from 42 to 44 residues, which is usual for the Gram-positive 
bacteria (Figs. 1,2). 

The N-terminal protein sequencing of Sa indicates that the mature protein 
starts at Ser-47 (PERELLE et al. 1993). However, Tyr-46-Ser-47 does not con
stitute a common cleavage site for bacterial signal peptidase. A preference
cleavage site (Ala-x) is found at Ala-44-Asn-45. Mature Sa could result from 
a signal-peptidase cleavage at Ala-44-Asn-45 and from a subsequent prote
olytic removal of two N-terminal residues. Different putative cleavage sites 
are found in the equivalent position in Ia (Arg-41-Ala-42) and in CDTa 
(Lys-43-Val-44). 

Trypsin-cleavage sites (Lys-Glu in Ib and CDTb, and Lys-Thr in Sb) are 
found immediately downstream from the predicted hydrophobic stretches 
ended by charged residues of the binding-component signal peptides. These 
cleavage motifs are presumably the signal-peptidase sites (Fig. 2). 

The cleavage site (Ser-215-Gly-216) between the propeptide and mature 
Sb component has been determined by N-terminal protein sequencing. It is 
possible that Sb can result from cleavage at Ala-214-Ser-215 (which is a more 
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common proteolytic site) and subsequent removal of Ser-215. A trypsin
cleavage site (Lys-21O-Leu-211) is found in the equivalent position in CDTb. 

The predicted sizes and pI of the different components are similar, except 
for CDTa, which has an higher pI (9.3) than those of the other enzymatic 
components (Fig. 1). The alignments of the actin-ADP-ribosylating toxin 
sequences which have been characterized, as determined by the Clustal 
program, are shown in Figs. 4 and 5. The mature enzymatic and binding com
ponents, respectively, of the Iota-family toxins are very similar (83-85% iden
tity), whereas the signal-peptide sequences are more divergent (40-61% 
identity). The functional domains have presumably been better conserved 
during evolution. 

IV. C2-Toxin Genes and C2 Proteins 

The C2 toxin genes characterized from C. botulinum C strain C203 (Fum 
et a1. 1996; KIMURA et al. 1998) show the same organization as genes from 
the Iota family. The c2! Gene is 247 nucleotides upstream from the c2Il gene, 
and both genes are transcribed in the same orientation. 

The C2I and C2II proteins are shorter than the respective components of 
the Iota family. However, in contrast to the Iota proteins, no predicted signal
peptide sequences have been found in C21 and C2Il. However, C2I is actually 
longer (10-15 amino acids) than the mature enzymatic components of the 
Iota family. The overall comparison of sequences shows that C2l is distantly 
related (29-32% identity) to the respective components of the Iota family 
whereas C2II shows an higher level of identity (40-42 %). This is consisten': 
with the lack of cross-immunoreaction between Iota and C2 component~. 
The processing of C2II (721 amino acids) has not been determined. Two puta
tive cleavage sites (Lys-179-Leu-180, Lys-181-Ala-182) lie in a position equi\
alent to those found in the binding components of the Iota family (Fig. 2). 
However, the predicted mature C2II (59.9kDa) has a lower MW than that 
experimentally determined (69 kDa; OHISHI and OKADA 1986: KIMURA et cJ. 
1998). 

E. Relatedness of Actin ADP-Ribosylating Toxins with 
Other Toxins 

I. Relatedness with ADP-Ribosylating Toxins 

The enzymatic components of the Iota-toxin family show an overall identity 
of about 23.4% with the C3 enzymes (Chap. 11), which are also ADP-ribosyl 
transferases whose substrate is Rho. C3 enzymes are synthesized by C. b ·)tu

[inurn C and D strains (which also produce C2 toxin), C. limoslInl and also by 
other non-clostridial bacteria, such as Bacilllls cerellS and Staphylococclls 
aureus. 
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Fig. 4. Sequence a lignment of the enzymatic components of the actin-adenosine 
diphosphate- ribosylating toxins by the Clustal program: l a from Clostridial p erfringens 
Iota toxin (P ER ELLE et a t. ] 993); Sa from C. spiroforme toxin (G IBERT et a t. 1997); CDTa 
from C. difficile transferase (PERE LLE et at. 1997a); vegetative insecticidal protei n 2 from 
Bacillus thuringiensis (WARREN et at. 1996); and C21 from C. botulinum C2 toxin 
(FUJ II et at. 1996). The signal peptides are not shown 
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Fig. 5. Sequence alignment of the binding components of the actin -adenosine 
diphosphate- ribosylating toxins and of the antrax toxin (PA; protective antigen ' 
by the Clustal program: Ib from Clostridial perfringens Iota toxin (PEREl.LE et al. 1(93): 
Sb from C. spiro/()rme toxin (GIBERT et al. 1(97): CDTb from C. difficile transferase 
(PERELLE et al. 1997a); C2Il from C. bollilinlim C2 toxin (KIMURi\ et "I. 1(98): PI'. 
from Bacilllls anlhracis toxin (W ELKOS et al. J 988): and vegetative insecticidal protein 
I from B. Ihllringiensis (WARREN ct al. 19(6) . The signal pcptidcs arc not shown 
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Fig. 5. Continued 
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Fig. 5. Continued 

Comparison of overall amino acid sequences shows no significant homol
ogy between actin-ADP-ribosylating toxins and the other ADP- ribosylating 
toxins. However, the ADP-ribosylation enzymatic site is conserved in actin 
ADP-ribosylating toxins, C3 enzymes and other ADP- ribosylating toxins (see 
below). 

II. Relatedness with Bacillus anthracis Toxins 

1. Sequence Homology 

By comparison with protein databases, it has been found that Jb is significantly 
similar to the protective antigen (PA) of the anthrax toxins (33.9% identity; 
PERELLE et al. 1993; Fig. 5). The anthrax toxins are also binary toxins consist
ing of three independent proteins. PA constitutes the binding component and 
can mediate the internalization into cells either of the edema factor (EF) or 
the lethal factor (LF), which are the enzymatic components active intracellu
larly (Chap. 22). 

Sb and CDTb also show an overall identity of 38.4% and 37.6%, respec
tively, with PA, but C21I is less related (30.7% identity). The general structure 
of PA is conserved in the binding components of the actin-ADP- ribosylating 
toxins. These proteins are proteolytically split into three fragments: signal 
peptide, propeptide and active form. The 29 N-terminal residues of the PA 
sequence correspond to the signal peptide. The secreted PA (735 amino acids) 
has a MW of 82.7kDa and is activated by a cellular protease (furin). which 
produces two fragments: one with a MW of 20kDa (PA20) and one with a 
MW of 63 kDa. The longer fragment (PA63) is the active form . The secreted 
clostridial binding components are processed in a 20-kDa fragment and in an 
active form (74- 80 kDa) which is slightly longer than PA63 (Fig. 2). 

The PA crystal structure has recently been solved. PA consists of four 
domains. The 258 N-terminal residues correspond to domain I. which consist:; 
of f3-sheets, four small helices and a furin-c1eavage site. The activation by furill 
releases the 167 N-terminal residues (PA20). and the residues 168-25:~ 

(domain 1') form a hydrophobic surface which is considered as the bindin:', 
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site for EF and LF. Domain 2 (residues 259-487) contains a f3-barrel core and 
a large, flexible loop implicated in membrane insertion. The function of the 
small domain 3 (residues 488-595) is unknown, and it is composed of six 13-
sheets and four helices. Domain 4 (residues 596-735) is slightly separate from 
domains 1,2 and 3, which are closely associated. Domain 4, which contains a 
f3-sandwich, is analogous to the antigen-binding loop of immunoglobulin and 
the receptor-binding loop of DT. This domain is involved in the recognition of 
the cell-surface receptor (PETOSA et al. 1997). The corresponding amino acid 
sequences of Ib show 34,41, 43 and less than 10% identity the domains 1, 2, 
3 and 4 of PA, respectively, indicating that Ib probably shares the same folding 
of domains 1, 2 and 3. Similar results are obtained for Sb, CDTb, C2II and 
PA. 

2. Immunological Relatedness 

lb and Sb share common epitopes with PA, but the level of cross
immunoreaction is low. Rabbit polyclonal antibodies raised against Sb or Ib 
cross-reacted with PA in immunoblot and, conversely, anti-PA antibodies rec
ognized Ib and Sb. However, the level of cross-immunoblotting is low. A higher 
amount of PA than Sb (approximately 6000 times more) was required for a 
similar immunological reaction with anti-Sb antibodies and, conversely, 
approximately 250 times more Sb than PA was used with anti-PA antibodies 
(PERELLE et al. 1997b). 

ELISA titration, which is performed in non-denaturating conditions (in 
contrast to the immunoblotting technique), also showed important differences 
between the homologous and heterologous combinations. Anti-PA antibodies 
recognized high levels of PA, but failed to detect Ib and Sb (Table 2). Anti-Ib 
and anti-Sb antibodies reacted with Ib and Sb more effectively than with 
PA (approximately 1000 times more). Therefore, common epitopes coexist on 
the binding components of Iota toxins and B. anthracis toxins, but the overall 
level of immunological relatedness is low between the binding components of 
both toxin groups. Similar results were obtained between PA and C2-Il. Anti
PA antibodies did not detect C2-II by ELISA, and anti-C2-II gave an ELISA 
titer 45 times higher with C2-II than with PA (Table 2). 

3. Functional Comparison 

No functional complementation was observed between Iota toxin and 
anthrax-toxin components. The binding components can form active toxins 
only in combination with their respective enzymatic components. 
Macrophages 1774, which are sensitive to the lethal anthrax toxin (PA and 
LF), were also found to be target cells for the Iota toxin (Ib and Ia). This indi
cates that Ib is able to internalize Ia into macrophages 1774. However, various 
combinations of PA with 1a induced neither morphological changes nor 
cytoskeleton modification. Identical results were obtained using CHO and 
Vero cells (PERELLE et al. 1997b). Incubation of macrophages 1774 with 
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LF and PA induces cell lysis, as assayed by the 3-( 4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide test. However, LF, even with large amounts 
of lb, did not reduce macrophage viability. Thus, Ib is unable to mediate 
the translocation of EF or LF, and PA cannot internalize Ia (PERELLE et al. 
] 997b). 

The N-terminal regions of LF and EF (residues 1~250) are very similar 
and are involved in binding to PA (LEPPLA] 995). However, there is no sig
nificant homology between Ia and EF or LF, suggesting that the PA- and Ib
binding sites for the enzymatic components are different, and this supports the 
hypothesis that the binding components can interact only with their respec
tive enzymatic components. 

Other differences between Iota toxins and anthrax toxins reside in the 
recognition of the cell-surface receptor and in the mode of entry into cells. PA 
and Ib recognize different cell-surface receptors, since no competition has 
been evidenced between PA and Ib in combination with la, or conversely, 
between Ib and PA in association with LF, as assayed by the cytotoxicity of 
Iota and anthrax toxins, respectively (PERELLE et al. 1997h). It is noteworthy 
that the C-terminal region of PA (domain 4, which is considered to be the 
receptor-binding domain; PETOSA et al. 1997) and the equivalent region of [b 
show a low level of identity (<10%). Anthrax toxins enter cells by receptor
mediated endocytosis, and translocation of the enzymatic component to the 
cytosol requires passage through an acidic compartment (FRIEDLANDER 
1986). This entry pathway seems to be similar to that of C2 toxin but differs 
from that of Iota toxin, which is not routed by acidic vesicles, as mentioned 
above. 

III. Relatedness with Other Binary Toxins 

1. Bacillus Binary Toxins 

Bacillus species produce many insecticidal toxins. The hest known are the 
insecticidal crystal toxins, which are synthesized during sporulation (PORTER 
et al. 1993; PORTER 1996). B. thuringiensis and B. cereus also produce insectici
dal proteins (VIPs or vegetative insecticidal protein) during the vegetative 
growth phase. VIPs are binary toxins and consist of VI P2 (462 amino 
acids) and VIP1 (833 amino acids). The proteins are synthesized with a 
signal peptide (49 N-terminal residues of VIP2 and 33 N-terminal residue~ 
of VIP1) and are secreted into the culture supernatant. In addition, the 
]84 N-terminal residues (propeptide) of the secreted VIPI are excised, am. 
the mature form is a 80-kDa protein (WARREN et al. 1996). VIP 1 correspond~; 
to the binding component and shows a high sequence similarity with PA 
over the first 600 residues. Therefore, the folds for domains 1, 2 and 3 of PA 
seem to be conserved in VIP1 (PETOSA et al. 1997). The sequence identity 
between VIPI and the binding components of clostridial hinary toxins reaches 
30~31 %. 
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The enzymatic activity of VIP2 has not yet been reported. This com
ponent shows 29-31 % identity with the enzymatic components of the 
clostridial binary toxins. Moreover, the residues involved in the catalytic site 
for ADP-ribosylation (see below) are conserved in VIP2, and this protein 
displays an affinity for nicotinamide adenine dinucleotide (NAD; WARREN 
et al. 1996). 

VIP2 from B. thuringiensis and B. cereus are closely related (91 % iden
tity), and VIP1s from both bacterial species show an overall 77% identity. 
However, the similarity is not homogeneous along the proteins. Two thirds of 
the N-terminal parts are highly related (91 % identity), whereas one-third of 
the C-terminal parts is less homologous (35% identity). The difference 
between the putative receptor-binding domains could reflect the different pat
terns of sensitive insects, which are the targets of both groups of toxins. VIPI 
from B. thuringiensis and B. cereus can be interchanged to form fully active 
toxins in combination with VIP2 (WARREN et al. 1996). Binary toxins from B. 
thuringiensis and B. cereus can be considered as a distinct family distantly 
related to the clostridial actin-ADP-ribosylating toxins. 

B. sphaericus strains also produce an insecticidal binary toxin. This toxin 
consists of 51-kDa and 42-kDa components which are not significantly related 
to the clostridial binary toxins. The 51-kDa protein is considered as the cell
binding component. Both components are internalized into cells, leading to 
cell lysis by an unknown mechanism (PORTER et al. 1993). 

2. Leukocidins and y.Lysins 

Leukocidins produced by S. aureus are binary toxins which are cytotoxic to 
polymorphonuclear leukocytes. These toxins consist of two proteins (S and F) 
which are, individually, not cytotoxic. Both components are required in order 
to induce cytotoxic changes. The major effect is observed at an equimolar ratio 
of the Sand F components. 

The genes encoding the S (315 residues) and F (323 residues) components 
are separated by only one nucleotide. A typical signal peptide is present at the 
N-terminal part. The mature proteins have a size of 31kDa (S) and 32kDa 
(F). S binds to GMI ganglioside on cell membranes of sensitive leukocytes 
and catalyzes the ADP-ribosylation of a 37-kDa membrane protein. This 
protein induces phospholipid methylation and phospholipase-A2 activation 
and increases the number of binding sites for the F component. The F com
ponent, bound to the cell membrane in the presence of S component, ADP
ribosylates a 41-kDa membrane protein, which subsequently stimulates a 
phospholipid inositol-specific phospholipase C. This results in disorganization 
of the cell membrane, and cell lysis (NODA 1995). 

y-Lysins are also binary toxins that share strong sequence homology with 
leukocidins but use a different mode of interaction with cell membranes 
(FERRERAS and MENESTRINA 1997). 

No significant sequence identity is observed between clostridial binary 
toxins, leukocidins and y-Iysins. 
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F. Genetics of the Actin-ADP-Ribosylating Toxins 
I. Genomic Localization 

The genomic localization of Iota-toxin genes has been mapped using 
DNA-DNA hybridization with CsCI-purified plasmids, whole DNA and spe
cific probes. In four C. perfringens strains tested, iap and ibp genes were local
ized on a large plasmid (120-140kbp; GIBERT et aI.1997). Using pulse-field gel 
electrophoresis, iap and ibp in an additional strain have also been found to be 
plasmid borne (KATAYAMA et al. 1996). Thus, the genes of the major toxins, 
including Beta, Epsilon and Iota toxins, which contribute to the toxinotyping 
of C. perfringens, are present on extrachromosomal elements. The gene of C. 
perfringens enterotoxin (epe), which is responsible for food intoxication symp
toms, is either located on a variable region of the chromosome (mainly in 
strains involved in human food poisoning) or on a plasmid mainly in non-food
borne human gastrointestinal diseases and veterinary isolates (CORNILLOT 
et a1.1995; COLLIE and MCCLANE 1998). In two of four C. perfringens E strains, 
the epe gene is localized on the same plasmid that contains the Iota-toxin 
genes. However, CPE production has not been evidenced in these strains. The 
presence of a silent epe gene, indicated by the presence of nonsense and 
frameshift mutations, has also been reported in other C. perfringens E strains 
(BELLINGTON et al. 1998; WIECKOWSKI et al. 1998). 

Sequence variation is commonly observed in Iota-toxin genes. Among the 
four C. perfringens E strains tested, three different restriction-hybridization 
patterns were observed using iap and ibp probes. In addition, partial sequenc
ing of the iap gene from two different strains showed a 20% nucleotide dif
ference. The intraspecies Iota-toxin-gene variation is apparently the same as 
that observed among C. perfringens, c. spiroforme and C. difficile strains 
(GIBERT et al. 1997). 

One C. perfringens E strain contains only the iap gene. The lack of ibp 
gene was also confirmed by the absence of production of lb. Culture super
natants did not induce an Iota-cytotoxic effect on Vero cells, but it was able 
to ADP-ribosylate cellular actin in vitro (GIBERT et al. 1997). A similar feature 
was observed in two C. difficile strains, which only contain the gene coding for 
the enzymatic component (GIBERT et al. 1997). 

In C. spiroforme and C. difficile, the ADP-ribosylating-toxin genes have 
been localized on the chromosomal DNA, even those strains contain large 
plasmids similar in size to the C. perfringens plasmids (Fig. 6). Two different 
C. spiroforme strains showed an identical hybridization pattern, suggesting 
that these strains have similar coding sequences for the toxin genes and a 
similar chromosomal localization. A hybridization pattern different from that 
of C. spiroforme was observed in C. d~fficile (GIBERT et al. 1997). 

C2-toxin gene is located on the chromosome in C. botulinllm C and D. In 
contrast, the botulinum neurotoxin Cl and D genes and the C3 gene have a 
different localization and are on phage DNA. The strains, which have lost their 
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Fig. 6. Genomic localization of actin-adenosine diphosphate- ribosylating toxin genes 
in Clostridium perfringens, C. difficile and C. spiroforme (GIBERT et al. 1997). cpe, C. 
perfringens enterotoxin gene, etx, epsilon toxin gene 

toxigenic phages, only produce the C2 toxin (RUBIN et at 1988), and a C2-gene 
probe hybridized with genomic DNA but not with phage DNA (unpublished). 
Similar results were obtained by PCR Specific DNA amplification of the C2 
gene was only achieved with genomic DNA from C botulinum C and D and 
was unsuccessful with phage DNA (FuJII et at 1996). 

II. Gene Transfer 

The sequence homology between the clostridial binary toxins and their con
served domain organization suggest that their genes are derived from a 
common ancestor. The percentage of guanosine and cytosine (GC%) in the 
coding region (26-28%) is similar to the GC% in the clostridial genomes, indi
cating that the ancestor gene is a clostridial gene or is from an organism genet
ically related to Clostridia. The relatedness between the binding components 
of clostridial binary toxins, PA and vIP1 from Bacillus may support a common 
origin for these genes. 

According to the degree of similarity, divergence of the C2-toxin genes 
from the Iota-toxin genes may have occurred earlier than the separation of 
the members of the Iota-toxin family. The high homology level between the 
toxins of the Iota family strongly supports an inter- and intraspecies gene 
transfer. In C perfringens E, the Iota-toxin genes, which are located on plas
mids, may have been transferred between C perfringens strains by conjuga
tion and mobilization of large plasmids. Conjugation and mobilization of large 
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plasmids in C. per[ringens have already been reported (BREFO){T et al. 1(77). 
This mechanism is probably involved in two C. perf'ringens E strains that 
contain identical large plasmids harboring the iap, ibp, cpc and the insertion 
sequence 151151 and share an identical enzymatic restriction pattern (Fig. 6: 
GIBERT et al. 1997). Toxinotype changes that have been observed in some C. 
perf'ringens strains may result from loss or acquisition of toxigenic plasm ids 
(KATAYAMA et al. 1996: Y AMAGISHI et al. 1(97). However, two other C. per{rin
gens E strains that have been analyzed, contain different plasm ids and, in 
C. spir%rme and C. difficile, the Iota-toxin-related genes are located on the 
chromosome. Gene mobilization between plasmids and chromosomes is gen
erally mediated by insertion sequences or transposons. Insertion sequences, 
such as IS1l51 and 151469, have been identified in the flanking regions of 
cpe and the Epsilon-toxin genes (DAUBE et al. 1993: BRYNFSTAD et al. 19(7). 
These elements have not been directly associated with the Iota-toxin genes 
in C. perf'ringens E (Fig. 6), and 151151 was identified in only one strain of 
C. .I'piro[orme. 

Mobile elements, which could mediate mobilization of the Iota-toxin 
genes, have not been identified. The DNA regions containing the Iota-toxin 
genes show that the coding sequences are highly related (80% identity), 
whereas the promoter and 3' non-coding regions are less related (44'1;) and 
60% identity, respectively). Multiple rearrangements and partial deletion of 
the mobile elements could have been be involved subsequently to the toxin
gene transfer. The finding that a C. per{ringens strain and several C. clit.f/cile 
strains only contain the enzymatic-component gene indicates that enzymatic
and binding-component genes can evolve separately. 

G. Gene Expression 

I. Genes of Enzymatic and Binding Components are Organized 
in an Operon 

In all the Clostridial strains that have been studied, the actin-ADP
ribosylating-toxin genes show the same organization: (1) the two genes encod
ing the enzymatic and binding components are in close vicinity, (2) the enzy
matic-component gene is usptream from the binding-component gene, and (3) 
both genes are transcribed in the same orientation. Northern analysis has been 
performed in C. difficile (PERELLE et al. 1997a) and in C. pa{ringcns E 
(manuscript in preparation). Only long messenger RNA (mRNA) covering 
both genes has been evidenced. This indicates that the Clostridium binary
toxin genes are organized in an operon. 

Transcriptional analysis has been performed in C pcrfi·ingcfl.l E 
NClB 10748. Two transcriptional start sites (S I and S2) have been mapped 
upstream of the initial codons of iap, and one (S3) upstream of the initial 
codon of ihp. S I seems to be the major transcriptional start site, since the 
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labeling was stronger than that of S2 in a primer-extension experiment. The 
promoter deduced from Sl shows conserved -10 (TATAAT) and moderate 
homologous -35 (GAGATT) regions in the Clostridium consensus sequences 
for these elements (YOUNG et al. 1989). However, the promoter regions 
deduced from S2 and S3 are weakly related to the consensus sequences 
(manuscript in preparation). 

II. Gene Regulation 

The iap-gene promoter region displays a particular feature consisting of an 
inverted repeat between the -10 box and the initial codon of iap able to form 
a stable stem and loop structure. The transcriptional start site, S t , is positioned 
at the 5' extremity of the inverted repeat. Moreover, three repeat motifs 
similar to the DNA-binding site of Hpr, which is a transition-state regulator 
in Bacillus subtilis, are localized in the -10 promoter region corresponding 
to Sl and in the stem and loop structure. However, Iota-toxin production is 
not dependent on sporulation and occurs during the exponential-growth 
phase. 

Various constructions have been performed to analyze the expression of 
the Iota-toxin genes (Fig. 7). iap And ibp were expressed separately with their 
own promoter regions, but at lower levels than those obtained with the whole 
operon. ibp, under the control of the iap promoter, was only expressed at a 
low level (manuscript in preparation). This indicates that each gene can be 
expressed separately, but the integrity of the whole operon is required for the 
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optimum level of Ia and Ib production. In the wild-type strain, bicistronic 
expression is predominant, since mRNA corresponding to individual genes 
was not detected. 

The deletion of the stem and loop structures, even associated with muta
tion of the Hpr motif in the -10 sequence of the iap promoter, did not alter 
significantly the expression level of iap and ibp (Fig. 7). Therefore, the hairpin 
structure of the iap promoter region does not seem to be directly involved in 
the regulation of the Iota-toxin genes. 

A bicomponent system termed VirR-VirS has been found to regulate the 
production of different C. perfringens toxins, such as Alpha toxin, Theta toxin 
(or perfringolysin) and collagenase, whose genes are localized on the chro
mosome (ROOD 1998). We have tested whether Iota toxin, which is plasmid 
encoded, is also regulated by VirR-VirS. The recombinant plasmid containing 
the whole Iota-toxin operon was transferred into a C. perfringens strain defec
tive for the VirR gene (SHIMIZU et al. 1994). The cytotoxic activity of the 
culture supernatant was 128 times lower than that in the parental strain, S13. 
However, the production of Ia and Ib, assayed by Western blotting, was the 
same in both strains. Ib was unprocessed in the VirR-negative strain, and a 
complete activation was obtained by addition of a-chymotrypsin. This indi
cates that the protease that activates Ib is regulated by the VirR-VirS system 
in strain S13 (manuscript in preparation). 

The iap promoter is not conserved in C. difficile and C. ,\piroforme. An 
inverted repeat lies in the region promoter of cdtA. However, no repeats or 
consensus binding sites have been found in the region promoter of the enzy
matic gene in C. difficile and C. spiroforme. 

In C. difficile, the production of CDTa and CDTb is about 40 times lower 
than that of Iota toxin in C. perfringens. This coincides with a lower amount 
of cdtA and cdtB mRNAs in C. difficile than of Iota-toxin genes in wild-type 
C. perfringens. A low level of cdtA and cdtB gene transcription or an unsta
bility of the transcripts could be involved (PERELLE et al. 1997a). The expres
sion of cdtA and cdtB genes seems to be equivalent to the basal expression of 
Iota-toxin genes in C. perfringens, and a regulation system able to increase the 
expression of these genes is probably lacking in the tested C. difficile strain. 
However, it is possible that CDT production in the digestive tract is higher 
than that in vitro. 

In C. botulinum C and D, C2 toxin is produced during sporulation. C2 
toxin is detected in the culture supernatant by the mouse lethal test when the 
spore population is higher than 104/ml (NAKAMURA et al. 1978). The regulation 
mechanism is not yet known. Another example of a Clostridium toxin that is 
dependent of sporulation is the C. perfringens enterotoxin (CPE). Three con
sensus DNA-binding sequences for the B. subtilis transition-state regulator 
Hpr have been identified upstream and one downstream of the coding 
sequence of the cpe gene (BRYNESTAD et al. 1994). Moreover, three promoter 
sites similar to SigK and SigE, which are sporulation-associated (J' factors in 
B. subtilis, have been evidenced in the cpe promoter region (ZHAO and 
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MELVILLE 1998). No such feature has been found in the upstream region of the 
C2-toxin gene. 

H. Identification of Actin-ADP-Ribosylating-Toxin-
Producing Clostridia by Genetic Method 

Typing of C. perfringens and other toxigenic Clostridia is classically performed 
by the mouse lethal test and seroprotection with specific anti-serum. Several 
PCR- and DNA-hybridization-based detection tests have been developed. 
Individual PCR for each toxin gene or multiplex PCR consisting of a primer 
mix specific to two or three toxin genes (including Iota-toxin gene) has been 
proposed for C. perfringens typing (SAITO et al. 1992; DAUBE et al. 1996; 
MOLLER and AHRENS 1996; SONGER and MEER 1996; FAcH and POPOFF 1997; 
YAMAGISHI et al. 1997). The genetic method is a reliable and more rapid 
method than the classical test and avoids handling of laboratory animals. It 
can be used directly with clinical samples for detection of toxigenic Clostridia 
without enrichment culture if the Clostridium population in the sample is at 
least 1Os/ml (FAcH and POPOFF 1997). This method is of particular interest for 
the detection of the C. botulinum C2-toxin gene, the expression of which is 
dependent on sporulation and requires special growth conditions. 

I. Functional Domains 

1. Enzymatic-Component Domains 

a. Enzymatic Site 

The enzymatic component is able to catalyze the ADP-ribosylation of G-actin 
but it cannot enter the cells in the absence of the binding component. The 
enzymatic site on the C-terminal part of Ia has been characterized. A trun
cated protein lacking the 208 C-terminal residues was inactive (PERELLE et al. 
1996). By using affinity labeling with ultraviolet light in the presence of 
radioactive NAD, it was determined that the peptide Gly-363-Lys-388 binds 
to NAD and that Glu-378 plays a critical role in the active site (VAN DAMME 
et al. 1996). 

Sequence analysis shows that the residues forming the ADP-ribosylation 
active site in all the ADP-ribosylating toxins are conserved in the actin 
ADP-ribosylating toxins. The active site consists of a NAD-binding cavity con
stituted of a fJ-strand and an a-helix flanked by two residues important for the 
catalytic activity (ARG or HIS, and GLU; DOMENIGHINI and RAPPuOLI 1996). 
The actin-ADP-ribosylating toxins are less related to the DT group than to 
the CT group, which comprises toxins active on heterotrimeric G-proteins 
[CT, LT, pertussis toxin (PT)] and on small G-proteins (C3 enzymes; 
DOMENIGHINI and RAPPuoLI 1996; Fig. 8). In the CT group, the active site has 
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an arom-ph-Ser-Thr-Ser-ph consensus (arom represents an aromatic residue 
and ph a hydrophobic residue) which is preceded by an Arg catalytic residue 
instead of His, as in the DT group (OOMENIGHINI and RAPPUOLI 1(96). A pre
dicted ,B-strand and a-helix structure lies in equivalent positions in la 
(337-354), Sa, COTa and C2I (Fig. g). The residues [STS(I1L)] forming the ,B
strand are highly conserved in the enzymatic components and in ('3 enzymes, 
CT, LT and PT, whereas those involved in the a-helix are less conserved. The 
residues (Arg and Glu) flanking the NAO cavity, which have been found to 
be essential for catalysis in PT, CT and LT, match Arg-295 and Glu-380 of Ja 
and are conserved in all the enzymatic components and C3 enzymes. In la, 
substitution (by site-directed mutagenesis) of Arg-295 by Lys, and Glu-3g0 by 
Asp or Ala induced a pronounced decrease of the in vitro AOP-ribosylation 
activity with actin as substrate (Table 4). The mutated proteins, when intro
duced into Vero cells in the presence of lb, were not cytotoxic. Glu-37g, which 
has been found to cross-link NAD (VAN DAMME et al. 1996), has been replaced 
by Ala. The resultant protein was inactive in vitro and in vivo. The residue 
immediately downstream of Arg-295 is also an Arg in la, Sa. CDTa and C21. 
The Arg-296-Lys substitution caused only a slight diminution of activity. This 
shows that Arg-295, Glu-378 and Glu-380 are critical residues for the 
ADP-ribosylation activity of la and the actin depolymerization effect in cells. 
This confirms that the intracellular AOP-ribosylation of actin by la is respon
sible for the cytotoxic effects of Iota toxin. Recently, identical results have 
been found in C21 (BARTH et al. 1998b). 

The biglutamic motif (Glu-37g-x-Glu-3g0) of la is conserved in equiva
lent positions in Sa, COTa, C21, VIP from B. cerellS and B. thllringiensis. 
mosquitocidal toxin from B. sphaericus, CT, Lf and mammalian AOP
ribosyltransferases (OOMENIGHINI and RAPPuou 1996: PERELLE et al. 1996: 
V AN DAMME et al. ]996; WARREN et al. 1996). This structure probably 
participates in NAD binding and in the catalytic reaction. In PT ('3 from C 
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Table 4. Effect of amino acid substitution on la activity. 
The activities of 1a mutants tested by in vitro adenosine 
triphosphate-ribosylation and cytotoxicity in Vero cells in 
the presence of the 1b component were unchanged (-) or 
dramatically decreased (J,) compared with that of wild type 
[a 

Amino acid substitution 

Glu-14-Ala 
Trp-l9-Ser 
Arg-295-Lys 
Arg-296-Lys 
Glu-378-Ala 
Glu-380-Asp 
Glu-380-Ala 

Activity compared with that 
of wild-type 1a 
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botulinum, C. limosum, B. cereus and S. aureus, the first Glu is replaced by a 
Gin. The enzymatic site is localized in the C-terminal part of the actin- and 
Rho-ADP-ribosylating transferases, whereas it lies in the N-terminal part 
of toxins, such as DT, CT, LT and PT, which recognize elongation factor 2 or 
heterotrimeric G-proteins. 

2. Enzymatic-Component Domain which Interacts with the 
Binding Component 

The domain of the enzymatic component which interacts with the binding 
component during the cell-intoxication process has been investigated in Iota 
toxin (MARVAUD and POPOFF, submitted). Various fragments of 1a generated 
from the inactive mutant Glu-3RO-Ala were fused to the C-terminal part of 
C3 enzyme (Fig. 9). All the fusion proteins retained the C3-enzymatic activ
ity, ADP-ribosylated Rho and were inactive on actin. In a competition assay 
on Hep2 cells, the fusion proteins containing the central domain (residues 
R7-28R) were the most able to compete with wild-type Ia to bind to lb. Inter
nalization of the chimeric molecules into cells in the presence of lb was mon
itored by actin-cystoskeleton disruption during immunofluorescence and by in 
vivo modification assay of Rho. The construction encompassing the central and 
C-terminal parts of Ia was the most effective. This indicates that the Ia central 
domain plays a major role in the binding to Ib and that the central and C
terminal parts are required for efficient translocation into the cells. The C
terminal part could induce or stabilize an optimal conformation of the 
molecule for the translocation. 

The N-terminal part of C21 fused to the C3 enzyme is able to drive the 
recombinant molecule into cells. The functional domains in C21 have not yet 
been clarified (BARTH et at. 1998). 
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Fig. 9. Fusion proteins between the C3 enzyme and various fragments or mutated la 
(E380A). In Vero cells. the activity of the recombinant toxins in the presence of 10 was 
determined by assay of the actin-cytoskeleton depolymeri za tion 

3. Actin-Binding Site 

A motif (LKDKE) involved in the actin-binding sites of several actin-binding 
proteins (PREKERIS et at. 1996) is conserved in the N-terminal part of la (posi
tions 10-15),Sa (positions 9-14) and CDTa (positions 14-19). In C21, this motif 
is slightly different (44-LKTKE-48) and could reflect the difference in the sub
strate recognition. C2 toxin ADP-ribosylates non-muscular actin, whereas 
Iota toxin is active on all the actin isoforms. Experimental evidence that this 
motif is involved in the actin binding of the Iota and C2 toxins remains to be 
demonstrated. 

II. Binding-Component Domains 

The binding components are secreted in an inactive form which is activated by 
proteolytic removal of a 20-kDa N-terminal peptide (Fig. 2). The activation of 
the Iota-toxin-binding components is not accompanied by a significant change 
of the isoelectric point (Fig. 2), contrary to the case for Epsilon toxin . which is 
also produced by C. perfringens. The active form of Epsilon toxin (28.6 kDa. 
pI 5.36) derives from the protoxin (32.3 kDa, pI 8.02) by the excision of 13 basic 
N-terminal and 29 C-terminal residues (MINAMI et al. 1997). Iota toxin is usually 
activated by endogenous proteases during the growth phase of C. perlringens. 
Therefore, trypsinization of the culture supernatant does not increase the 
biological activity of the Iota toxin (STILES and WILKINS 1986a). 

In C. botulinum C and D, C211 is not activated by bacterial proteases and 
can be activated by trypsin or chymotrypsin. Under normal conditions. diges
tive proteases can activate C2 toxin. The activation of C2II is accompanied by 
a change in the MW from 101 kDa to 88kDa (O'·((SHI1987). The trypsinized 
and untrypsinized forms of C2TI are able to bind to cell surfaces and brush 
borde rs of mouse intestine. However. only activated C21l induces the subse-
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quent binding of C21 and elicits the biological activity (OHISHI and MIYAKE 
1985). C2II also has hemagglutinating and hemolytic activities. Activated C2II 
shows a stronger hemagglutinating activity than untrypsinized C2II in human 
and animal erythrocytes. This suggests that activation possibly results in a con
formational change of the binding-receptor domain, which is more able to 
interact with the erythrocyte-binding sites (SuGn and KOZAKI 1990). 

CDTb is partially cleaved by C. difficile proteases. However, CDTb is 
inactive in the culture supernatant, and trypsinisation is required to convert 
CDTb in its active form (PERELLE et al. 1997a). Likewise, C. spiroforme 
cultures contain the non-active form of the toxin, and trypsinization is needed 
to obtain biologically active toxin (FERNIE et al. 1984). 

The sequence homology of the PA domains l' and 2 (which are involved 
in binding to the enzymatic component and to the translocation function, 
respectively) with the corresponding regions of Ib, Sb, CDTb and C2II sup
ports the hypothesis that same domain organization exists in the binding com
ponents of actin-ADP-ribosylating toxins (PETOSA et al. 1997). Therefore, the 
N-terminal parts of the binding components are probably involved in inter
action with the enzymatic component and in the translocation function, and 
the C-terminal parts presumably correspond to the receptor-binding domains. 
This domain organization is also supported by the presence of a predicted 
transmembrane segment in the N-terminal part of Ib (positions 253-269), Sb, 
CDTb and C21I, which is equivalent to domain 2 of PA. Transmembrane 
segments are generally associated with the translocation domains of various 
toxins, such as DT (CHOE et al. 1992). Substitutions of the hydrophobic 
residues (Ala-255 and Pro-258) in the predicted transmembrane region of lb 
by a charged residue (Glu) yielded unstable recombinant proteins possibly by 
changing the conformation, thereby facilitating proteolytic cleavage at sites 
that would otherwise be concealed. This suggests that this region, at least, is 
critical for the stability of the molecule (GIBERT et al. 1997). 

A consensus ATP/GTP-binding motif (ASxxQGKT) is localized down
stream from the hydrophobic region in Ib, Sb and CDTb. This motif seems 
to be non-functional, or at least non-essential for the Ib activity, since the Ib 
mutant (Lys-281-Ala) is as active as the native Ib form (GIBERT et al. 1997). 

The active form of C2II tends to form oligomers of MW 365 kDa, which 
could correspond to tetra- or pen tamers, whereas the untrypsinized C2II was 
only found as a monomer. The lethal activity of the oligomer and monomer 
forms combined with C2I was approximately the same. This suggests that C2II 
acts in vivo as a monomer, but it is possible that C2II forms oligomers on the 
cell surface (SUGU and KOZAKI 1990). Moreover, C2II oligomers have hemag
glutinating and hemolytic activities, whereas the monomer only has hemag
glutinating activity. It has been reported that C2II is able to form channels 
across lipid-bilayer membranes. The chemical structure of the C2 channel is 
not known; it could result from C2II oligomerization (SCHMID et al. 1994). PA 
from anthrax toxin associates in heptamers at acidic pH. Despite the sequence 
homology with PA, Ib and Sb do not form oligomers, or do so only in small 
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proportions, under the same conditions (PERELLE et al. 1997b). However, it is 
possible that the oligomerization of Iota-toxin-binding components requires 
specific conditions or only occurs when associated with cell membranes. 

K. Concluding Remarks 
The actin ADP-ribosylating toxins induce pathological disorders by interact
ing specifically with the actin cytoskeleton. For this reason, they constitute 
invaluable tools for study of the involvement of the actin cytoskeleton in 
various cell functions. A peculiarity of these toxins is the fact that they are 
binary toxins, constituted of two independent protein chains. We can suppose 
that this structure permits a more efficient entry of the toxin into cells or a 
more efficient activity of the enzymatic component inside the cell than is per
mitted by a one-chain toxin. The binary structure is advantageous in design
ing transporter proteins to deliver heterologous proteins into cells. Such 
models have been developed with C3 enzyme and C2 or Iota toxins (BARTH 
et al. 1998a; MARVAUD and POPOFF 1998). Chimeric toxins are valuable as tools 
in cell biology and as therapeutic agents. The binding and enzymatic compo
nents of the binary toxins can be inoculated separately, and thereby the cell 
specificity can be increased and the effects of the toxin can be modulated 
(SIMPSON 1997). 

The actin ADP-ribosylating toxins are mostly produced by Clostridia. 
They seem to have evolved from a common ancestor which was transferred 
and which has accumulated sequence variations in various Clostridium species. 
Two families (Iota and C2) which differ in their immunological properties and 
mode of entry into cells can be recognized. The selection pressure of this diver
sification and the advantage for a bacterium that produces these toxins remain 
to determine. The toxin variants are used to compare these toxins and to deter
mine and study their functional domains. 
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CHAPTER 14 

Molecular Mechanisms of Action of the Large 
Clostridial Cytotoxins 

I. JUST, F. HOFMANN, and K. AKTORIES 

A. Introduction 

The family of large clostridial cytotoxins consists of toxin A and toxin B from 
Clostridium difficile, the lethal toxin and the haemorrhagic toxin from C. sor
dellii, and the a toxin from C. novyi (Table 1). The comparable cytotoxic activ
ities and the similar structures of the toxin molecules have led researchers to 
group them as one family (BETTE et al. 1991). This former phenomenological 
classification has turned out to be correct because of their almost identical 
enzymatic ability to modify comparable target proteins. The in vivo effects of 
the toxins, however, differ from each other; they are major pathogenic factors 
that cause different diseases and clinical outcomes. Clinically most important 
is C. difficile, which co-produces toxins A and B, both causally involved in 
antibiotic-associated diarrhoea and the severe form, pseudomembranous 
colitis (BARTLETT 1994; KELLY et al. 1994; KELLY and LAMONT 1998). Lethal 
toxin from C. sordellii is involved in diarrhoea and enterotoxaemia in domes
tic animals and in gas gangrene in man (HATHEWAY 1990). C. novyi a toxin has 
been identified as causative agent for gas-gangrene infections in man and 
animals (HATHEWAY 1990). The divergence between comparable cytotoxic fea
tures of the cytotoxin family and differences in clinical features may be due 
to the presence of additional pathogenic factors and the targeting of different 
organs by the toxin-producing bacteria. Here we will focus on the cytotoxic 
(i.e. in vitro) effects of the toxins. 

Because toxin A induces fluid accumulation in the ileum of animals and 
ileal explants, it was designated as enterotoxin; this is in contrast to toxin B, 
which does not possess toxic activity towards animal ileum (LYERLY et al. 1985; 
TRIADAFlLOPOULOS et al. 1987). Toxin B is about 100-1000-fold more cytotoxic 
to cultured cell lines and, therefore, has been identified as a cytotoxin (LYERLY 
et al. 1982). The cytotoxic activities of toxins A and B differ with respect to 
potency but not with respect to cytotoxic features. Both toxins induce shrink
ing and rounding of cultured cells, initially accompanied by formation of 
neurite-like retraction fibres. In the course of intoxication, the retraction fibres 
disappear, and the cells are completely rounded. In the terminal phase, the 
cells partially detach. The morphological changes are accompanied by disag
gregation of the actin cytoskeleton. The cell-spanning stress fibres disappear. 
and the remainder of the actin filaments accumulate in the perinuclear space 
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Table 1. Family of large clostridial cytotoxins 

Toxin Synonym Source 

Toxin A 
Toxin B 
Lethal toxin 
Haemorrhagic toxin 
a-Toxin 

Enterotoxin, TcdA, ToxA 
Cytotoxin, TcdB, ToxB 
TcsL, LT 

Clostridium difficile 
C. difficile 
C. sordellii 

TcsH, HT C. sordellii 
Tcna C. novvi 

Table2. Protein substrates and co-substrates of the large clostridial cytotoxins 

Toxin Molecular Co-substrate Substrates and site Transferred 
mass (kDa) of modification moiety 

Clostridium 308 UDP-glucose Rho(T37), Rac(T35), Glucose 
difficile Cdc42(T35), Rap(T35) 
toxin A 

C. difficile 270 UDP-glucose Rho(T37), Rac(T35), Glucose 
toxin B Cdc42(T35) 

C. sordellii 271 UDP-glucose Rac(T37), Cdc42(T35), Glucose 
lethal toxin Ras(T35), Rap(T35), 

RaIA(T46)" 

C. sordellii -300 UDP-glucose Rho(T37), Rac(T35), Glucose 
haemorrhagic Cdc42(T35) 
toxin 

C. novyi 250 UDP-N- Rho(T37), Rac(T35), N-acetyl-
a-toxin acetyl- Cdc42(T35), glucosamine 

glucosamine RhoG(T35) 

T, threonine; UDP, uridine diphosphate. 
aThe protein substrate specificity depends on the strain of C. sordellii. 

(CIESIELSKI-TRESKA et al. 1989; FIORENTINI et al. 1989, 1990, 1993; MALORNI et 
al. 1991; SIFFERT et a1. 1993). The other members of the family of large 
clostridial cytotoxins, i.e. a, lethal and haemorrhagic toxins, induce the same 
effects, with some variation in certain details (POPOFF, 1987; BETTE et al. 1991; 
CIESIELSKI-TREsKA et a1. 1991; OKSCHE et al. 1992). 

B. Structure of the Toxins 
The cytotoxins are single-chained proteins with molecular masses from 
250 kDa to 308 kDa (Table 2; Fig. 1). The proteins consist of three functional 
domains. The C-terminally located receptor binding domain covers about one 
third of the molecule. The intermediate part is hypothesised to possess a trans
membrane domain, which is likely to mediate the translocation of the toxin into 
the cytosol. The enzymatic active domain, which catalyses the mono-
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Fig.t. Structure of Closlridium difficile toxin B. The structure of toxin B is depicted as 
an example for the homologous large clostridial cytotoxins. The toxins are constructed 
of three functional domains. The receptor-binding domain is located at the C-terminal 
part composed of repetitive peptide elements. The transmembrane domain located in 
the intermediate part is supposed to mediate the translocation of the toxin or a toxin 
fragment from acidic endosomal compartments into the cytosol. The N-terminal part 
covers the glucosyltransferase activity. The DXD motif is part of the catalytic domain 
responsible for the binding of Mn2+ and/or the co-substrate 

glucosylation reaction, is in the N-terminal part of the protein (VON EICHEL
STREIBER 1993; Sect.D.IL2). Figure2 gives the alignments of large clostridial 
cytotoxins. 

Toxins A and B contain four conserved cysteine residues. Because alky
lation by N-ethylmaleinimide does not alter toxicity, the cysteines are either 
not located at the surface of the molecule or are of no functional importance 
(LYERLY et al. 1986b; SHOSHAN et al. 1993). Amino acids 651-683 are reported 
to represent a putative nucleotide-binding site (BARROSO et al. 1994; LYERLY 
and WILKINS 1995), but this region actually does not exhibit a classical con
sensus sequence for nucleotide binding. 

The C-terminal part, the putative receptor-binding domain, is constructed 
of repetitive peptide elements (Chap. 15). Three findings have led to the notion 
that the C-terminal part is the receptor-binding domain: (1) the modular 
organisation of this region (WREN 1991; VON EICHEL-STREIBER et al. I992b); 
(2) the homology to the carbohydrate-binding domain of streptococcal glyco
syltransferases (VON EICHEL-STREIBER et al. I992a, 1992b); and (3) the inhibi
tion of the cytotoxic activity of toxin A by a monoclonal antibody recognising 
an epitope of the C-terminal domain (LYERLY et al. 1986a; FREY and WILKINS 
1992). However, one finding is not reconcilable with this notion: the deletion 
of the C-terminal repetitive domain of toxin B decreases the cytotoxic potency 
only by a factor of ten (BARROSO et al. 1994). 

C. Cell Entry 
Toxins A and B are thought to enter the cell via receptor-mediated endocy
tosis. Different cell lines show saturable binding for toxins A and B (CHAVES-
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Fig.2. Alignment oflarge clostridial cytotoxins (deduced from amino acid sequences). 
Toxin B from Clostridium difficile; LT (lethal toxin) from C. sordellii, toxin A from C. 
difficile; alpha (a toxin) from C. novyi. Sequences were aligned using CLUSTAL W 
(THOMPSON et al. 1994). Multiple alignment parameters: weight matrix = blosum; 
gap-opening penalty = 10.0; gap-extension penalty = 0.05. I, identity; j, high similarity 
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Fig. 2. Continucd 
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Fig. 2. Continued 
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OLARTE et al.1997). The binding sites seem to be different but have been deter· 
mined with carbohydrates (TUCKER and WILKINS 1991). Proteolytic treatmenl 
results in inactive toxins, indicating that the intact protein is essential for cel 
entry. Alkalinisation of acidic endosomal compartments inhibits the cytotoxic 
effects, which can be circumvented by short-term acidification of the extra· 
cellular medium. These findings are consistent with cell entry through recep
tor-mediated endocytosis and toxin release from acidic endosomes (FLORIl' 

and THELESTAM 1983, 1991; HENRIQUES et al. 1987). The translocation proces~, 
is proposed to be mediated through the insertion of the transmembram 
domain of the toxins in the presence of low pH, a process analogous to the 
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cell entry of the well-characterised diphtheria toxin (KAUL et al. 1996). The 
intact cytotoxin molecule is necessary for cell entry, but it is unknown whether 
the complete protein or a proteolytically cleaved N-terminal fragment is 
translocated into the cytosol. If there is no proteolytical cleavage, the catalytic 
N-terminal part is likely to stay at the endosome after translocation through 
the transmembrane domain of the toxin. 

It has been shown that toxin A binds to the terminal carbohydrate struc
ture Galal-3Gal,81-4GlcNAc, a finding from which it was concluded that the 
receptor is possibly a glycoprotein (KRIVAN et al. 1986; TUCKER and WILKINS 
1991). This structure, however, is absent in humans (LARSEN et al. 1990). 
Recently, it was demonstrated that toxin A also binds to GaINAc,8l-
3Gal,81-4GlcNAc, which is present in humans (KARLSSON 1995). More 
recently, the membranous sucrase-isomaltase glycoprotein was identified as 
a toxin-A receptor in rabbit ileal brush border (POTHOULAKIS et al. 1996). 
However, this receptor seems not to be of general importance, because it is 
not expressed in many toxin-sensitive tissues (human colon; POTHOULAKIS 
et al. 1996). The receptor of toxin B has not been characterised yet. 

The repetitive structure of the receptor domains of toxin A and of toxin 
B argues for a modular organisation of this domain. With this modular struc
ture, the toxin can bind to several possibly identical receptors to induce clus
tering followed by endocytosis. The current concept of toxin-A cell entry is 
that the toxin binds to its cellular receptor via a lectin-like binding. 

Toxin A is believed to be the enterotoxin that disrupts the colonic epithe
lium to allow toxin B to act on non-epithelial tissue compartments. This notion 
is based on the findings that only toxin A is cytotoxic in animal models and in 
animal intestinal explants. Colonic epithelial cells from animals do not seem 
to possess a receptor for toxin B. However, recent findings suggest that human 
colonic epithelial cells are equally or even more sensitive to toxin B than to 
toxin A; this has significance for toxin B in human disease (HECHT et al. 1992; 
RIEGLER et al. 1995; CHAVES-OLARTE et al. 1997). 

D. Molecular Mode of Action 
I. Elucidation of the Molecular Mechanism of Action 

One of the earliest observations was that the large clostridial cytotoxins induce 
depolymerisation of the actin filaments, resulting in morphological changes. 
The morphological and cytoskeletal alterations have been studied in detail, 
but the phenomenological studies did not lead to clarification of the mode of 
action. The observation that the treatment of cells with toxin A or toxin B 
resulted in a decrease in the adenosine diphosphate (ADP) ribosylation of the 
low-mass guanosine triphosphate (GTP)-binding protein RhoA was the first 
step in pinpointing the cellular targets and, finally, led to the identification of 
the toxins' mode of action. 
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C. botulinum exoenzyme C3 is a 25-kDa, single-chain mono-ADP-
ribosyltransferase which selectively modifies RhoA, Band C proteins. The 
ADP-ribose moiety is linked to Asn-41, resulting in deactivation of the GTp· 
binding proteins (AKTORIES and KOCH 1997). Intoxication of intact cells with 
toxin A or B resulted in a time- and concentration-dependent inhibition of the 
C3-catalysed AD P ribosylation of cellular Rho. Toxin AlB treatment, however, 
did not decrease the cellular amount of Rho (as detected in immunoblot:; 
excluding proteolytic degradation of Rho as the basis of inhibited ADP ribo
sylation; JUST et al. 1994, 1995a). These findings rather indicated a stable mod
ification of Rho; this modification prevented ADP ribosylation. The effect or 
toxin AlB on Rho was not restricted to intact cells but was also observed ill 
celilysates and in the respective cytosolic fractions. Recombinant Rho added 
to the cytosolic fraction was also affected by toxin AlB. The cytosol provided 
an essential cofactor that was of low molecular weight and was heat stabk 
(JUST et al. 1995a). This preliminary characterisation of the reaction was ben
eficial for producing sufficient amounts of modified recombinant Rho for 
analysis by mass spectrometry. The analysis revealed an increase in mass of 
162 Da, consistent with the incorporation of a hexose. Biochemical studies 
identified the cofactor as uridine diphosphate (UDP)-glucose and the modi
fication as glucosylation, i.e. incorporation of one glucose moiety (JUST et a. 
1995b, 1995c). 

Toxins A and Bare mono-glucosyltransferases which recruit UDP
glucose as a co-substrate to transfer the glucose moiety to the substrate protei 1 

(Fig. 3). The acceptor amino acid is threonine (Thr-37 in Rho A), consister t 
with an O-glucosylation type of reaction. 

II. Enzymatic Activity 

1. Co-Substrates 

Toxin B is very potent and acts in picomolar concentrations. This early obser
vation led to the notion that toxin B and toxin A possess enzymatic activit y. 
The putative activity was elucidated by the identification of the type of mod
ification induced by the toxins. Toxin A (JUST et al. 1995b), toxin B (J UST et al. 
1995c), lethal toxin (JUST et al. 1996; POPOFF et al. 1996) and haemorrhagc 
toxin (GENTH et al. 1996) use UDP-glucose, whereas a toxin (SELZER ct ,iI. 
1996) recruits UDP-N-acetyl-glucosamine (UDP-GIcNAc) as its co-substrale 
(Table 2; JUS! et al. 1995b, 1995c, 1996). The activated nucleotide sugar is 
cleaved into glucose/GlcNAc and UDP, and the sugar moiety is transferred 10 

the acceptor amino acid of the Rho proteins. Glucose/GIcNAc is bound to the 
hydroxyl group of the acceptor residue, threonine (JUST et al. 1995b, 1995c; 
POPOFF et al. 1996). One molecule of glucose is incorporated per molecule of 
Rho protein, consistent with a mono-glucosylation. 

UDP-g1ucose and UDP-N-acetyl-glucosamine are recruited as c.)
substrates; other nucleotide sugars are not (J UST et al. 1995b, 1995c)_ Many 



Molecular Mechanisms of Action of the Large Clostridial Cytotoxins 317 

DP-gluc 

B 
Y 

~9IUCOSe 

~ 

UDP 

Fig.3. Scheme of the glucosylation reaction . RhoA in the guanosine diphosphate
bound state forms a ternary complex with toxin B and the co-substrate uridine diphos
phate (UDP)-glucose. The nucleotide sugar is cleaved, and the glucose moiety is 
transferred to threonine-37 of RhoA. The complex dissociates and releases glucosy
lated RhoA and UDP. Toxin B is ready to start a new glucosylation reaction . The glu
cosylation is, in principle, a reversible reaction; in the absence of UDP- glucose (but 
in an excess of UDP), toxin B deglucosylates RhoA to form UDP-glucose 

types of nucleotide sugars are generated for further metabolism, but 
UDP-glucose is produced in the highest concentration, and the cellular con
centration is estimated as 100,uM (LAUGHLIN et al. 1988). Thus, the co-sub
strate is not a limiting factor for the intracellular enzyme activity of the toxins. 
That UDP-glucose is also the exclusive co-substrate also in intact cells has 
been demonstrated in a mutant Don cell line deficient in UDP-glucose. These 
cells are resistant to toxins A and B, but the resistance can be overcome by 
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supplementation with UDP-glucose through microinjection (CHAVES-OLARTE 
et al. 1996). 

Although the catalytic mechanism of glucose transfer seems to be the 
same in toxins A and B, toxin B demonstrates an approximately 1 DO-fold 
higher enzyme activity than toxin A (CHAVES-OLARTE et al. 1997). This mag
nitude of difference in activity between both toxins was also found in intact 
cells. When the toxins were microinjected to circumvent the cell-entry mech
anism, the cytotoxic potency also differs by a factor of 100. Thus. the overall 
observed difference in the cytotoxic potencies of toxins A and B on intact cells 
can be explained by the mere difference in enzyme activity. 

2. Catalytic Domain and Requirements for Catalysis 

The three-domain structure of the large clostridial toxins has been deduced 
from sequence analysis (Chap. 15; Fig. 1). The biological activity has been 
assigned to the N -terminal fragment. Direct proof for this assignment has been 
obtained from the separate expression of the toxin fragments and their testing 
for glucosyltransferase activity. Only the N-terminal fragment of toxin B 
covering amino acids 1-900 showed glucosyltansferase activity. whereas the 
intermediary part (amino acids 90l -1750) and the C-terminal fragment 
(1751-2366) were absolutely devoid of transferase activity (HOI'MANN et al. 
1997). Successive C-terminal truncation of the N-terminal fragment led to a 
minimum fragment covering amino acids 1-546 of toxin B which exhibits full 
catalytic activity and which is fully cytotoxic when microinjected into intact 
cells (HOFMANN et al. 1997). Further deletion resulted in an enzymatically inac· 
tive fragment (amino acids 1-516; HOFMANN et al. 1997). 

The active fragment shows binding to the co-substrate. detected b) 
labelling it with azido-UDP-glucose; the inactive fragment does not binel 
UDP-glucose (BUSCH et aI.1998). The putative nucleotide-binding site (amino 
acids 651-683) is beyond the minimum catalytic fragment (amino acids 1-546) 
and is obviously not involved in the binding of UDP-glucose and the 
enzymatic activity. 

In addition to the glucosyltransferase activity. the toxins exhibit glycohy
drolase activity to hydrolytically cleave UDP-glucose (toxins A and B. lethel 
toxin) and UDP-GlcNAc (a toxin) into UDP and glucose/GlcNAc in th~ 
absence of protein substrates (JUST et al. 1995c: CHAVES-OLARTE et al. I 99~': 
CrESLA and BOBAK 1998). The nucleotide specificity is identical with the tram
ferase reaction; only UDP-glucose is hydrolysed (JUST et al. 1995c). The 
glycohydrolase activity is about one to ten orders of magnitude lower than 
the transferase activity. The biological relevance of the glycohydrolase actill
ity is unclear. 

Surprisingly. the difference in hydrolase activity between toxin B and toxin 
A has been reported to be a factor of only five to six (CHAVES-OLARTE et , I. 
1997; CrESLA and BOBAK 1998), whereas the difference in the transferase acti,f
ity is of factor of 100 (CHAVES-OLARTE et al. 1997). Thus. the difference in the 
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transferase activity between toxin A and toxin B is likely to be based on the 
transfer of the glucose moiety to the acceptor protein rather than on the 
binding and cleavage of the co-substrate UDP-glucose. Toxins A and B should, 
therefore, differ in the Km values of their protein substrates. 

Because the glycohydrolase activity is a pure two-component system -
consisting exclusively of UDP-glucose and toxin - and is thus devoid of other 
interfering factors, it is suitable to study the conditions of the catalytic activ
ity. Glycohydrolase activity is stimulated by K+ but inhibited by Na+ (CIESLA 
and BOBAK 1998). Thus, the hydrolase activity relies on specific effects of K+ 
and not mere ionic strength (CIESLA and BOBAK 1998). In view of the intra
cellular activity of toxins A and B, K+ regulation of the enzyme activity makes 
sense. In addition to the monovalent cation K+, glycohydrolase activity is 
strongly stimulated by Mn2+ and less by Mg2+. The Mn2+ dependence has also 
been reported for the glucosyltransferase activity of lethal toxin, which shows 
about 90% homology to toxin B (JUST et a1. 1996). The divalent cation Mn2+ 
is an essential cofactor for several UDP-glucose hydrolases and many glyco
syltransferases (McEuEN 1992). These transferases possess a conserved DXD 
(aspartic acid-any amino acid -aspartic acid) motif surrounded by a 
hydrophobic region (Fig. 4; WIGGINS and MUNRO 1998). DXD is very likely to 

DXD motif 

II 
Toxin A 249 ELLNIYSQELLNRGNLAAASDIVRLLALKNFGGVYLDVDMLPGIHSDLFKTISRPSSI 306 

Toxin B 250 ESFNLYEQELVERWNLAAASDILRISALKEIGGMYLDVDMLPGIQPDLFESIEKPSSV 307 

a-Toxin 248 KLKSYYYQELIQTNNLAAASDILRIAILKKYGGVYCDLDFLPGVNLSLFNDISKPNGM 305 

LT 250 DLVRLYNQELVERWNLAAASDILRISMLKEDGGVYLDVDILPGIQPDLFKSINKPDSI 307 

Och1p 151 APVPIVIQAFKLMPGNILKADFLRYLLLFARGGIYSDMDTMLLKPIDSWPSQNKSWLN 208 

Sur1p 102 EEYPWFLDTFENYKYPIERADAIRYFILSHYGGVYIDLDDGCERKLDPLLAFPAFLRK 159 

Mnn1p 394 LDVSNTIHPKWRGDFGSYKSKWLVVLLNLLQEFVFLDIDAISYEKIDNYFKTTEYQKT 451 

Fig.4. Alignment of the large clostridial cytotoxins and glycosyltransferases covering 
the D XD motif. Clostridium difficile toxins A and B, C. novyi a toxin, C. sordellii lethal 
toxin (LI), Saccharomyces cerevisiae Ochlp mannosyltransferase, S. cerevisiae Surlp 
mannosyltransferase, S. cerevisiae Mnnl p mannosyltransferase 
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be involved in Mn2+ binding (WIGGINS and MUNRO 1998). This motif is also 
located in the N-terminal catalytic part of the large clostridial cytotoxins. 
Mutations of these conserved aspartic acids in lethal toxin (Asp286 and 
Asp288) completely abolish both glucosyltransferase and glycohydrolase 
activity (BUSCH et al. 1998). Furthermore, labelling of the N-terminal fragment 
of lethal toxin with azido-UDP-glucose is blocked in the DXD-deficient frag
ment even in the presence of high concentrations of Mn2+ (BUSCH et al. 1998). 
Thus, this motif represents a structure essential for catalysis. The aspartic acids 
are thought to participate in the coordination of Mn2+, and Mn2+ allows correct 
positioning of the co-substrate UDP-glucose, which is then catalytically 
cleaved and transferred to the acceptor amino acid, threonine. The catalytic 
amino acid has not been identified yet. 

3. Recognition of the Protein Substrates 

For glucosylation, the toxin has to form a ternary complex with UOP-glucose 
and the substrate protein (Rho protein). Therefore, the toxins need - in addi
tion to the UDP-glucose-binding site and the catalytic centre - a substrate
recognition site. Whereas toxin B exclusively modifies the Rho subfamily 
proteins, lethal toxin glucosylates Rac and Cdc42 from the Rho subfamily and 
Ras, Ral and Rap from the Ras subfamily (Sect. D.III.l). It is unlikely that 
there is only one single substrate-recognition site that is able to recognise 
variant combinations of the Rho and Ras GTP-binding proteins. Instead, it i~ 
conceivable that the toxins possess different recognition sites. This notioI' 
allows us to explain the differences in the substrate specificities of the isoform~ 
of lethal toxin and the variant toxin of C. difficile (Table 3). 

Because toxin B and lethal toxin are highly homologous (90%) but differ 
in their protein-substrate specificity (Sect. 0.111.1.), chimeric toxins are helpfu, 
in restricting the site of substrate recognition. Testing the substrate specificity 
of various chimeras for the N-terminal parts of toxin B and lethal toxin led to 
the restriction and separation of recognition sites for the Rho and Ras pro· 
teins. Amino acids 408-468 in toxin B determine the specificity for Rho, Rae 
and Cdc42, whereas residues 364-408 in lethal toxin determine the specificit~T 

Table 3. Protein substrate specificity of lethal toxin from various Clostridium sordellii 
strains 

C sordellii strain Rho Rac Cdc42 Ras Rap Ral Reference 

CN6 (+) + (+) + + + (JUST, unpublished data) 
VPI9048 + (+) + + (HOFMANN et al. 1996) 
6018 + + + + (JUST ct al. 1996) 
IP82 + + + (POPOFF et al. 1996) 
Cd. B-1470 + (+) + (SCHMIDT et al. \998) 

+, substrate: (+), minor substrate: -, no substrate: Cd., C difficile (resembles C. 
sordellii). 
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for Rac and Cdc42 but not for Rho. Interestingly, lethal toxin and toxin B 
recruit different domains specific for the Rho proteins. The recognition of 
the Ras proteins is mediated from the region amino acids 40R-516, which is 
adjacent to the Rho-recognition site (HOFMANN et a1. 199R). It seems that the 
substrate-recognition sites are modularly organised. 

III. Cellular Targets of the Cytotoxins 

1. Rho and Ras Proteins as Substrates 

The substrate specificity was determined by testing recombinant low
molecular-mass GTPases for glucosylation by applying radioactively labelled 
UDP-glucose or UDP-N-acetyl-glucosamine. Toxin A and toxin B glucosylate 
RhoA, Racl and Cdc42, whereas other prototypes of the superfamily of low
molecular-mass GTPases, such as H-Ras, Rab5 and Arfl, are not substrates 
(JUST et a1. 1995b, 1995c). Both toxins seem to possess the identical protein
substrate specificity. Recently, however, it was reported that toxin A, but not 
toxin B, modifies Rap2 to a minor extent, indicating a difference in their targets 
(CHAVES-OLARTE et a1. 1997; Table 2). a Toxin, which catalyses the incorpora
tion of N-acetyl-glucosamine instead of glucose, has the same targets as toxin 
B, namely Rho, Rac and Cdc42 (SELZER et a1. 1996). 

The substrate specificity of lethal toxin, however, is not restricted to one 
GTPase subfamily. Furthermore, the specificity depends on the strain lethal 
toxin is purified from. Table 3 gives a synopsis of the substrates of the differ
ent known isoforms of lethal toxin (HOFMANN et a1. 1996; JUST et a1. 1996; 
POPOFF et a1. 1996). Toxin B from C. difficile strain 1470 resembles the lethal 
toxin and is, therefore, subsumed here (SCHMIDT et a1. 1998). 

The Rho and the Ras proteins are the preferred substrates for the large 
clostridial cytotoxins. The substrates were exclusively found by testing recom
binant GTPases. In cell lysates, the cytotoxins catalyse incorporation of 
[14C]glucose and [14C]N-acetyl-glucosamine which are easy to detect by ph os
phorimaging. The cellular concentration of Rho is estimated at about 111M 
(PRICE et a1. 1995), whereas other low-molecular-weight GTPases, such as Ras, 
are less concentrated in cells, and detection of [14C]glucosylation is less sensi
tive. The diverse substrate specificity of the isoforms of lethal toxin clearly 
shows that testing a single prototype of the GTPase subfamily does not 
exclude the possibility that other members of the subfamily could be sub
strates. Thus, it is conceivable that the toxins recognise more substrates than 
identified so far. 

2. Site of Modification 

The glucose is transferred by the cytotoxins to threonine-37 in Rho. In Rac, 
Cdc42 and Ras, threonine-35 is equivalent to threonine-37 in Rho. The accep
tor amino acids were determined by sequencing (JUST et a1. 1995b, 1995c), and 
the identified threonine-37 in Rho was corroborated by mutation (JUST et al. 
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1995c). All large clostridial cytotoxins catalyse the modification of the identi
cal acceptor threonine. 

Threonine-37/35 is located in the effector domain of the low-molecular
mass GTPases, where coupling with the effector proteins takes place, result
ing in downstream signalling. In addition, threonine-37/35 is involved in the 
coordination of Mg2+, which binds to the f3 and yphosphates of GTP. Exclu
sively in the GTP-bound state, this threonine participates in GTP binding. 
After hydrolysis and release of the yphosphate, loop L2 moves, and the thre
onine-37/35 exposes its hydroxyl group to the surface of the protein (PAl et al. 
1989, 1990; WrfTINGHOFER et al. 1993). Thus, the hydroxyl group is accessible 
for glucosylation only in the GDP-bound form. Experimental data support this 
consideration. GDP-bound Ras is monoglucosylated, i.e. one mole of glucose 
is incorporated into one mole of Ras; Ras bound to GTPrS, the non· 
hydrolysable GTP analogue, is not a substrate (HERRMANN et al. 1998). The 
recognition of the Rho and Ras proteins by the cytotoxins strictly depends on 
a defined conformational state and is not merely determined by the primar) 
or secondary structures of the substrate. 

3. Cellular Functions of the Rho Proteins 

The Rho proteins belong to the Ras superfamily of low-molecular-mass GTp· 
binding proteins (GTPases), which serve as molecular switches in the intra· 
cellular signal transduction. These GTPases are characterised by their 
molecular weight (18-28kDa), their C-terminal polyisoprenylation and thei:' 
ability to bind and hydrolyse guanine nucleotides. They are inactive in the 
GDP-bound state, and binding of GTP induces activation, resulting in down
stream signalling. The transition between inactive and active states is con
trolled by several regulatory proteins. The guanine-nucleotide-exchange 
factors (GEF) promote the exchange of nucleotides and binding of GTP. The 
GTPase-activating proteins (GAP) strongly stimulate the low intrinsi,: 
GTPase activity to terminate the activated state. The guanine-nucleotide
dissociation inhibitor traps the inactive GDP-bound form in a high-affini1:{ 
complex. Binding of GTP induces changes in the conformation, which allows 
binding to the so-called effector protein. Effectors are often serine/threonin,~ 
kinases, which possess a Rho-binding domain. Binding of Rho results in acti
vation of the kinase (ROKa/Rho kinase), which phosphorylates downstrean 
targets. In addition to kinases, Rho effectors also comprise multidomain prc'
teins without enzymatic activity (rhotekin, rhophilin), which may serve as 
nuclei for multiprotein complexes that connect different signalling pathway:;. 
The signalling cycle of the Rho proteins is depicted in Fig. 5. 

The best-characterised members of the Rho subfamily are Rho, Rac anj 
Cdc42. In general, they are involved in the regulation of the dynamic actin 
cytoskeleton. Each of them, however, regulates distinct structures: Rho 
governs the formation of stress fibres and focal adhesions, Rac is involved in 
membrane ruffling and Cdc42 is involved in the formation of filopodia. The 
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Fig. 5. Guanosine triphosphate (GTP)ase cycle of Rho. Inactive Rho is guanosine 
diphosphate (GDP)-bound and complexed with GOI (guanine-nucleotide dissociation 
inhibitor) . Activation of Rho is mediated by GEFs (guanine-nucleotide exchange 
factors) , which promote binding of GTP to Rho and translocation from the cytosolic 
to the membrane compartment. Here Rho- GTP interacts with effector proteins 
(serine/threonine kinases or adapter proteins), which transmit the signal downstream. 
The active state is terminated by GAPs (GTPase-activating proteins) , which strongly 
increase the intrinsic GTPase activity to result in inactive GOP-bound Rho. GOP
bound Rho is extracted by GOIs from the membrane and complexed as an inactive 
Rho pool in the cytosol 

best-understood functional module is the formation of the stress fibres: Rae 
and Rho regulate the phosphatidyl-inositide (4)-phosphate-5-kinase (PI-5-
kinase) to form phosphatidyl-inositide-4,5-phosphate (PIP2) . PIP2 stimulates 
actin polymerisation and filament growth through interaction with several 
actin-binding proteins (gelsolin , profilin). The stress fibres, a supra
organisation of actin filaments, are governed by the RhoA-dependent 
Rho-kinase, which phosphorylates the myosin light chain, thereby activating 
the actin-myosin system in non-muscle cells. The membrane attachment of the 
stress fibres is managed through the ERM (ezrin/radixin/moesin) proteins. 
These bifunctional proteins bind through their N-terminal part to transmem
brane proteins (CD44 or interce llular-adhesion-molecule proteins) and inter
act (through their C-terminal part) with the actin filaments. This interaction is 
essential for Rho-governed cytoskeleta l changes. 

The Rho proteins are involved in several cellular events. Table 4 gives a 
short overview of their multiple functions. 
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Table4. Cellular functions of the Rho proteins 

Cellular process/location 

Organisation of the actin cytoskeleton 

Membrane trafficking 
Smooth-muscle contraction 
Phospholipid metabolism 
Cell-cycle progression 
Reactive oxygen species 
Transcriptional activation 
Cell transformation, apoptosis 

Detailed functions of Rho 

Stress Ilbres, membrane ruffling, filopodia 
formation, cell adhesion, cell-cell 
contact, cell morphology, cell motility 

Endocytosis, exocytosis, phagocytosis 
Calcium sensitisation 
PI-5-kinase, PLD, PLC 
Transition from G 1 to S phase 
NADPH oxidase of neutrophils 
JNK, p3RRK, NFKB 
Co-operation with the proto-oncogene Ras 

JNK, c-lun N-terminal kinase; NADPH, reduced nicotinamide adenine dinucleotide 
phosphate; NFkB, nuclear factor KB; PI-5-kinase, phosphatidyl-inositide (4)
phosphate-5-kinase; Pl~C. phospholipase C; P',D, phospholipase D. 

Rho/Rac/Cdc42-dependent signal pathways are stimulated by receptor
tyrosine kinases (platelet-derived growth factor for Rae) and by G-protein
coupled receptors (lysophosphatidic acid for Rho, bradykinin for Cdc42). The 
regulation of the exchange factors (GEFs) that directly promote activation of 
the Rho proteins is quite unclear, but there are some data indicating that tyro
sine phosphorylation or phospholipid (PIP2) binding is involved. The func
tional hierarchy of Rho proteins (Cdc42 activates Rae, and Rac activates Rho) 
and the crosstalk between the proto-oncogene Ras and Rae is also part of 
the upstream regulation of the Rho proteins (MACIIESKY and HALL 1996; 
NARUMIYA 1996; RIDLEY 1996; T APON and HALL 1997; VAN AELSI and 
D'SOUZA-SCHOREY 1997; AMANO et al. 1998; HALL 1998; MACKAY and HALL 
1998; SASAKI and TAKAI 1998). 

VI. Functional Consequences of Glucosylation 

1. Consequences on the GTPase Cycle 

The cellular functions of the low-molecular-mass GTPases of the Rho and Ras 
subfamilies are determined by their ability to cycle between the inactive and 
active states, a process which is regulated by various regulatory proteins (Sect. 
D.III.3). Because the Ras GTPase cycle is characterised very well, all aspects 
of the functional consequences of glucosylation were studied with recombi
nant proteins (HERRMANN et al. 1998). The activation of Ras by exchange 
factors (GEFs) is decreased but not completely inhibited. Coupling to the 
effector protein Raf-kinase is completely blocked. The activity of intrinsic 
GTPase is reduced, but the GAP-stimulated GTPase is completely inhibited. 
No regulatory protein of the Ras cycle is sequestered, arguing against a dom
inant negative mode of action. 



Molecular Mechanisms of Action of the Large Clostridial Cytotoxins 

Ras 

Ras-GDP 

Ras-GTP 

effector 

~ 

glucosylated Ras 

$~ 
$(' 

iO~ 

Ras-GDP 

Glc 

Ras-GTP 

Glc 

~ 

325 

Fig. 6. Guanosine triphosphate (GTP)ase cycle of unmodified and glucosylated Ras. 
The left panel gives the GTPase cycle of Ras. Inactive guanosine diphosphate (GOP)
bound Ras is activated by exchange factors, such as Sos or Cdc25. Ras-GTP binds to 
the effector proteins, e.g. Raf kinase, which are activated to transmit the signal down
stream. The active state is terminated by GAPs (GTPase-activating proteins), which 
promote inactivation of Ras. The right panel shows the cycle of glucosylated Ras. Ras, 
in the GOP-bound form, is mono-glucosylated at threonine-35. Loaded with GTP catal
ysed by Sos or Cdc25, Ras is slowed down but not inhibited. Because it is unable to 
interact with GAP, glucosylated Ras is enriched in the GTP-bound form. However, 
interaction with effector proteins, such as Raf kinase is fully blocked, resulting in a 
complete inhibition of downstream signalling 

Comparable data were found for glucosylated RhoA, except that interac
tions with exchange factors were not studied (SEHR et al. 1998). Thus, the 
crucial step of downstream signalling, - effector coupling - is completely inhib
ited. Figure 6 shows a schematic model of the influence of glucosylation on 
the GTPase cycle of Ras. 

2. Biological Consequences 

The actin-depolymerising activity of the cytotoxins can be explained by the 
inactivation of Rho. The serine/threonine kinase ROK, which is stimulated by 
activated RhoA, directly phosphorylates the myosin light chain (MLC) to 
enhance formation of stress fibres. Inactivation of MLC by MLC phosphatase 
is blocked by ROK-catalysed phosphorylation of the myosin-binding protein. 
A decrease in ROK activity by inactivation of Rho results in an increased 
activity of phosphatases, which finally leads to dephosphorylation of MLC and 
subsequent depolymerisation of stress fibres. The growth of actin filaments is 
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regulated by actin-binding proteins whose activity IS stimulated by PIP" 
formed by the Rho/Rac-regulated phospholipid kinase. Inactivation of 
Rho/Rac leads, through decrease in PIP2 formation, to an impaired F-actin sta
bility. The actin cytoskeleton is dynamically regulated by polymerising and 
depolymerising signals. Shut-down of the polymerising signals by the large 
clostridial cytotoxins leads to the predominance of depolymerising inputs. 

The primary target tissue of the C. difficile toxins is the colonic epithe
lium. Human colon carcinoma (T84) cells are polarised in culture and form 
tight junctions and, therefore, they are an established model for the colonic 
epithelial barrier. Toxins A and B disrupt the barrier function by opening the 
tight junctions (TRIADAFILOPOULOS et al. 1987; HECHT et al. 1988; MOORE et al. 
1990; HECHT et al. 1992). This effect is not merely caused by the breakdown of 
actin filaments but by inactivation of the ability of Rho to regulate tight
junction complexes (N USRAT et al. 1995; Jou et al. 1998). This barrier
disrupting effect of toxins A and B is supposed to increase colonic perme
ability, the basis of the watery diarrhoea, which is a typical feature of C. 
difficile-induced antibiotic-associated diarrhoea. 

Toxins A and B have been reported to induce apoptosis (MAHIDA et al. 
1996; CALDERON et al. 1998; FIORENTINI et al. 1998), consistent with the func
tion of Rho in the apoptotic process (GOMEz et al. 1998). Apoptosis is induced 
by many signals, and one is the detachment of cells form their extracellular 
matrix (RUOSLAHTI 1997). The cytotoxins, which are known to induce detach
ment through their actin-filament-disrupting properties, induce apoptosis in a 
manner similar to the treatment of cells with ethylene diamine tetraacetic acid 
or neutrophil elastase (SHIBATA et al. 1996). 

In addition to accessory effector domains, the domain covering amino 
acids 30-42 is thought to be an essential effector domain for downstream sig
nalling, and a glucose moiety is likely to inhibit all signal pathways downstream 
of Rho and Ras. The cytotoxic effect is easy to observe and has led to its clas
sification as a cytotoxin. However, the depolymerisation of the actin-filament 
system is only one of many cellular responses to the inactivation of Rho. Rac 
and Cdc42. For example, regulation of endocytosis in Xenopus oocytes 
(SCHMALZING et al. 1995), exocytosis of mediators from rat basophilic 
leukaemia (RBL) cells (PREPENS et al. 1996) and the regulation of phospholi
pase D (SCHMIDT et al. 1998) are impaired by toxin B independently of the 
cytoskeletal effects. 

Because glucosylation does not inhibit one single Rho function but 
inhibits many or even all functions, overlapping or unexpected findings after 
cell intoxication are observed; destruction of the actin cytoskeleton of RBL 
cells by cytochalasin D or the actin ADP-ribosylating C. botlllinllm C2 toxin 
results in an increase of stimulated degranulation (exocytosis). However. 
intoxication with toxin B, which also leads to disruption of the actin filaments, 
inhibited stimulated degranulation - the opposite effect was expected 
(PREPENS et al. 1996). Direct regulation of exocytosis by Rho is dominant over 
the influence of the actin filaments. which are also governed by Rho. The large 
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clostridial cytotoxins can no longer be classified as simple cytoskeleton
disrupting toxins; they interfere with many vital functions of the cell, especially 
those assigned to the Rho and Ras proteins. 

E. Concluding Remarks 
The large clostridial cytotoxins cause comparable morphological and 
cytoskeletal changes that are mediated by their intrinsic enzymatic ability to 
inactivate Rho proteins, the regulators of the actin cytoskeleton. Comparable 
to other enzymatically active exotoxins, the large cytotoxins recruit ubiqui
tiously available cofactors (nucleotide sugars) to alter pivotal regulators of the 
cell machinery. At the moment, it is unclear why the toxins need 200-250 kDa 
of protein to target their enzymatic domain (60 kDa) to the cellular substrates. 
Maybe an additional biological activity is concealed in this part of the mole
cule, or the toxins have evolved a sophisticated targeting machinery that 
makes almost all cells sensitive to the toxins. 
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CHAPTER 15 

Molecular Biology of Large Clostridial Toxins 

IS. MONCRIEF, O.M. LYERLY, and T.D. WILKINS 

A. Introduction 

The clostridia are well known for the production of extracellular toxins and 
exoenzymes, many of which are involved in human and animal disease. The 
largest of the clostridial toxins are those produced by Clostridium difficile, C. 
sordellii, and C. novyi. These toxins, which include toxin A [molecular weight 
(Mr) = 3080000a] and toxin B (Mf = 2700000a) of C. difficile, toxin HT (hem
orrhagic toxic; Mr = 3000000a) and toxin LT (lethal toxin; Mr = 2600000a) 
of C. sordellii, and a-toxin (Mr = 250000 Oa) of C. novyi, are all lethal and cyto
toxic. In addition to having similar biological properties, they also display 
immunological cross-reactivity. Thus, BETTE et al. recently suggested that they 
comprise a group of closely related toxins (BETTE et aI.1991). Research within 
the past few years on the genetics and enzymatic activity of these toxins has 
established that these toxins do indeed belong to a distinct group. They not 
only share extensive sequence identity, they also cause cytotoxicity by similar 
molecular mechanisms. Accordingly, they are now referred to collectively as 
the large clostridial cytotoxins. This chapter will discuss the current state of 
knowledge regarding the molecular biology of these toxins. Oue to its impor
tance as a human pathogen, the majority of research has been done with toxins 
A and B of C. difficile. 

C. difficile was an almost unknown species of bacteria until it was impli
cated as the cause of pseudomembranous colitis (PMC). Hall and O'Toole first 
isolated the organism from healthy newborn infants in 1935 and named it 
Bacillus difficilis after the apparent difficulty they encountered in isolating it 
(HALL and O'TOOLE 1935). The organism was shown to produce a toxic culture 
filtrate, which was lethal to animals upon injection. SNYDER (1937) confirmed 
and extended these findings and further showed that the toxic activity was neu
tralized by antisera to C. difficile (SNYDER 1937). Few studies followed its initial 
discovery, perhaps due to the fact that the organism did not appear to cause 
disease. 

Things changed dramatically in 1977, as C. difficile became implicated as 
the cause of a lethal colitis that resulted from treatment with antibiotics. PMC 
was first called clindamycin colitis, because this new (at the time) antibiotic 
was the first to be associated with this severe form of antibiotic-associated 
colitis. When clindamycin colitis was first observed, no one had any idea that 
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it was caused by a clostridium. Several groups of investigators started work 
simultaneously on the disease (BARTLETT and GORBACH 1977: BARTLETT et al. 
1977, 1978a: LARSON et al. 1977a; LARSON 1977b, 1978: BARTLETT I 978b; CHANG 
et al. 1978a, 1978b; GEORGE et al. 1978a, I 978b; ALLO et al. 1979: ROLFE and 
FINEGOLD 1979; TAYLOR and BARTLETT 1979; WILLEY and BARTLETT 1979: REHCi 
1980). They soon found that hamsters also died from colitis several days after 
clindamycin was administered. The fecal material from both the humans 
and hamsters was toxic to tissue-culture cells. and this suggested to some 
researchers that a cytopathic virus was causing the problem. They found that. 
unlike the case with viruses, the toxicity could not be propagated or grown but 
instead merely diluted out as the contents were diluted. This was more sug
gestive of a toxin. The real breakthrough occurred when they found that mul
tivalent clostridial antisera for gas gangrene neutralized all of the effects of 
the fecal filtrates on tissue-cultured cells. The active ingredient in the mixture 
was antitoxin to C. sordellii toxins, so they tried to isolate this organism from 
the feces - with no success. C. difficile had been isolated previously from many 
patients, but it had been ignored because it was non-pathogenic. When culture 
filtrates from all the clostridial isolates were tested, the C. difficile fi Itrates were 
cytotoxic and were neutralized by the C. sordellii antitoxin. We now know that 
this cross-neutralization is the result of the production of very similar toxins 
by both species. 

C. difficile causes PMC which is the most serious of a spectrum of 
antibiotic-associated diarrheas. Only about 15-20°/') of antibiotic diarrheas are 
caused by C. difficile; the mildest forms are osmotic diarrheas. and others may 
be caused by other microbes, including C. perti'ingens (BORRIELLO 1(95). C. dit 
ftcite is an opportunistic pathogen which can grow in the human colon only 
when the normal flora have been drastically reduced by antibiotic therapy. The 
organism is ingested as spores that hatch in the intestine and grow in the 
absence of competition from the flora. The toxins are produced as the growth 
rate of the organism slows, resulting in both destruction of much of the colonic 
epithelium and massive diarrhea. The diarrhea keeps the normal flora from 
becoming re-established, and the destruction of the colonic mucosa can result 
in death of the patient from shock. The hospital ward becomes heavily cont
aminated with the spores. and the next patients are at increased risk of infec
tion. Over 300,000 cases are diagnosed in the US. each year. Even when 
correctly diagnosed and treated, the disease adds 1-2 weeks and US $10 000 
to the hospital stay. When the costs of diagnosis, therapy, and extended hospi
tal stays are calculated, this disease adds about a billion US dollars to health
care costs every year in the US. alone. 

Research was initially focused on the potent cytotoxic activity. and the 
tissue-culture assay was used to follow the toxin through purification. The toxic 
activity eluted as a single peak in the large-molecular-weight fractions from 
size-separation columns, and almost all of the cytotoxicity eluted as a single 
peak from ion-exchange columns. Two groups, one at Johns Hopkins in the 
US. (TAYLOR and BARTLETT 1979) and one at Gifu University in Japan (BANNO 
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et al. 1981) noticed that, whereas the cytotoxic fractions from the size
separation column were positive in the rabbit-ileal-loop test for diarrheal 
toxins, the main cytotoxic peak from the ion-exchange column was not. A 
second, very small peak of cytotoxicity that eluted much earlier from the 
column had all of the ileal loop activity, so there were two toxins. John 
Bartlett's group called these A and B, whereas BAN NO et al. called them D-1 
and D-2. Toxins A and B became the accepted names. Both are cytotoxic, but 
toxin B is much more active in the majority of tissue-cultured cells. Toxin A 
appears to be less active, because the carbohydrate receptors for toxin A are 
only present in large numbers on colonic epithelial cell lines. The receptor for 
toxin B has never been identified, but it must be ubiquitous, since essentially 
all cell lines are very susceptible. Toxin A has been shown to be a powerful 
enterotoxin and causes the initial damage to the colonic epithelium, whereas 
toxin B is not active in enterotoxin assays but seems to exacerbate the damage 
caused by toxin A. Hamsters receive some protection from antibodies to toxin 
A, but the best protection is achieved with antibodies or vaccines to both 
toxins (FERNIE et al. 1982). Recently, the situation has become more compli
cated, with some unusual strains producing toxins that have some character
istics of both A and B. These unusual toxins are more similar to the related 
toxins of C. sordellii. 

C. sordellii and C. novyi belong to a group of pathogens termed histotoxic 
clostridia, which cause the tissue destruction associated with gas gangrene 
(myonecrosis). C. sordellii was first described by Sordelli who, in 1922, isolated 
several strains from wound infections. C. novyi was first recognized in 1894 by 
Novyi. The principal habitat of the organisms appears to be soil, and they cause 
a variety of infections in domestic livestock, including wound infections, peri
tonitis, and systemic infections often associated with the presence of liver 
flukes, which are thought to carry spores to the liver, where they germinate. 
C. sordellii is rarely associated with human infection, although infections can 
occur when wounds are exposed to contaminated soil. C. novyi, on the other 
hand, is a fairly common cause of gas gangrene in humans (ARSECULERANTE 
et al. 1969). It has been the cause of death for many soldiers whose wounds 
became contaminated with soil. During World War II, for example, it was iso
lated in 42% of gas-gangrene cases in one study (SMITH 1984). 

B. Purification and Characterization of Large 
Clostridial Toxins 

I. Toxin Prodnction 

A variety of media have been used for the growth of C. difficile and produc
tion of the toxins (ROLFE and FINEGOLD 1979; TAYLOR and BARTLETT 1979; 
SULLIVAN et al. 1982; HASLAM et al. 1986; SEDDON and BORRIELLO 1989). 
Recently, KAZAMIAS et al. produced unusually high cytotoxicity titers by 
growth in alkaline trypticase yeast-extract media supplemented with manni-
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tol (KAZAMIAS and SPERRY 1995). The toxins are produced and released post
exponentially near the beginning of the decline phase of the bacterial growth 
cycle (KETLY et a1. 1984). There is no correlation of toxin production, however. 
with sporulation, as occurs with C. perfringens enterotoxin (KETLY et a1. 1986). 

Regardless of the growth medium used, only modest amounts of toxin can 
be produced in free-standing anaerobic cultures. Much higher levels of the 
toxins are produced when C. difficile is grown in dialysis-sac cultures. The 
method, which was originally developed by STERNE and WENTZEL for the 
production of botulinum toxin, works quite well for the production of toxins 
A and B (STERNE and WENTZEL 1950). In this method, the organisms are 
grown inside a dialysis sac that has been suspended in a rich media, such as 
brain-heart infusion broth. The organisms grow slowly and reach a very high 
density within the dialysis sac after about 3 days. The toxins are released within 
the sac and, therefore, are concentrated in a small volume. Moreover, the mem
brane of the dialysis sac excludes any high-molecular-weight material from the 
culture filtrate. This eliminates any interference by media components during 
purification. The dialysis-sac-culture method has been used routinely to 
produce culture filtrate for purification of toxins A and B. 

Toxins A and B appear to be coordinately regulated, since toxigenic 
strains almost invariably produce either high or low levels of each toxin. The 
level oftoxins produced varies by as much as 100000-fold among toxigenic C. 
difficile. As a result, the isolation and maintenance of a highly productive tox
igenic strain was an important step in research on the toxins. The most exten
sively studied toxigenic strain has been VPI 10463 (also ATCC 43255), from 
which toxins A and B were characterized by SULLIVAN et a1. (1982). This strain, 
originally isolated from a wound, consistently produces high levels of both 
toxins and has been used for most studies on the biological and molecular 
properties of toxins A and B. 

The toxins of C. sordellii and C. novyi are also produced in large amounts 
when grown in dialysis-sac cultures, whereas much smaller amounts of the 
toxins are made during rapid growth in free-standing cultures. This suggests 
that their expression may be controlled by environmental signals similar to 
those controlling C. difficile toxins. Culture filtrates from dialysis sacs have also 
been used for purification of LT and HT from C. sordellii and a-toxin from C. 
novyi. 

II. Purification and Physicochemical Properties 

1. C. Difficile Toxins 

Numerous methods have been used to purify toxins A and B from C. difficile 
culture filtrate (ROLFE and FINEGOLD 1979; TAYLOR and BARTLETT 1979; BANNO 
et a1. 1981, 1984; SULLIVAN et a1. 1982; RIHN et a1. 1984; LYERLY et a1. 1986; 
POTHOULAKIS et a1. 1986; KRIVAN and WILKINS 1987). Despite their similarity, 
the toxins behave very differently in salting-out steps and on ion-exchange-
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chromatography resins. In general, due to the similar sizes of the toxins, purifi
cation requires careful attention to the separation of toxins A and B. In the 
case of toxin B, it is particularly difficult to eliminate the enolase enzyme. 
Enolase of C. difficile is a 50000-Da protein that has an elution profile similar 
to that of toxin B on anion exchange. Moreover, under native conditions, it 
forms a large-molecular-weight multimeric protein. Thus, toxin-B preparations 
purified by anion exchange are often contaminated with enolase. The conta
minating enzyme caused some confusion in previous work on the mechanism 
of toxin B, which was erroneously reported to be due to enolase activity (FLUIT 
et al. 1990; KNOOP et al. 1990). Toxin A is more resistant to extremes of pH 
and to proteases than toxin B (LYERLY et al. 1986). Both toxins can be pro
tected by reducing agents and are inactivated by oxidizing agents. 

2. C. Sordellii and C. Novyi Toxins 

Both toxins from C. sordellii have been purified to homogeneity. Popoff puri
fied LT from C. sordellii by ion exchange and gel filtration (POPOFF 1986). The 
Mr was estimated at 250000 Da, with a pI of 4.5. LT was lethal for mice, cyto
toxic, and induced edema upon intradermal injection. Antisera specific for LT 
neutralized its biological properties and those of C. difficile toxin B. Martinez 
purified HT from C. sordellii by immunoaffinity chromatography using a mon
oclonal antibody (PCG-4) to C. difficile toxin A, which cross-reacts with HT 
(MARTINEZ and WILKINS 1988). The toxin had an estimated Mr of 300000Da 
with an apparent pI of 6.1. It was cytotoxic, lethal, and elicited an accumula
tion of hemorrhagic fluid in rabbit ileal-loop assays. Antisera to C. difficile 
toxin A neutralized HT biological activities and reacted by immunoblot and 
immunodiffusion. The N-terminus of HT was nearly identical with that of toxin 
A. These studies established that the physicochemical and biological proper
ties of C. sordellii LT and HT are similar to those of C. difficile toxins Band 
A, respectively (MARTINEZ and WILKINS 1992). 

C. novyi a-toxin has been purified by anion exchange and has an appar
ent Mr of 200000Da and a pI of 5.8 (BETIE et al. 1989, 1990, 1991). It is also 
cytotoxic, lethal, and produces edema. a-Toxin does not cross-react, nor is its 
cytotoxicity neutralized, with antibodies to the other large clostridial toxins. 
Thus, a-toxin appears to be more distantly related to C. difficile toxins A and 
B than LT and HT of C. sordellii. 

III. Biological Properties 

1. C. Difficile Toxins 

Both toxins A and B cause similar rounding of tissue-culture cells, and toxin 
B is active against every cell line that has been tested. Toxin A is far less cyto
toxic in most cell lines compared with toxin B. When tested on certain cell 
lines, however, particularly those of intestinal origin, such as HT-29, its activ
ity approaches that of toxin B (TUCKER et al. 1991). This is presumably due to 
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an increased density of carbohydrate receptors for toxin A in these cell lines. 
Rounding of intoxicated cells is accompanied by disassembly of the actin 
microfilaments, whereas microtubules and intermediate filaments are only sec
ondarily affected (THELESTAM and BRONNEGARD et a1. 1980; MITCHELL et a1. 
1987; OTTLINGER and LIN 1988; FIORENTINI et a1. 1990). Although the microfil
ament cytoskeleton is preferentially affected, actin itself is not the target. 
Rearrangement of actin and the actin-binding proteins vinculin and talin has 
been reported. Recent breakthroughs have revealed the molecular mode of 
action by which these toxins cause disassembly of the actin cytoskeleton (see 
below and Chap. 14). 

Toxin A is an extremely potent enterotoxin, with microgram amounts 
causing fluid secretion in animal loops (LIBBY et a1. 1982; LYERLY et a1. 1982; 
LIMA et a1. 1988; LYERLY and WILKINS 1995). In fact, on a molar basis, it is as 
active as cholera toxin in the rabbit ileal-loop assay for enterotoxic activity. 
Its mechanism of action, however, is quite different. Unlike cholera toxin, toxin 
A causes extensive damage to the epithelial lining of the intestine. The villus 
tips of the epithelium are initially disrupted, followed by damage to the brush
border membrane. The mucosa eventually becomes denuded, accompanied by 
extensive infiltration with inflammatory neutrophils. The massive inflamma
tion undoubtedly plays an important role in pathogenesis. The fluid response 
is due, in part, to damaging of the integrity of the intestinal barrier. The cyto
toxic activity of toxin A also results in disruption of the tight junctions, and 
this may playa role in the initial fluid loss (HECHT et a1. 1988; HIPPENSTEIL 
et a1. 1997). For example, the disruption of tight junctions is responsible for 
the enterotoxicity of the zonula occludens toxin (ZOT) of Vibrio cholera and 
fragilysin, the metalloprotease enterotoxin of Bacteroides fragilis (FASANO et 
a1. 1991; MONCRIEF et a1. 1995). 

Despite the fact that toxin B is a much more potent cytotoxin than toxin 
A, it does not cause damage or a fluid response when injected alone in intesti
nalloops (LYERLY et a1. 1982; LIMA et a1. 1988; LYERLY and WILKINS 1995). The 
lack of enterotoxic activity by toxin B may be due to an inability to bind to a 
receptor on the intestinal brush-border membrane cells under normal physi
ological conditions. Thus, toxin A, which is able to tightly bind to specific car
bohydrate receptors on the surface of intestinal cells, initiates damage to the 
intestine. Toxin B then contributes to extensive damage during the course of 
disease once it gains access to the underlying tissue. This role for toxin B in 
pathogenesis is supported by experiments on the effects of the toxins in the 
hamster intestine (LYERLY et a1. 1985). In these studies, toxin B, given intra
gastrically to hamsters, did not cause a response, whereas toxin A caused death 
by this route. However, when toxin B was given along with sub-lethal amounts 
of toxin A, the animals died with no observable intestinal pathology. More
over, if the intestine is physically disrupted, toxin B gains access to the sys
temic circulation and causes death. There remains controversy about the role 
of the toxins in human disease. It has recently been observed that toxin B is 
more potent than toxin A to the human colonic epithelium in vitro (RIEGLER 
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et a1. 1995). Whether or not this correlates with what happens in the intact 
human intestine remains to be determined. 

80th toxins are lethal when injected intraperitoneally or subcutaneously 
in small amounts (EHRICH 1982; LYERLY et a1. 1982; LYERLY and WILKINS 1995). 
Contrary to the cytotoxic activity of the toxins, the lethal activity of toxin A is 
as potent as that of toxin 8, with both toxins having a minimum lethal dose of 
about 50 ng in mice. The mechanism by which the toxins cause death when 
administered systemically is unknown. In mice injected intraperitoneally, there 
is some evidence of liver damage. ARNON et a1. examined the effects of the 
toxins in rhesus monkeys and noted that the animals apparently died from ces
sation of breathing (ARNON et al. 1984). Death is not accompanied by the 
paralysis characteristic of the botulinum and tetanus neurotoxins. 

In addition to their direct effects on cells, the toxins have been shown to 
elicit the production of various biological-response modifiers, such as 
cytokines and neurokinins, which undoubtedly playa significant role in the 
pathogenesis of C. difficile infections. The release of these chemoattractants 
may account for the extensive infiltration of neutrophils at the site of C. diffi
cde infections, with the resulting extensive inflammatory tissue damage 
(MAHIDA et al. 1996; LIN EVSKY et al. 1997; MELO et al. 1997; ROCHA et al. 1997; 
CALDERON et al. 1998; CASTAGLIUOLO et al. 1998a). Induction of apoptosis by 
toxin A is associated with the release of cytokines by monocytes and intesti
nal epithelial cells (MAHIDA et a1. 1996). In 1994, PATHOULAKIS et al. observed 
that the enterocolitis induced by toxin A in rat ileal loops was inhibited hy 
a receptor antagonist of neurokinin-I, the receptor for suhstance P 
(PAIHOULAKIS 1994). Moreover, toxin A induces secretion of substance P in 
animal intestinal loops, and mice genetically deficient in neurokinin-l recep
tors are far less susceptible to the effects of toxin A than are normal mice 
(CASTAGLIOULO et al. 1994, 1997, 1998b; MANYTH et a1. 1996a; POTHOULAKIS ct 
al. 1998). Thus, toxin A appears to cause its enterotoxic effects partially hy 
causing the release of neurohormonal substances that in turn alter secretion 
(MANYTH et al. 1996b). The action of cholera toxin is now believed to involve 
the enteric nervous system as well (JODAL and LUNDERGREN 1995). 

2. C. Sordellii and C. Novyi Toxins 

The hiological properties of C. sordellii LT and HT are similar to those of C. 
ditficile toxins 8 and A, respectively (POPOFF 1986; MARTINEZ and WILKINS 
1988,1992). Although a potent cytotoxin, LT is approximately IOOO-fold less 
cytotoxic than toxin B. Interestingly, however, it is about tenfold more lethal 
for mice than toxins A or 8 when injected intraperitoneally. Like toxin 8, LT 
is not an effective enterotoxin. HT and toxin A are remarkably similar. They 
have similar minimal cytotoxic and lethal doses, and each toxin is cnterotoxic 
in amounts of 1-2 mg. Moreover, they share more extensive immunological 
cross-reactivities than do LT and toxin B. Thus, HT and toxin A appear to have 
diverged less than LT and toxin B. 
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Table 1. Molecular and biological properties of large clostridial toxins 

C. difficile toxin C sordellii toxin C. lIovyi 
(X-toxin 

Property A B HT 1T 
M, (Da) 308000 270000 300000 27000() 250000 

pI 5.6 4.2 0.1 4.5 5.8 
Cytotoxici ty" lOng Ipg l5ng l.ong IOOpg 
Lethal dose b (ng) 50 50 75 5 5 
Enterotoxicity' 1m - d 2m 

Vascular permeability + + + + + 
Hemagglutination" + + 
Glucosyltransferase + + + + + 
Substrate Rho, Rac. Rho, Rac. Rho. Rac. Rac. Cdc42. Rho, Rac. 

Cdc42 Cdc42 Cdc42 Ras. Rap. Cdc42 
Ral 

Co-substrate UDP-Glc UDP-Glc UDP-GIc UDP-Glc liDP-
GIcNAc 

Glc, glucose; GlcNAc. N-acetylglucosamine; HT. hemorrhagic toxin: LT. lethal toxin: 
Mn molecular weight: UDP, uridine diphosphate. 
a Minimum dose (per tissue-culture well in a 96-well plate) causing over 50 'X, round
ing of Chinese hamster ovary Kl cells. 
h ":1inimum lethal dose per mouse. determined by intraperitoneal injection into Balblc 
mIce. 
C Minimum enterotoxic dose, determined in rabbit ileal loop assay. 
d Toxin B from some atypical strains (8864) is enterotoxic. 
C Agglutination of rabbit erythrocytes at 4°C. 

C. novyi a-toxin also has biological properties that are similar to those of 
toxins A and B (BALL et a1.1993; BETTE et al. 1989,1990,1991; OKSCHE et al. 
1992). Its cytotoxic activity approaches that of toxin B, with a minimum cyto
toxic dose of lOOpg, whereas its lethal dose approaches that of LT, with a 
minimum mouse lethal dose of 5 ng. a-Toxin does not have hemagglutinating 
activity, nor does it elicit a fluid response in ligated-loop assays. Due to its large 
size and similar biological activity, however. BETTE et al. suggested that a-toxin 
may represent another member of the large clostridial toxins, which cause cell 
rounding (BETTE et al. 1991). Cloning and sequencing of the a-toxin gene. 
along with studies showing that it glucosylates Rho proteins, estahlished that 
it should indeed be grouped with the other large clostridial toxins. The mole
cular and biological properties of the large clostridial toxins are presented in 
Tahle 1. 

3. Receptors 

Toxins A and B enter the cell primarily by receptor-mediated endocytosis. as 
indicated hy the fact that they hind to the cell surface. cluster in coated pits. 
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and are inhibited by agents that block endocytosis (FLORIN et a1. 1983; 
HENRIQUES et a1. 1987). Both toxins contain a large series of repeating units at 
their C-end. In the case of toxin A, the repeating units form the portion of the 
toxin that binds to specific cell-surface carbohydrate receptors (PRICE et a1. 
1987; POTHOULAKIS et al. 1996). The repeating units of toxin A form a multi
valent lectin that agglutinates rabbit erythrocytes. Its specificity for rabbit 
erythrocytes, which contain the carbohydrate galactose (Gal)-al-3Gal-f31-
4N-acetylglucosamine (GlcNAc), led to the discovery of the carbohydrate 
portion of toxin-A receptors (KRIVAN et a1. 1986). We found that toxin A binds 
to hamster intestinal brush-border cells, which also contain Gal-al-3Gal
f31-4GlcNAc. This trisaccharide is not expressed by normal human cells and, 
therefore, cannot be the receptor for toxin A in the human intestine. 

Toxin A also binds to human carbohydrate antigens I, X, and Y, all of 
which have a conformationally similar type-2 core structure that is confor
mationally similar to Gal-al-3Gal-f31-4GIcNAc (TUCKER and WILKINS 1991; 
SMITH et a1. 1997). These antigens are all expressed on the surface of the human 
intestinal epithelium and may function as receptors for toxin A. Interestingly, 
the X antigen is also present in high amounts on the surfaces of human neu
trophils and other leukocytes, indicating that toxin A may also target these 
cells. This may be important, since the inflammatory response plays a critical 
role in the pathogenesis of C. difficile infections. Glycoproteins from human 
intestinal epithelial cells, which bind toxin A, have not been identified. A 163-
kDa glycoprotein receptor for toxin A in hamsters, however, has been puri
fied from brush-border cells from the small intestines of infant hamsters 
(ROLFE and SONG 1993). Binding was inhibited by lectins specific for Gal and 
GIcN-Ac and by non-immunoglobulin components of human milk (ROLFE and 
SONG 1995). Toxin A does not bind to rabbit erythrocytes at 37°C, probably 
due to the low density of receptors on the red cell surface. In fact, the affinity 
of the repeating units for a single carbohydrate receptor appears to be low at 
37°C. Effective binding at physiological temperatures, therefore, may require 
a high density of receptors. In this manner, toxin A may preferentially target 
specific cell lines, such as intestinal epithelial cells and leukocytes, which 
contain a high density of receptors. Receptors for toxin B and the other large 
clostridial toxins have not been identified. 

c. Mechanism of Action 
The similarity of toxins A and B, both structurally and in their effect on cells, 
suggested that they might have a similar mechanism of action. Although toxin 
B is significantly more potent as a cytotoxin, the effects of each toxin on tissue
culture cells are qualitatively very similar. Cells treated with the toxins exhibit 
a retraction of cell processes and rounding of the cell body (OTTLINGER and 
LIN 1988; THELESTAM and BRONNEGARD 1980; FIORENTINI et a1. 1990). The cyto
pathic effect results from disassembly of filamentous actin accompanied by a 
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decrease in F-actin and an increase in G-actin prior to the onset of cell round
ing. The fact that the toxins were active in very small amounts supported the 
idea that toxicity is dependent on enzymatic activity within the target cell. 
Since the toxins cause cell rounding by disruption of the actin cytoskeleton. 
proteins regulating this process were likely targets of the toxins. 

In this regard, the Rho/Rae family of low-molecular-weight guanosine 
triphosphate (GTP)-binding proteins, seemed ideal candidates for modifica
tion by the toxins. Some bacteria, including Clostridium sp .. Bacilllls cerCllS, 
and StaphylocoeC/ls allreus. produce ADP-ribosyltransferases specific for Rho 
(WEIGERS et a!. 1991; JUST et a1. 1992a, 1992b; AKTORIES 1997). This Ras-related 
family of proteins, which includes RhoA, RhoB, RhoC. Rae I. Rae 2. and 
CDC42, is involved in the regulation of actin-microfilament assembly (HALL 
1999; MAKAY and HALL 1998). In 1994 and 1995, two research groups inde
pendently reported that toxins A and B do, in fact, modify Rho proteins (J UST 
et al. 1994, 1995a; DILLON et al. 1995). Interestingly, the activities of toxins A 
and B were not due to ADP-ribosylation of Rho. Rather, JUST et a!. deter
mined that toxins A and B covalently modify Rho by a novel mechanism that 
requires uridine diphosphate glucose (UDP; Glc) (JUST et a!. 1995b. 1995c). 
Each of the toxins is a glucosyltransferase that transfers a Glc from UDP-Glc 
to Rho. There are differences in the enzymatic potencies of toxins A and B. 
which may explain, at least in part, why toxin B is a more potent cytotoxin 
(CHAVES-OLARTE et a!. 1997; CIESLA et al. 1999). 

The similarity of toxins A and B with LT. HT. and (X-toxin supported the 
idea that they would have similar enzymatic activity. Indeed. recent studies 
have shown that all of the large clostridial toxins modify the Rho/Ras sub
family of proteins by glucosyltransferase activity (VON EICHEL-STREIBER et al. 
1996; AKTORIES et a!. 1997). LT and (X-toxin, however, exhibit interesting dif
ferences in substrate and co-substrate specificity when compared with C. dir 
fieile toxins (GENTH et a!. 1996; HOFMANN et a!. 1996; JUST et a!. 1996: POPOFF 
et al. 1996; SELZER et al. 1996; VON EICHEL-STREIBER ct al. 1996;AK WRIES 1997). 
The substrate specificity of LT is extended to the Ras subfamily of proteins. 
(X-Toxin from C. novyi, however, modifies the same Rho subfamily members 
as toxins A and B but uses UDP-GlcNAc. rather than UDP-Cilc. as a co-sub
strate. A detailed discussion of the mechanism by which the large clostridial 
toxins modify Rho is presented in Chap. 14. 

D. Molecular Genetics of the Toxins 

I. C. Difficile Toxin A and B Genes 

Cloning and expression of a O.3-kb fragment of the toxin A gene from C. dir 
fieile in a ?cgt11 library was reported in 1997 (MULDROW et a!. 1987). WREN et 
al. also reported ?cgtl1 clones containing a toxin-A gene fragment (WREN et 
al. 1999) The clone expressed a 235-kDa protein that caused elongation of 
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Chinese-hamster-ovary cells. The clones were unstable in both cases. VON 
EICHEL-STREIBER et a1. reported cloning of overlapping fragments of the toxin
A gene (VON EICHEL-STREIBER et a1. 1988). We reported cloning of the carbo
hydrate-binding portion of toxin A in pBR322 (PRICE et al. 1987). The cloned, 
4.7-kb Pst! restriction fragment expressed a protein that reacted with affinity
purified monospecific antibodies against toxin A and agglutinated rabbit ery
throcytes. Cytotoxic activity, however, was not observed. The clone (designated 
pCD11) was used as the initial probe for chromosomal walking to clone
flanking regions of the C. difficilc vPI 10463 chromosome (DovE et al. 1990; 
JOHNSON et al. 1990) As it turned out, the toxin A and B genes were located 
in close proximity, and this work led to the cloning and sequencing of both 
toxins. 

Sequencing of the toxin-A gene by DOVE et al. showed that the structural 
gene is 8130 nucleotides (nt) and encodes a 308-kDa protein which is 271 0 
amino acids in length, making it the largest known single-polypeptide bacter
ial toxin (DOVE et al. 1990). The entire toxin-A gene was reconstructed from 
cloned fragments of the toxin-A gene and expressed in Escherichia coli. 
Lysates of recombinant E. coli expressing the toxin-A gene contained the cyto
toxic activity, enterotoxic activity, and lethal properties of the toxin (PHELPS 
et al. 1991). Moreover, antibodies for toxin A inhibited the activity of the 
Iysates. This work firmly established that the toxic activity is attributable solely 
to the large, single-polypeptide protein produced by the toxin-A gene. 

Chromosomal-walking experiments used for cloning the toxin-A gene led 
directly to cloning of the toxin-B gene (JOHNSON et al. 1990). The 3' end of the 
toxin-B gene, as it turned out, is located 1350bp upstream of the toxin-A ini
tiation codon. Clone pCDI9, which contains the 5'-end of the toxin-A gene 
and a small open reading frame (ORF), was found to contain 1.2 kb of DNA 
which, when subcloned, expressed a non-toxic peptide that reacted with toxin
B antibodies. The rest of the toxin-B gene was isolated on a 6.8-kb fragment 
that overlapped the pCD19 clone. The full-length toxin-B gene was recon
structed from the two overlapping fragments. The protein expressed by the 
complete gene reacted with toxin-B antisera and was cytotoxic and lethal. One 
surprising finding of this study was that the cloned toxin-B gene was expressed 
quite well in E. coli under control of its own promoter. This made it possible 
to proceed with mutagenesis studies on the toxin-B gene in E. coli (BARROSO 
et al. 1994). Sequencing of the toxin-B gene by BARROSO ct al. revealed a struc
tural gene 7098nucleotides in length with a deduced amino acid sequence 2366 
amino acids (Mf = 270000Da) in length (BARROSO et al. 1990). Again, the gene 
sequence confirmed earlier findings that toxin B, like toxin A, is an unusually 
large protein expressed as a single polypeptide. The toxin-A and -B genes have 
also been cloned from vPI 10463 by VON EICHEL-STEIBER et al. (VON EICHEL
STREIBER et al. 1988, 1992a; VON EICHEL-STREIBER 1995). The sequencing data 
is essentially identical to that reported by our research group (BARROSO et al. 
1990; DOVE et al. 1990). 
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II. C. Difficile Toxigenic Element 

It has emerged, in recent years, that bacterial virulence factors are often 
obtained in clusters by horizontal gene transfer. These genetic "blocks" or 
"cassettes" are referred to as pathogenicity islands (GROISMAN and OCHMAN 
1996; HACKER et al. 1997). In 1995, HAMMOND et al. described the boundaries 
of a genetic element containing toxins A and B in C. difficill' VPI 10463 
(HAMMOND and JOHNSON 1995). The gene block, which they termed the toxi
genic element, is comprised of 19.6 kb (Fig. 1). It contains three other small 
ORFs, termed {xci (also txcR), txc2, and {xc3. HUNDSBERGER et al. later also 
described the same element and referred to it as the pathogenicity locus, with 
the genes termed {cdA-E (HUNDSBERGER et al.1997). Two of the smaller ORFs, 
txeR and txe2, are transcribed in the same direction as the toxin gene 
(HAMMOND et al. 1996; HUNDSBERGER et al. 1997). Transcript levels peak during 
the stationary phase, along with those of toxins A and B. Positive regulation 
of the toxin genes is controlled by txeR (see below). The protein encoded by 
txe2 contains a potential lipoprotein signal sequence at its N-terminus. Its func
tion is unknown. The additional ORF, {xe3, is transcribed in the opposite direc
tion. Its messenger RNA (mRNA) transcript peaks during exponential growth 
and is not present during the stationary phase (HUNDSBERGER et al. 1997). It 
has been proposed that it may playa role in negative regulation of the toxin 
genes, although this remains to be determined. 

Most pathogenicity islands are comprised of a large region of DNA and 
encode many virulence-related proteins. Due to its small size, the toxigenic 
element may be more properly termed a pathogenicity islet. Non-toxigenic 
strains of C. difficile contain a 127-bp sequence at this locus, which is not found 
in toxigenic strains. This sequence, which contains inverted repeats with pre
dicted secondary structure, may represent a target for insertion of the toxi
genic element. We recently described a similar pathogenicity islet in B. fragilis, 
which contains the genes for a proteolytic enterotoxin termed fragilysin and 
another very similar metalloprotease (MONCRIEF et al. 199~). Non-toxigenic 
strains of B. fragilis also contain a 17-bp sequence, which may serve as a target 
for integration of the fragilysin pathogenicity islet. 

III. Atypical Strains of C. Difficile 

Toxigenic strains of C. difficile almost invariably produce both toxms. In 1991, 
however, Torres identified a strain (~864) which produces only toxin B (TORRES 

---.. ----------~~ -.. ------------ .
~~------~~~ ~------~~~ 

txeR toxE tre2 [rnA 

Fig. 1. Toxigenic clement of Clostridillm difficile VPI 10463. SlrilJed !Jlnes represent the 
repeating units of the toxins. Arrows indicate the direction of transcription. The protein 
encoded by txeR positively regulates expression of both toxins 



Molecular Biology of Large Clostridial Toxins 345 

1991). Interestingly, toxin B produced by 8864 was found to be a more potent 
toxin than toxin B produced by VPI 10463. Moreover, 8864 is virulent in ham
sters, and toxin B isolated from this strain causes fluid secretion in rabbit 
intestinal loops (BORRIELO et al. 1992; LYERLY et al. 1992). These findings sug
gested that atypical strains of C. difficile might cause disease despite the fact 
that they do not produce toxin A. 

So far, two different types of toxin-B-positive/toxin-A-negative strains 
have been identified (DEPITRE et al.1993; RUPKIN et al.1997; SOEHN et al.1998). 
One group is represented by 8864. These strains have a large deletion (5.6kb) 
in the toxin-A gene. Additionally, they have a DNA insert of about 1.1 kb 
between txe2 and the beginning of the toxin-A gene. The other group is the 
serotype-F strains (strain 1470). They have been isolated from infants and, so 
far, do not appear to cause disease in humans or animals. Polymerase
chain-reaction analysis indicates that they are deleted for only a small portion 
(-1.7 kb) of the toxin-A gene within the repeating units. This portion of the 
repeats contains the epitopes for toxin-A monoclonal antibodies used in toxin
A enzyme-linked immunosorbent assays (ELISAs), explaining why these 
strains are negative in immunoassays for toxin A (LYERLY et al. 1983; FREY and 
WILKINS 1992). This region is also responsible for toxin-A binding to intesti
nal cells, offering a reason for the lack of biologically active toxin A. Recently 
a C. difficile strain producing only toxin A has been identified in a patient with 
AAD (COHEN et al. 1998). Whether or not atypical strains of C. difficile are 
causing disease in humans is an important question. If so, there are important 
issues to address regarding diagnosis, treatment and prevention strategies. 

IV. C. Sordellii and C. Novyi Genes 

The gene for C. sordellii LT has recently been cloned and sequenced (GREEN 
et al. 1995). The structural gene is similar in size to the C. difficile toxin-B gene, 
with a corresponding Mr of 270000 Da. It is 7095 nucleotides in length and 
encodes a 2364-amino-acid toxin. The deduced amino acid sequence of LT 
shares 76% identity with toxin Band 47% identity with toxin A, confirming 
that it is more closely related to toxin B. HT probably shares close sequence 
identity with toxin A; however, the HT gene has not been cloned and 
sequenced. Recently, an enterotoxin-negative, cytotoxin-positive atypical 
strain of C. sordellii has been isolated (GREEN et al. 1996). 

The a-toxin gene has been cloned and sequenced (HOFMANN et al. 1995). 
The gene is 6534nucleotides in length and encodes a 2178-amino-acid protein 
of Mr 250,000Da. The deduced amino acid sequence shows 48% identity with 
toxins A and B. Moreover, like toxins A and B, it contains a series of repeat 
motifs at the C-terminal portion of the molecule and a central hydrophobic 
region with potential membrane-spanning segments. The C. novyi a-toxin gene 
is carried as part of a lysogenic phage (EKLUND et al. 1974, 1976; SCHALLEHN 
et al. 1980). Toxigenic strains cured of the phage no longer produce a-toxin, 
and non-toxigenic strains are converted to toxin-producing strains by phage 
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infection. Phage transduction has not been described for the other large 
clostridial toxins. 

v. Sequence Identity and Conserved Features of the Toxins 

A comparative sequence analysis of the toxin-A and -8 genes confirmed their 
relatedness at the structural level (VON EICHEL-STREIBER et al. 1992a: VON 

ErCHEL-STREIBER 1995). Alignment of the amino acid sequences showed exten
sive sequence identity. The toxins share 49% amino acid identity and are 63% 
similar if conservative substitutions are considered. The sequence identity is 
striking in some areas. The extensive sequence identity and similar structure 
and enzymatic activity of the toxins, combined with the fact that the genes are 
in close proximity on the chromosome, suggest that the genes resulted from 
gene duplication (VON EICHEL-STREIBER 1995). LT and a-toxin also have con
siderable sequence identity and contain the conserved features shared by 
toxins A and B shown in Fig. 2. 

1. N-Terminal Glucosyltransferase Domain 

Protein toxins typically are composed of an N-terminal enzymatic domain and 
a C-terminal receptor-binding domain. It was assumed, therefore, that the 
enzymatic activity of the large clostridial toxins would be found in the N
terminal portions of the toxins. Because of the unusually large nature of the 

ToxA 

ToxB 

Glucosyhranferasc 
Domain 

63 lDa 

Glucosyh ranfcra<e 
Domain 

63 kDa 

I ! 

I Ht 

Receptor Bind ing 

9 kDa 

~I 

Receptor Binding 

57 lDa 

I Putative nucleotide (ATP) binding si te ~ Hydrophobic region 

t Conserved cy teinc ~ Repeating units 

Fig. 2. Conserved features of Clostridillm difficile toxins A and B. Toxin A contains 
2710 amino acids and has a molecular weight (M,) of 308 (JOO Oa. Toxin B contains 2366 
amino acids and has a Mr of 270000 Oa. TIle following are numbers of the amino acids 
for structural features of each toxin. Glucosyltransferase domain: toxin A = 1- 546 
(assumed) ; toxin B = 1- 546. Putative nucleotide-binding site: toxin A = 653- 686: 
toxin B = 651-684. Hydrophobic region: toxin A = 1064- 1114: toxin B = 1062- 1112. 
Conserved cysteines: toxin A = 597, 700. 1169. 1623: toxin B = 595. 698. 1167. 1625. 
Repeating units: toxin A = 1849- 2680: toxin B = 1851-2366. Toxin A contains a 
hydrophobic stretch of amino acids (2681 - 2710) at its carboxyl end. represented by {/ 
small open box. The other large clostridia l toxins contain similar structural features 
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toxins, this meant that, upstream of the toxins' binding domains, there was 
approximately 200 kDa in which the enzymatic activity might be contained. 

A small hydrophobic region is located approximately in the center of this 
200-kDa region. Thus, it was speculated that the enzymatic activity might be 
located in the N-terminal third of the toxins. The first evidence for this came 
from our studies of a deletion mutant of toxin B (BARROSO et al. 1994). This 
mutant (toxB-H:M) lacked a large part of the middle region of the toxins but 
contained the N-terminal third of toxin B, fused in-frame with the repeating 
units. Activity of the mutant toxin was dramatically reduced. However, it did 
retain some activity, suggesting that enzymatic activity was indeed contained 
in the N-terminal third of the holotoxin. Confirmation of this came from a 
detailed analysis of the in vitro glucosyltransferase activity of various recom
binant fragments from within this region. In our earlier study, site-directed 
mutagenesis of His653 to Glu [in a putative nucleotide-binding site (Fig. 2) 
located within the N-terminal domain] suggested that it might be the center 
of enzymatic activity. This mutant toxin B lost 99.9% of its cytotoxic activity. 
Interestingly, however, the enzymatic activity was found by HOFMANN et al. 
to reside entirely within the first 546 amino acids (63 kDa) of toxin B 
(HOFMANN et al. 1997). This region does not contain the putative nucleotide
binding site. The 63-kDa fragment of toxin B had as much glucosyltransferase 
activity as the holotoxin. Furthermore, the recombinant protein caused cell 
rounding when microinjected into NIH-3T3 cells. These findings were con
firmed and extended in additional studies (W AGENKNECHT-WIESNER et al. 
1997). The enzymatic activity of the other large clostridial toxins is likely con
tained within this relatively small portion of the holotoxins. In fact, the enzy
matic domain of C. sordellii LT has recently been shown to reside within the 
first 546 N-terminal amino acids (HOFMANN et al.1998). The precise enzymatic 
site and critical residues involved in catalysis by the toxins have not been 
determined. 

2. Repeating Units 

One of the most striking features of the toxins is the presence of repeating 
units encoded by nearly one-third of the genes at their 3' end. In toxin A, for 
example, this region contains a series of 38 contiguous repeating units com
posed of 831 amino acids. Based on their lengths and low levels of sequence 
similarity, the repeating units were grouped (by DOVE et al.) into classes I and 
II. Toxin A contains seven of the class-I repeating units, each of which is 30 
amino acids in length, and 31 class-II repeats, which contain 20 or 21 amino 
acids each. The class-II repeats were subdivided into four groups: A, B, C, and 
D. They contain at least two epitopes for the monoclonal antibody PCG-4 and 
are the immunodominant portion of the molecule (FREY et al. 1992). The other 
large clostridial toxins contain similar repeating units at their C-ends. These 
repeating units share homology with the carbohydrate-binding region of strep
tococcal glycosyltransferases (GTFs; VON EICHEL-STREIBER et al. 1990, 1992a). 
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The GTFs and repeating units of toxins A and B are rich in aromatic amino 
acids and, with rare exceptions, each unit contains the sequence YYF. All thc 
repeating units contain YF, which has been used to align the sequences for 
classification into subgroups based on additional sequence similarities (DOVE 
et a1. 1990; VON EICHEL-STREIBER et a!. 1990). It has been proposed that the 
repeats have a modular design in which the aromatic amino acids function 
in primary protein-carbohydrate interactions (VON EICHEL-STREIBER et al. 
1992b). The affinity for binding is amplified by the repetition of the sequence, 
and binding specificity is determined by a second, as yet undefined. charac
teristic of the arrangement and sequence of the repetitive structure. In this 
manner, the proteins have evolved an ability to bind diffcrent carbohydratc 
structures based on a similar fundamental unit. 

3. Additional Conserved Features 

Toxins A and B share several additional, distinct structural features. including 
four conserved cysteines, a potential nucleotide-binding site, and a central 
hydrophobic region (Fig. 2). The segment containing a large number of 
hydrophobic amino acids is located in the center of the toxins. Some other 
bacterial toxins have centrally located hydrophobic regions that are thought 
to function as membrane-spanning regions necessary for toxin transport. 
Whether or not the hydrophobic centers of toxins A and B have a similar func
tion remains to be determined. Additional clusters with exceptional sequence 
identity are also present within the region between the hydrophobic area and 
the beginning of the repeating units (VON EICHEL-STREIBEl{ 1995). The func
tion of the four conserved cysteines is not known. Reducing agents do not 
affect the toxins, suggesting that the cysteines are not involved in formation 
of disulfide bridges critical to toxin structure. Instead the cysteine residues may 
function as free sulfhydryls involved in ligand binding. Alternatively, the con
served cysteines may be strategically located near processing poi nts essential 
for toxin activation inside the cell. 

We developed a series of deletion and site-directed mutants of the toxin
B gene altered in these conserved features and studied the effects on cyto
toxicity (BARROSO et al. 1994; MONCRIEF et al. 1997h). Three deletion mutants 
of the C-terminal end were developed to investigate the role of the repeating 
units and the fourth cysteine. The toxin-B gene was deleted from the 3' end 
by exonuclease digestions. Removal of the repeating units of toxin B resulted 
in a tenfold reduction in activity. Surprisingly, however, the mutant toxin still 
had significant activity, since the recombinant lysate had a cytotoxicity titer of 
10', compared with lot' for the unaltered toxin. Removal of a further 125 amino 
acids decreased the cytotoxicity another tenfold; however, a significant amount 
of activity (104) still remained. In contrast, deletion of an additional 141 amino 
acid region containing the fourth conserved cysteine resulted in complete inac
tivation of the toxin. Suhstitution of the fourth cysteine (Cys 1(25) with serine 
also resulted in a tenfold decrease in activity. When serine was substituted for 
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the second conserved cysteine (Cys698), located downstream of the proposed 
nucleotide-binding site, a tenfold decrease in activity was observed. As dis
cussed above (Sect. D.V.l), substitution of a histidine residue (His653) in the 
putative nucleotide-binding site eliminated 99.9% of the cytotoxic activity. 
Taken together, these results illustrate the importance of the large central 
domain of the toxins, despite the fact that it does not exhibit glucosyltrans
ferase activity. 

VI. Gene Transfer in C. Difficile 

The lack of a system for gene transfer in C. difficile has hampered the analy
sis of its virulence factors, including the toxins. In this regard, MULLANY et al. 
have reported some recent success on conjugative gene transfer in C. difficile 
(MULLANY et al. 1990, 1991,1994). Site-specific integration into the C. difficile 
chromosome was accomplished using pCI195, a pBR322-based vector con
taining a 4.2-kb region of the conjugative transposon Tn919. Conjugative 
transfer required a Bacillus subtilis strain that contained the related transpo
son Tn916~E as an intermediate host. The transposon::plasmid structure was 
transferable from B. subtilis to C. difficile by filter mating at a frequency of 
10--8. They further demonstrated that pCI195 could be used for gene cloning 
into C. difficile by transfer of a 1.1-kb fragment of the toxin-B gene into a non
toxigenic strain of C. difficile. The transposon::plasmid structure entered the 
genome at a specific site, as occurs in B. subtilis. The ability to mobilize genes 
into C. difficile means it may now be possible to study gene function in C. dif
ficile directly. Unfortunately, the methods developed by MULLANY et al. are 
limited to the introduction of small segments of DNA as part of a conjugative 
transposon. The large size of the toxin genes, therefore, prohibits their study 
using this system of conjugal gene transfer. Direct transformation of C. diffi
cile with plasmid DNA has not been demonstrated. C. difficile strains, however, 
often contain cryptic plasmids; these could provide a basis for developing func
tional cloning vectors for C. difficile. Genetic transformation of C. sordellii or 
C. novyi has not been reported. 

E. Regulation of C. Difficile Toxins 
It has been known for years that C. difficile produces far more toxin when 
grown under conditions that slow the growth of the organism. Conditions that 
limit nutrient availability, such as growth in dialysis sacs, leads to very high 
levels of toxins A and B. The botulinum and tetanus neurotoxins are also pro
duced in higher amounts when grown in dialysis-sac cultures, suggesting 
similar regulatory control. Limitation of biotin in defined media increases the 
production of C. difficile toxins (YAMAKAWA et al. 1996). Rapid growth in rich 
media, however, essentially halts toxin production. Toxin expression is also 
repressed by Glc (BRUNO and SONENSHEIN 1998). 
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Putative promoters of the toxin-A and -B genes were proposed by VON 
EICHEL-STREIBER et al. (1995). The proposed promoters have unusual distances 
between the transcriptional start site and the ATG start codons (169 
nucleotides for toxin A and 239nucleotides for toxin B). Similar spacing is 
found in the promoter regions of tetanus- and botulinum-toxin genes and the 
ultraviolet (UV)-light-inducible promoter PI of the C. perfringens. Recent 
studies verified that these promoters, which share sequence identity, are indeed 
functional promoters of the toxin-A and -B genes (HAMMOND et al. 1996; 
HUNDSBERGER et a1.1997;BRUNO and SONENSHEIN 1998; SONG and FAUST 1998). 

The txeR gene, located immediately upstream of the toxin B gene, encodes 
a small (22-kDa) basic protein, which is rich in lysine residues at its C
terminus. Furthermore, it contains a helix-tum-helix motif with sequence 
identity to those of DNA-binding proteins. TxeR also shares 22% identity with 
UviA, the putative regulator of the UV-inducible promoter PI. These charac
teristics suggested to us that it may play a role in regulation of toxin-gene 
expression. We used a DNA fragment encoding the toxin-A repeating units 
(ARU) as a reporter gene to determine if txeR regulates expression from the 
toxin-A and -B promoters in E. coli (MONCRIEF et al. 1997a). Expression 
of ARU was measured using ELISA. When txeR was supplied in trans expres
sion from the toxin-B promoter-ARU increased over 800-fold. In similar 
experiments, expression from the toxin-A promoter-ARU fusion was 
increased over SOO-fold in the presence of txeR. Thus, txeR encodes a trans
acting regulatory protein that positively regulates expression from both toxin 
promoters. Previously, based on detailed analysis of toxin-gene transcripts, 
HAMMOND et al. suggested that the toxins are transcribed as part of a very large 
(17.S-kb), polycistronic mRNA and that smaller mRNAs, which were also 
detected, may result from post-translational processing (HAMMOND et al. 
1996). Our studies with txeR in E. coli, however, suggest that the majority of 
toxin-gene transcription takes place from the individual toxin-gene promot
ers, and that high-level expression during stationary-phase growth is depen
dent on the txeR-gene product. The large transcript observed may be the result 
of incomplete transcriptional termination during high-level expression. 

TxeR also contains significant homology to ORFs located near the 
tetanus- and botulinum-toxin genes (EISEL et al.1986; FAIRWETHER and LYNESS 
1986; HAUSER et al. 1994; HENDERSON et al. 1996). These proteins, which also 
contain a helix-tum-helix DNA-binding motif, may positively regulate the 
tetanus- and botulinum-toxin genes. Furthermore, TxeR contains some simi
larity to particular 0" factors known as the ECF (extracellular function) family 
(A.L. SONENSHEIN, personal communication). In gram-positive organisms, 
these 0" factors act as general stress-response sigma factors (MISSIAKAS and 
RAINA 1998). TxeR, therefore, may not function as a typical transcriptional 
activator-response regulator. Rather, TxeR and its homologues in C. hotlllinllnJ 
and C. tetani may be 0" factors that turn on toxin production in response to 
stress (limited nutrients). Expression of TxeR itself may be controlled by 
upstream events. In turn, high-level transcription form the toxin-gene pro-
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moters is initiated when TxeR becomes available. In some cases, ECF O'factors 
have also been shown to be modulated by a membrane protein that has anti-
0' activity. These membrane proteins are thought to serve as sensors and sig
naling molecules which allow adaptive response to specific environmental 
conditions. Due to their similarity to toxins A and B and their production at 
high levels in dialysis-sac cultures, the large toxins of C. sordellii and C. navyi 
may be controlled by regulatory genes similar to TxeR. Nothing is known, 
however, about any other genes that control the expression of the large 
clostridial toxins. 

F. Conclusions 
A great deal remains to be learned about these toxins. Approximately the final 
third of each toxin appears to function in binding. The enzymatic site respon
sible for cytotoxicity is contained within the first 63 kDa, which comprises less 
than a fourth of each molecule. This leaves a very large part of the toxins for 
which the function is unknown. This region between the end of the enzymatic 
domain and the beginning of the repeating units has a mass of approximately 
150000 Da. This is larger than most bacterial proteins, including most toxins. 

Recent breakthroughs have clearly established that the large clostridial 
toxins covalently modify low-Mr GTP-binding proteins that regulate the actin 
microfilaments. It is now appreciated that these GTPases are central players 
in the regulation of many cellular functions, including cell division, motility, 
and intercellular communication (HALL 1998; MAKAY and HALL 1998). A 
number of other bacterial enzymes modify the Rho/Rac family of proteins by 
ADP-ribosylation (AKTORIES 1997; SEHR et al. 1998). Most of these enzymes, 
however, do not contain receptor-binding domains and are, therefore, less 
useful than the large toxins produced by C. diffieile, C. sordellii, and C. novyi 
as tools for studying cell biology. Indeed, in the few years since the mechanism 
of action of the large clostridial toxins became known, numerous studies of 
cell function, using toxins A and B as molecular tools, have been reported. 
Undoubtedly, further studies on the molecular biology of the large clostridial 
toxins will provide further important insights into cellular function. 
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CHAPTER 16 

The Cytotoxic Necrotizing Factor 1 from 
Escherichia Coli 

P. BOQUET and C. FIORENTINI 

A. Introduction 
Escherichia coli is among the most important causes of intestinal infections. 
These bacteria, which are normal flora of the intestine, become highly patho
genic upon acquisition of genes coding for virulence factors. Apart from those 
strains acting in the intestine, there are distinct E. coli strains that have the 
ability to cause a wide variety of extra-intestinal diseases, including septicemia 
and meningitis in neonates and urinary infections in children and adults. In 
the case of urinary-tract infections, E. coli strains often express exotoxins, such 
as hemolysin and cytotoxic necrotizing factor 1 (CNFl), together with colo
nization factors, such as Pap or Afa adhesins (CAPRIOLI et al. 1987, 1989; 
BLANCO et al. 1992; FALBO et al. 1992; BLUM et al. 1995; SWENSON et al. 1(96). 
Genes coding for these virulence factors are linked (BLUM et al. 1995; 
SWENSON et al. 1996) within regions of chromosomal DNA which have been 
called pathogenicity islands (PAIs; GROISMAN and OCHMAN 1996; HACKER et 
al. 1(97) on the chromosome of uropathogenic E. coli 196 strains. CNFI is a 
relatively recently discovered llO-kDa E. coli protein toxin (CAPRIOLI et al. 
1983) which induces, in cultured cells, an impressive reorganization of actin 
microfilaments (FIORENTINI et al. 1988) via activation of the 21-kDa 
Rho-guanosine triphosphate (GTP)-binding protein (FIORENTINI et al. 1994, 
1995, 1997a; OSWALD et al. 1994), which takes place via a new catalytic 
activity for bacterial toxin (FLATAU et al. 1997; SCHMIDT et al. 1997). Although 
knowledge of the biological and molecular properties of CNF1 has accumu
lated over the last lOyears, there is only indirect evidence to substantiate the 
role of this toxin as a bona fide virulence factor. The main difficulty in impli
cating CNFI in the virulence of CNFl-producing E. coli is the fact that the 
toxin remains associated to the bacteria and is not detectab1y released in 
the culture medium. In the present review, we discuss our present knowledge 
of the genetics of CNF1, its impact in uropathogenic infections, its struc
ture-function relationships and cellular effects and its possible role as a 
virulence factor. 
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B. The CNFI Gene and the Prevalence of CNFl
Producing Strains among Uropathogenic E. coli 

I. The CNFI Gene 

CNFI is chromosomally encoded in uropathogenic E. coli by a single 3042-bp 
structural gene [FALBO et al. 1993; accession number (no.) X70670j. Some 
strains of enterotoxigenic E. coli found in animals produce CNF2, a toxin 
highly homologous (85.7% identical residues) to CNFI (OSWALD et al. 1994; 
accession no. U(1097). The CNF2 gene is, however, encoded by a plasmid 
called "Vir" (De RYCKE et al. 1990; OSWALD and De RYCKE et al. 1990). No 
classical signal sequence is found at the level of the CNFI (or CNF2) termi
nal sequence. The GC% of the CNFI (and CNF2; 35%) gene is lower than 
that of the E. coli genome (FALBO et al. 1993; OSWALD et al. 1994). CNF 1 
belongs to a PAl (BLUM et al. 1995; SWENSON et al. 1996) that has been well 
studied in the uropathogenic E. coli strain 196 (BLUM et al. 1995; SWENSON et 
al. 1996). In the 196 strain, two pathogenicity islands have been mapped to the 
64-min (PAl IV) and 94-min (PAl V) regions of E. coli K12. Only PAl V con
tains the CNFI gene (BLUM et al. 1995; SWENSON et al. 1996). PAl V is a 
110-kb DNA insert incorporated in the K12 chromosome at the phenylalanine 
transfer RNA gene pheR (BLUM et al. 1995; SWENSON et al. 1996). The PAl V 
is flanked, on each of its extremities, by an imperfect, 135-bp direct repeat, sug
gesting a homologous recombination process for insertion of the PAl. In the 
196 strain, the gene of CNFI is located between the hemolysin-a operon and 
the fimbriae adhesin protein Prs (SWENSON 1996; Fig. 1). There are about I kb 
between the start codon of CNFI and the stop codon of the hlye gene (FALBO 
et a1. 1993). The distance between the CNFI stop codon and the first gene of 
the fimbriae adhesin operon is not yet known. All uropathogenic strains of E. 
coli expressing CNF1 studied so far contain the hemolysin-a gene. It has to be 
emphasized that, in the 196 strain, the hlya gene is contained in both PAis (PAl 
IV and V; BLUM et a1. 1995; SWENSON et a1. 1996) but, as mentioned before. the 
CNFI gene is only located in PAl V. In the 196 strain, the fimbriae gene asso
ciated with the hly operon and CNFI in PAl V is that of the pap-like adhesin 
prs (SWENSON et al. 1996). 

The vast majority (76%) of uropathogenic E. coli hly and cn!r are asso
ciated with pap/prs together with S-jimbriae (sfa) genes (LANDRAUD and 
BOQUET, submitted). In the same study, it has been shown that 40% of these 
E. coli had only the sfa adhesin gene (LANDRAUD and BOQUET, submitted). A 
minute proportion (12%) of uropathogenic E. coli harboring hly and cn!l 
genes contain only the pap/prs; also, 12% does not contain genes coding for 
adhesins (LANDRAUD and BOQUET, submitted). This demonstrates that the PAl 
containing the cnfl gene is strictly associated with the hly operon but might 
vary in terms of adhesins. We can make the working hypothesis that CNFI and 
Hly a-hemolysin may act together in a mechanism of virulence that will give 
an advantage to the bacteria. This will be discussed later in this review. The 
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Fig. I. The J96 pathogenicity island (PAl) V contains the cytotoxic necrotizing factor 
1 gene. Schematic diagram of Escherichia coli 196 DNA chromosome, with positions 
of PAl IV and PAl V. Positions on E. coli chromosome of PAl IV and V are given as 
nucleotide base-pa ir designations 

CNF1 protein does not contain an identifiable signal sequence and, there fore. 
it is not possible that this toxin uses a sec-dependent type-2 secretion mecha
nism. Furthermore, the cnfl gene does not belong to an operon like the hly 
operon, which codes for the hemolysin structure, for the secret ion apparatus 
(type 1) of this pore-forming toxin and for the post-translational activation of 
the toxin by acylation (KORONAKIS and HUGHES 1996). It remains to specula
tive ly assign a mechanism of secretion comparable to those of virulence factors 
of Shigella, Yersinia or Salmonella (cell-con tact-dependent secretion or type-
3 secretion; H UECK 1998) to CNF1. 

II. Prevalence of CNFI-Producing Strains among 
Uropathogenic E. coli 

The preva lence of CNFI-producing E. coli among uropathogenic E. coli is now 
documented. According to B LANCO and coworkers (1996), about one-third of 
uropathogenic E. coli produce CNFl. Recently, in a survey of 175 uropatho
genic E. coli strains at the University Hospital of Nice, 33% of these strains 
were able to produce CNFl (LANDRAUD and BOQuET, submitted) , confirming 
the previous findings (BLAN CO et al. 1996). When the causa tive bacteria were 
separated on the basis of the urinary-infectious process (cystitis, acute 
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pyelonephritis or asymptomatic bacteriuria), exactly the same percentage of 
CNF1-producing E. coli was found in each group (LANDRAUD and BOQuEI, 
submitted). However, since CNF1 is not present in all pathogenic strains 
and its secretion mechanism is not known, the role of this toxin as a bona 
fide virulence factor for uropathogenic E. coli is still questionable. Curiously, 
a gene having a homology with the cnf] gene has recently been found in 
the fish-associated, non-pathogenic, light-emitting bacteria Vibrio fischeri (LIN 
et a1. 1998). 

C. Production, Purification and Cellular effects of 
E. coli CNFI 

I. Production and Purification of E. coli CNFl 

CNFI is a single-chain protein toxin (FALBO et a1. 1993) with a predicted mol
ecular mass of 1137kDa (1014 amino acids). The toxin is produced at a very 
low level in wild-type pathogenic E. coli strains, such as BM2-1 (De RYCKE et 
a1. 1989), and this does not allow one to obtain a sufficient amount of proteins 
for toxin purification (De RYCKE et a1. 1989). Production and purification of 
CNF1 is usually obtained in our laboratories from E. coli strains (Epicurian 
XI-l blue or TO 1) harboring the CNF1 gene and its promoter region 
(a minimum of 300bp upstream of the ATO codon of CNFI) cloned in a 
multicopy plasmid. Freshly transformed bacteria grown in LB medium 
containing the selective antibiotic for plasmid maintenance are cultivated, 
with agitation, for 14h at 37°C. The bacterial pellet resuspended in tris(hydrox
ymethyl)aminomethane (Tris)/HCI buffer (pH7.5) is submitted to French
press disruption to release CNF1 from the bacterial cytoplasm. The toxin is 
concentrated by ammonium-sulfate precipitation (50% saturation) and, after 
dialysis against 50mM Tris buffer (pH7.5), is applied to a diethylaminoethyl 
(Pharmacia, Sweden) column and eluted as a sharp peak with 200mM NaCl 
(FALZANO et a1. 1993). The toxin is then further purified by gel filtration and 
by fast protein liquid chromatography on a MonoQ (Pharmacia) column with 
a NaCI gradient (50-300mM; FLATAU et a1. unpublished). Recombinant CNF1, 
fused with the glutathione-S-methyl transferase (OST; SCHMIDT et al. 1997) or 
made as a His-tagged fusion protein (FLATAU et al. unpublished), is also used, 
although, in our studies, these recombinant proteins were usually obtained in 
small amounts Furthermore, to release native CNF1 from the fusion proteins, 
it is necessary to cleave the GST or His-tagged toxin with thrombin or factor 
X - a cumbersome technique for CNFl, with the further inconvenience that 
thrombin or factor X must be eliminated from the final preparation. The puri
fied toxin is usually kept frozen in small aliquots at -80°C, where it can be 
stored several months without losing activity. Freezing and thawing CNFI 
several times may reduce its cell activity. 
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II. Cellular Effects of E. coli CNFl 

CNF1 was first described as a dermonecrotic toxin on injection into rabbit skin 
and as inducing multinucleation in cultured HeLa cells (CAPRIOLl et al. 1984). 
However, the observation that CNF1 is able to induce the formation of thick 
actin stress fibers and membrane actin folding (FIORENTINI et al. 1988) sug
gested that this toxin could operate via the regulation of the actin cytoskele
ton (FIORENTINI et al. 1988). The effects of CNF1 on cultured cells is indeed 
remarkable, and it contrasts with those of other cytoskeletal active toxins, such 
as Clostridium botulinum exoenzyme C3 (CHARDIN et al. 1989), C. difficile 
toxin B (JUST et al. 1995) or C. sordellii lethal toxin (JUST et al. 1996; POPOFF 
et al. 1996), which cause an actin-filament-network breakdown. The induction 
of membrane actin folding and multinucleation by CNF1 are selectively 
observed in epithelial HEp-2 cells (Fig. 2B), whereas fibroblastoid cells, such 
as Vero or 3T3 mouse cells, are the best cell models for actin stress-fiber 
formation (Fig. 2D). The concentration of CNFI in the cell-culture medium 
determinates the velocity at which the cytoskeletal effects occur. With very 
high concentrations of CNF1 (l0-7-10-8M), membrane folding as fast as 40min 
to 1 h is observed in HEp-2 cells. Formation of filopodia and lamellipodia can 
be observed upon treatment of HEp-2 cells with CNFI (Fig. 2E). Vacuolation 
of HEp-2 cells, very different from that of the vacuolating toxin Vac A from 
Helicobacter pylori (COVER 1996), originates from cell-membrane folding 
and is probably due to macropinocytosis (Figs. 2F, 3A). With high concentra
tions of CNFl, thick stress fibers are also rapidly formed in Vero or mouse 
3T3 fibroblasts. With very low amounts of CNFI (l0-11_10-12M), the appear
ance of the cytopathic effects is delayed for 10-24h. After membrane actin
folding induction, CNF1 allows spreading of epithelial cells, such as HEp-2, 
and this is observed after 10-24 h. Some cell species, such as lymphocyte T 
immortalized cells (JURKAT), seem to be resistant to CNFI (BOQUET et aI., 
unpublished). Polarized cells, such as the intestinal T84 (HOFMAN et al. 1998) 
and Cac02 cells (GERHARD et al. 1998), or dog kidney cells Madin-Darby 
canine kidney (MDCK; FIORENTINI et al. unpublished) are fully sensitive to 
CNFl. 

D. CNFl Molecular Mechanism of Action 

I. Intracellular Enzymatic Activity of CNFl 

Growth factors, such as epithelial growth factor, platelet-derived growth factor 
and bombesin, and certain lipids, such as lysophosphatidic acid, can stimulate 
the reorganization of F-actin structures in cells through small, p21-Ras-like 
GTP-binding proteins of the Rho family (TAPON and HALL 1997; HALL 1998). 
Formation of stress fibers and focal contacts has been observed on stimula
tion of the Rho GTPase (RIDLEY and HALL 1992). Stimulation via Rac has 
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Fig. 2. Effects of cytotoxic necrotizing factor 1 (CNFl) on the actin cytoskeleton 
(stained by fluorescein isothiocyanate-phalloidin) on either HEp-2 Of vcro cells. 
A Control Hep-2 cells. B HEp-2 cells treated with lO- IIi M CNFl for 12h. C Control 
vero cells. D Vera cells treated with to-111 M CNFl for 12 h. E HEp-2 cells treated with 
Ht' M CNFI for 4 h. Arrow shows a lamellipodia and arrowhead a filopodia. F HEp-2 
cells treated with to-11 1M CNFI for 4 h. Arrow shows the polarized membrane folding 
and arrowheads show vacuolar formations, which are more visible by phase contrast in 
Fig.3A 
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Fig.3. Macropinocytosis induced by cytotoxic necrotizing factor 1 (CNFl). A Forma
tion of vacuoles, induced by treating HEp-2 cells with lO-H M CNFI for 4 h. 
B Macropinocytosis of latex beads by HEp-2 cells treated with CNFI 

been shown to induce ruffling (RIDLEY et aI.1992), whereas triggering of Cdc42 
was shown to induce formation of filopodia (KOZMA et al. 1995; NOBES 
and HALL 1995). Rho regulates the actin cytoskeleton through three main 
mechanisms: 

1. Bundling and contractility of actin filaments by inhibition - via phospho
rylation by the Rho kinase (Rok or Rock; ISHIZAKI et al. 1996; MATSUI et 
al. 1996) - of the myosin light-chain phosphatase (KIMURA et al. 1996). 

2. By formation of phosphatidyl-4-5-bisphosphate (PIP2) through activation 
of the phosphatidylserine-5P-kinase (CHONG et al. 1996). PIP2 is thought to 
induce actin polymerization by uncapping barbed-end actin filaments 
(HARTWIG et al. 1996; SCHAFER et al. 1996). 

3. By activating proteins from the ezrinlradixin/moesin (ERM) family that 
make a link between the cell membrane and the actin cytoskeleton , thus 
promoting the formation of focal contact points (McKAY et al. 1997). 

CNFI induces actin-cytoskeleton reorganization in cells by permanently 
stimulating the Rho protein. The first hint of this activity was shown as follows: 
when the cytosol from HEp-2 cells previously incubated with CNFI was 
adenosine diphosphate (ADP)-ribosylated with exoenzyme C3, the Rho 
protein showed a molecular weight shifted to a slightly highe r value. This result 
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indicated a possible post-translational modification of the GTP-binding 
protein in CNFl-treated cells (FIORENTINI et al. 1994; OSWALD et al. 1994). 
CNF1-induced electrophoretic shift of Rho is not due to a block in prenyla
tion (post-translational modification of the C-terminal ends of small GTP
binding proteins) nor to phosphorylation of Rho (OSWALD et al. 1994). 
Incubation of HEp-2 cells with CNF1 could also block the cytotoxic activities 
of two bacterial toxins known to act on the Rho-GTP-binding protein, namely 
exoenzyme C3 and C. difficile toxin B (FIORENTINI et al. 1995). It has been 
demonstrated that CNF1 directly modifies Rho in vitro without the need for 
cellular co-factors (FLATAU et al. 1997). Microsequencing of CNF1-modified 
Rho shows the existence of a single modification in the CNF1-treated GTPase 
compared with wild type, which consists of the change of glutamine 63 to glu
tamic acid (FLATAU et al. 1997). Therefore, CNF1 exerts a specific deamidase 
activity. An identical activity for CNF1 on Rho has concomitantly been 
reported using mass spectrometry (SCHMIDT et al. 1997). Specific deamidation 
is a hitherto undescribed activity for a bacterial toxin. Indeed, toxin enzy
matic activities described so far are ADP-ribosylation, depurination, meta
lloprotease, glucosyl transferase and cyclic adenosine monophosphate 
formation. 

II. Conseqnences of CNFI Activity on Rho GTP-Binding Proteins 

The amino acid equivalent to Rho glutamine 63 in p21 Ras is glutamine 61. 
Rho glutamine 63 is known to be an important residue for the intrinsic and 
Rho GTPase-activating protein (GAP)-mediated GTPase of Rho (Rittinger 
et al.1997). Upon electrophoresis, both CNF1-treated Rho and mutated Rho 
(RhoQ63E) exhibit a mobility shift identical to that of CNFl-treated Rho 
(FLATAU et al. 1997; SCHMIDT et al. 1997). In CNFl-treated Rho and RhoQ63E, 
nucleotide-association affinity is slightly decreased (FLATAU et al. 1997; 
SCHMIDT et al. 1997), whereas the RhoGAP activity is totally impaired (FLATAU 
et al. 1997; SCHMIDT et al. 1997). Rho GAP has been shown to activate GTP 
hydrolysis of Rho by introducing an elongated domain that contains (at its tip) 
an arginine residue into the regulatory molecule (RrITINGER et al. 1997). This 
structure, called an "arginine finger", allows the stabilization of Rho glutamine 
63 during the catalytic GTPase transition state and thus increases the intrin
sic GTPase activity of Rho. By modifying Q63 into E63 in Rho, CNFI impairs 
the role of the arginine finger of RhoGAP. Thus, CNFI allows Rho to be per
manently bound to GTP, enhancing the activity of Rho on Rho effectors. In 
this context, it is worth noting that cholera toxin ADP-ribosylates the argi
nine 201 residue of the heterotrimeric GTP-binding protein Gas, which plays 
the role of the arginine finger in this G-protein. This hinders Gas from 
hydrolyzing GTP via destabilization of the glutamine residue required for the 
hydrolysis step (BOURNE et al. 1991). It is therefore fascinating to observe that 
cholera toxin and CNF1 achieve the same goal, which is to permanently acti
vate a GTP-binding protein, by blocking GTP hydrolysis activities through 
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manipulation of two different residues involved in the same reaction. The cat
alytic activity of CNF1 on Rho together with the cellular downstream effects 
produced by this toxin are outlined in Fig. 4. 

The specificity of CNFI for Rho rather than Rac or Cdc42 must be ana
lyzed at this point. SCHMIDT and coworkers (1997) reported that CNF1 is able 
to deamidate Cdc42 and Rho in vitro. However, in this study, only 30% of 
available Cdc42 was deamidated (SCHMIDT et al. 1997). Using a high concen
tration of CNF1, it is possible to deamidate Rho, Rac and Cdc42 in vitro, 
although deamidation of Rac appears to be only partial, even at very high 
doses of the toxin. Therefore, in our study, it seems that the substrates of CNFI 
in vitro are, in order of decreasing affinity, Rho, Cdc42 and Rac. We do not 
know which are the best substrates of CNF1 in vivo. The level of Rho and 
Cdc42 activation by CNFI in cultured cells may depend on the cell type. 
Epithelial cells, such as HEp-2, show actin membrane ruffling (lamellipodia) 
and formation of filopodia upon CNFI treatment (Fig. 2E). These actin fila
ments co-localize with myosin type 2 and fimbrin/plastin. The membrane 
folding elicited in epithelial cells by CNF1 (Fig. 2B) is quite different from 
classical membrane ruffling described as lamellipodia (or leading edges) con
taining essentially polymerized actin filaments (MITCHISON and CRAMER 1996). 
Using video microscopy, we observed that membrane folding induced by 
CNFI is highly dynamic and often appears to be localized at one point or two 
points of the membrane edge (DONELLI et al. 1994; Fig. 2F). Displacement of 
this point (or other points) either clockwise or counterclockwise around the 
cell is observed (DONELLI et al. 1994). Macropinocytosis (demonstrated by the 
presence of vacuoles starting from an active spot of membrane folding and 
increasing in diameter, together with their migration to the perinuclear cell 
area via a spiral trajectory) is observed in CNF1-treated HEp-2 cells when 
they are sparse in the culture (Fig. 3A). This is reminiscent of observations that 
activated Ras (BAR-SAGI and FERAMISCO 1986) or Rac (RIDLEY et al. 1992) can 
induce micropinocytosis in isolated (but not confluent) cells. Formation 
of filopodia in HEp-2 cells treated with CNF1 is also observed during the 
first hours of intoxication, but there is a regression of these structures after a 
longer incubation. This suggests that Cdc42 is indeed activated in HEp-2 cells 
at the beginning of CNF1 treatment. A hierarchy among Cdc42, Rac and 
Rho has been described in Swiss 3T3 cells: Cdc42 activates Rac, which in 
turn stimulates Rho (NOBES and HALL 1995). Thus, it is possible that the activ
ity of CNFI on Cdc42 (despite the fact that this protein appears to be a poorer 
substrate for CNFl in vitro) might be dominant in HEp-2 cells at the onset of 
the intoxication and that Cdc42 might stimulate Rac, which in turn triggers 
lamellipodia formation. This may be due to a better immediate availability of 
Cdc42 compared with Rho in HEp-2 cells (and maybe in epithelial cells in 
general). 

After a prolonged incubation of HEp-2 cells with CNF1, considerable 
spreading, with the abundant formation of thick stress fibers together with 
focal adhesion points, is observed. This spreading can be interpreted accord-
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ing to the mechanism described as "actin-based motility" (WELCH et al. 1997) 
and is due to activation of the Rho GTP-binding protein by CNFl. Indeed, 
cell motility or cell spreading on a support appears to be the consequence of 
the same molecular mechanism. According to the mechanism of actin-based 
motility, the cell leading edge is pushed forward by actin-filament polymer
ization at the plus end. Myosin motors, attached to the cell membrane and 
reading the actin filament to the plus end, pull filaments back, and this blocks 
the extension of the leading edge. If there is attachment of the actin filaments 
by focal contacts points, myosins can no longer pull backward-growing actin 
filaments and, thus, the leading edge is pushed forward. CNF1, by activating 
Rho, promotes the formation of focal contact points, probably by stimulating 
proteins of the ERM family (McKAY et a11997) known to link actin filaments 
with membrane receptors (TSUKITA et al. 1997). CNF1 also stimulates the tyro
sine phosphorylation of p12sti1k and paxillin (LACERDA et al. 1997), two pro
teins localized in focal contacts and playing important roles in signaling 
(YAMADA and GEIGER 1997). However, tyrosine phosphorylation of p 12Sfi1k and 
paxillin is not a direct effect of CNF1-activated Rho, since it is dependent on 
actin-cytoskeleton integrity (LACERDA et al. 1997). Tyrosine phosphorylation 
of p 12sti1k and paxillin is probably due to Rho-induced contractility implicated 
in the formation of focal contacts (CHRZANOWSKA-WODNICKA and BURRIDGE 
1996). Furthermore, by increasing actin polymerization via PIP2 formation 
(CHONG et al. 1994), CNFI promotes cell spreading (FIORENTINI et al. 1997a). 

At this point, we must also state that transfection with the dominant form 
of Rho made by a mutation at position 14 (Rho Va114) gives rise to cells that 
do not undergo spreading. Indeed these cells are contracted and detach from 
the dish. This is also observed when the activated form of Rok is transfected 
in cells. Thus, the cell shape, resulting from either treatment with CNFI or 
transfection with the activated form of Rho is not identical. Several factors 
can explain this result, but one must be emphasized. When cells are transfected 
with the activated form of Rho, they are overloaded with this regulatory 
protein and, thus, are clearly not in a normal physiological state. In these con
ditions, there may be a preferential activation of actin contractility induced by 
Rok, and a minor induction of focal contact points and PIP2 formation. CNFl, 
however, activates the normal cellular content of Rho proteins, allowing a 
more physiological response, i.e. a balanced activation of actin contractibility 
with focal contact formation and PIP2 production. Exposure to CNFI induces 
a different phenotype in fibroblastic cells (such as mouse 3T3 cells or Vero 
cells) and epithelial cells. Usually, membrane folding, formation of filopodia 
or macropinocytosis is not observed upon treatment of 3T3 cells with CNF1. 
Rather, the formation of actin stress fibers and focal contacts resulting in cell 
spreading predominate (Fig. 2D). Thus, it seems that, in fibroblastic cells, Rho 
may be the immediate substrate for CNFl. 

An interesting point remains to be discussed. Treatment of cells with 
CNF1 gives rise to multinucleation; however, we must emphasize that some 
cell species are more prone to multinucleate than others. Again, we observed 
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that epithelial cells (the best being HEp-2 cells, which reach 100'Yo multinu
cleation after CNFI treatment) are much more sensitive to the induction of 
multinucleation than are fibroblastic cells. Using video microscopy. we have 
analyzed how CNFI induces multinucleation in HEp-2 cells (DO:'-lELLI et al. 
1994). Cells treated with CNFI start a normal process of cell division. with 
chromosome condensation, nuclear-membrane fragmentation. rounding up 
and constitution of two daughter cells, together with an apparently normal 
cytokinesis process. This is observed by the constitution of a progressive cleav
age furrow between daughter cells. Just before separation (formation of the 
midbody), the daughter cells are prevented from going further, and the release 
of the midbody gives rise to a binucleated cell. Our observation can be 
explained by the recent demonstration that a downstream effector of Rho 
named "citron", which contains a Rok-like kinase activity at its N-terminal 
end, co-localizes with Rho in the midbody (MADAULE et al. 1(98) and that 
the overexpression of citron gives rise to multinucleate cells (MADAlJLI et al. 
1(98). 

Although CNFI impairs cytokinesis, it stimulates DNA synthesis 
(LACERDA et aI.19(7). However, CNFI does not activate the mitogen-activated 
protein (MAP)-kinase pathway (LACERDA et al. 1(97). The mechanism of 
action of CNFI on the activation of the cell cycle might thus be explained by 
the following cascade of signaling events: RasGTP. by activating Rat. activates 
the MAP-kinase pathway and triggers progression from the G I to the S phase 
of the cell cycle. Excessive signaling from Ras/Raf induces the transcription 
of the Cdk2 inhibitor p21 Wafl, thereby blocking the entry of cells into the S 
phase. When activated by CNFI, it has been shown that Rho blocks the 
inhibitory effect of WafJ/Cip 1 on cell-cycle entry (OLSON et al. 1(98) and. thus. 
promotes cell division. 

CNFI does not induce protein kinase C (PKC) activation. inositol phos
phate (InsP3) production or calcium mobilization (LACERDA et al. 19(7). 
However, CNFI activates the phosphatidylinositol-4-phosphate-5 kinase 
(PIP5K) associated with the cytoskeleton (FIORENTINI et al. 1997a). The PIP5K 
induces the production of PIP2, a phosphorylated phosphatidyl inositide very 
important in the regulation of several actin-binding proteins, such as profilin 
and gelsolin. However. no accumulation of PIP2 could be observed in CNF1-
treated cells (FIORENTINI et al.1997a).In keeping with these observations, it is 
known that this phosphorylated lipid is rapidly degraded in cells. Rho has been 
shown to activate the PIP5K in vitro (CHONG et al. 1994). Thus. in addition to 
its effect on myosin contractility, CNF1 might also induce actin polymeriza
tion by stimulating the production of PIP2 and uncapping the barbed ends of 
actin filaments (SCHAFER et al. 1996). 

Interestingly, the Rho subfamily of GTPases also controls gene transcrip
tion. Gene transcription and control of the actin-cytoskeleton organization are 
apparently accomplished by two different non-overlapping parts of the effec
tor domains of small, Rho-GTP-binding proteins (LAMARCHE et al. 19(6). Rac 
and Cdc42 control the c-Jun N-terminal kinase/P38 MAP kinase pathways 
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(MINDEN et al. 1995) by phosphorylating transcription factors (like extracel
lular signal-regulated kinases; BAGRODIA et al. 1995). However, Rho controls 
the binding of the transcription factor "serum-response factor" to the DNA
enhancer element "serum-response element" by an unknown, phophorylation
independent mechanism (HILL et al. 1995). As mentioned in the last section 
of this review, CNFI is able to modify the pattern of expression of cell
adhesion molecules (FIORENTINI et al. 1998b). 

E. Structure-Function Relationships of CNFl and 
the Family of Dermonecrotic Toxins 

I. The C-Terminal Part of CNFl Contains its Enzymatic Activity 

A hydrophobicity plot of CNFI amino acids shows that this toxin contains two 
large, hydrophilic regions and two hydrophobic, sub-central domains partially 
overlapped by two predicted a-helices (LEMICHEZ et al. 1997). Comparisons 
of the predicted amino acid sequence of CNFI with sequences of other toxins 
forming the so-called group of "dermonecrotic toxins" [CNF1, CNF2, der
monecrotic toxin from Bordetella (DNT) and the toxin from Pasteurella mul
tocida (PMT)] has been analyzed (WALKER and WEISS 1994). They show that 
CNFI and CNF2 share important regions of homologous amino acids with 
PMT in the N-terminal sequence, and a shorter region in the C-terminal 
sequence is homologous with DNT, produced by most members of the genus 
Bordetella. However, PMT and DNT are different and, as discussed later in 
this review, do not have the same catalytic activity. By using the GST gene
fusion method to produce recombinant N-terminal, 33-kDa and C-terminal, 
31.5-kDa regions of CNF1, the functional organization of this toxin has been 
studied (LEMICHEZ et al. 1997). These experiments have clearly shown that the 
catalytic deamidase activity of CNFI is located in the CNF1 C-terminal region, 
whereas the cell-binding properties of the toxin are on its N-terminal domain 
(LEMICHEZ et al. 1997; Fig. 5). 

The homology of the amino acid sequences of CNF1, CNF2, PMT and 
DNT led us to assume that these toxins share the same general organization 
(LEMICHEZ et al. 1997). Dermonecrotic toxins are thus organized in a fashion 
similar to Pseudomonas aeruginosa exotoxin A (PAETA;ALLURED et aI.19H6), 
although these toxins do not share the same catalytic activities, since PAETA 
is an ADP-ribosyltransferase toxin (IGLEWSKI and KABAT 1975). CNFl, CNF2, 
DNT and PMT bind to cell-membrane receptors. It seems that CNF I, CNF2 
and PMT might bind to an analogous receptor, whereas the receptor for DNT 
would be different (LEMICHEZ et al. 1997). CNFI and DNT share the same 
deamidase catalytic activity (FLATAU et al. 1997; HORIGUCHI et al. 1997; SCHMIDT 
et al. 1997), and CNF2 most likely also exhibits this activity. However, although 
PMT, like CNFI and DNT, causes assembly of actin stress fibers and focal 
adhesion points, it does not induces a mobility shift of Rho. Discrepancies 
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Fig.5. Compared structure-function re lationships of de amidating necrot izing toxins 
cytotoxic necrotizing factor (CNF)-l. CNF2 and dermo necrotic toxin ( DNT). Cell 
binding. membrane translocation and catalytic do mains of the three dea mida ting 
toxins. CNFl and CNF2 probably recogni ze similar receptors o n cells. whereas DNT 
binds to a different molecule at the leve l of the cell surface. The prese nce o f two well
organized amphipathic helixes (Hl a nd H2) is found in the three tox ins. A conserved 
motif encompassin g th e catalytic cysteine res idue is loca lized o n the C-te rminal domain 
of the three toxins 

among the amino acid sequences of the catalytic domains o f CN FL CNF2. 
DNT and PMT indicate that the Pastellrella mllltociila toxin has a differe nt 
catalytic activity. which has yet to be characte rized. In fact . in cells. PMT 
induces the formation of TnsP3. mobilizes calcium and activates PKC 
(LACERDA e t a l. 1997) . Thus. PMT most likely works upstream of Rho. proba
bly activating a heterotrimeric G protein that controls the acti vity of phos
pholipase Cf3 (MURPHY and ROZENGURT 1992). Curiously. it has bee n shown 
very recently that PMT might e xhibit its intrace llular activity on th e large G
prote in (Gaq)-coupled phospholipase. C-f3I. via its N-te nninal domain 
(WILSON et a1.1997 , 1999). 

C-terminal regions of CNFI.CNF2 and DNT are homologous. with a con
sensus sequence LSGCTT (amino acids 1:\55- 888 for CNFI and CNF2. amino 
acids 1282-1315 for DNT; LEMI CHEZ e t al. 1997). indica ting that th e catalytic 
center of these toxins might involve one or several of these amino acids. 
Recently, it was reported that , in vitro, CNFI possesses transglutaminase. 
in addition to deamidase activity (SCHMIDT et al. 1998). This was shown by the 
ability of CNFI to incorporate on RhoA Q63 alkylamines (SCHMIDT e t a l. 
1998). However, the transglutaminase activity of CNF I appears to he much 
lowe r than the deamidase activity (SCHMIDT e t a l. 1998) . Furthe rmore. transg
lutamination of RhoA by CNFl induced a downward shift of the GTP-binding 
prote in (SCHMIDT e t a l. 1998). whereas dea midati o n of Rho A induces an 
upwa rd shift (FIORENTINI e t al. 1994; OSWALD e t al. 1994: FLATA U e t al. 1997: 
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SCHMIDT et al. 19(7), and microinjection of Rho E63 into cells reproduces all 
the characteristic features of CNFI. Because the active sites of transglutami
nases involve a catalytic triad of cysteine, histidine and aspartic acid residues, 
these amino acids were recently analyzed in terms of CNFI deamidase activ
ity. As reported previously (LEMICHEZ et al. 1997), the amino acid sequence 
855-888 contains a cysteine residue (cysteine 866, belonging to the consensus 
sequence LSGCTT) essential for the catalytic deamidase activity (SCHMIDT et 
al. 19(8). In addition, it has been shown that the conserved CNFl, CNF2 and 
DNT histidine residue at position 881 might also be involved in the catalytic 
activity of CNF1 (SCHMIDT et al. 1998). It has to be emphasized that it is impos
sible to reduce the catalytic domain (amino acids 720-1009) of CNFI in a 
sizable manner without impairing the de amidase activity, suggesting that the 
conformation of the molecule is an important parameter for the catalytic activ
ity (LEMICHEZ et al. 1997). 

II. The N-Terminal Part of CNFI Contains its Cell-Binding Activity 

The N-terminal domain of CNF1 (amino acids 1-299) contains the cell-binding 
region of CNF1 (LEMICHEZ et al. 1(97). This has been shown by the fact that 
a GST-fusion protein containing this CNFI polypeptide competes with CNFI 
on the cell receptor (LEMICHEZ et al. 1(97). Further work is now necessary to 
localize the cell-binding site of CNFl. Finally, the CNFI domain, encompass
ing amino acids 299-720 and containing two hydrophobic domains (HI and 
H2), is supposed to allow translocation of CNFI across the cell membrane, as 
does the translocating domain of diphtheria toxin. FigureS summarizes, in a 
schematic representation, the structures of CNF1, CNF2 and ONT. 

We actually know nothing about the nature of the cellular receptor of 
CNFl. It seems that CNF1, upon cell binding, enters the endocytic pathway, 
but the nature of this pathway is unknown. Whether CNFI uses the coated 
pit/coated vesicle pathway like diphteria toxin (MoYA et al. 1(85) or, like the 
ricin toxin, is endocytosed by non-clathrin-coated vesicles (MoYA et al. 1(85), 
remains to be defined. It seems, however, that CNFI must be transferred to 
an acidic compartment at some point of the endocytic pathway (late or early 
endosomes?) to exert its activity, since weak bases can block the toxic effects 
of CNFI (F ALZANO et al. 1993; LAC ERDA et al. 19(7). 

F. Possible Roles for CNFI as a Virulence Factor 
I. CNFI and Induction of Phagocytosis 

How CNFI interferes with host defenses is the question addressed in this para
graph. First, we have to recall that secretion of CNFI by E. coli strains remains 
totally speCUlative. One hypothesis may be that CNF1 is not secreted but is 
simply released when the lysis of bacteria occurs, although E. coli is a "sturdy" 
bacterium, which (in contrast to Streptococcus pneumoniae, for instance) does 
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not lyse easily. We rather think there must be a system that allows secretion 
of CNF1 upon reception of a certain signal by the bacteria. The secretion 
machinery of CNF1 might belong to the type-3 secretion category (HUECK et 
al. 1997), since no signal sequence (type-2 secretion) or an adenosine triphos
phate-binding cassette (type-1 secretion) associated with CNFI can be found. 
Thus, at the present time, we must be prudent in describing CNFI as a bona 
fide virulence factor for uropathogenic E. coli. However, incubation of CNFI 
with different cell systems led us to suspect that this toxin could behave like 
an important bacterial virulence factor. Indeed, CNF1: 

1. Induces an active macropinocytic activity in non-professional phagocytes, 
such as epithelial cells (FALZANO et al. 1993) 

2. Interferes with the trans epithelial migration of polymorphonuclear lym
phocytes (PMNs) across epithelia (HOFMAN et al. 1998) 

3. Protects epithelial cells against apoptosis (FIORENTINI et al. 1997b, 1998a, 
1998b) 

4. Modifies epithelium permeability in certain cells (GERHARD et al. 1998) 
5. Changes the phagocytic activity of human macrophages (CAPO et al. 1998) 

We detail below these mechanisms. 
Induction of phagocytic behavior in epithelial cells by CNF1 was the first 

described property evoking a possible role for this toxin as a virulence factor 
(FALZANO et al. 1993). Bacterial invasion is a widespread process by which a 
microbe can find both shelter against the host defenses and an advantageous 
milieu for its growth. Furthermore, invasion of epithelial cells can lead to the 
passage of bacteria from the lumen of mucosa to the blood stream. For 
instance, Salmonella typhi, a Gram-negative enterobacterium, can invade 
epithelial cells, replicate within them and transcytose to the blood stream to 
disseminate to various organs (GALAN and BUSKA 1996). Invasion of a cell by 
a microbial pathogen requires several steps governed by key virulence factors. 
This process requires binding of the bacteria to the cell surface first and then 
induction of macropinocytosis. In the case of Salmonella, it has recently been 
shown that, upon binding to cells, the bacterium introduces an exchange factor 
(SopE) for the small GTP-binding proteins Cdc42 and Rac (HARDT et al. 1998) 
into the cytosol through a type-3 mechanism, leading to activation of these 
GTPases. This results in the formation of membrane ruffles, which capture bac
teria by provoking ruffles to engulf them, a process called "triggered phago
cytosis" (HARDT et al. 1998). CNF1 uses the same strategy in Salmonella albeit 
by a different molecular mechanism. CNF1, by deamidating Rho (and perhaps 
Cdc42), activates it permanently and thereby triggers the formation of mem
brane actin folding that is able to capture latex particles (FALZANO et al. 1993; 
Fig. 3B) or non-invasive bacteria (FALZANO et al. 1993). Again, it is remark
able to observe that bacteria, by two divergent molecular mechanisms (acti
vation by an exchange factor in Salmonella and point-activating mutation in 
E. coli CNF1) may achieve similar goals through stimulation of small GTP
binding proteins of the Rho family. It is interesting to point out that the CNF1 
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gene in uropathogenic E. coli is always found associated with the Hly-a gene 
(BLUM et al. 1995). It is tempting to speculate that, if CNF1 triggers phagocy
tosis, Hly-a might allow the escape of the bacteria into the cytosol by ruptur
ing the phagosomal membrane, as described for the pore-forming toxin 
listeriolysin during Listeria monocytogenes invasion (COSSART and LECUIT 
1998). It has been reported that association of CNF1 and Hly-a is not more 
cytotoxic for human bladder cells in vitro (ISLAND et al. 1998). However, in 
that study, whole bacteria were put in contact with cells and, thus, there was 
probably no release of CNF1 in the culture medium in these conditions. 

II. CNFI and Cell Apoptosis 

Interestingly, the induction of phagocytosis by CNF1 can be correlated with 
the ability of the toxin to protect cells against apoptotic stimuli (such as ultra
violet radiation, UVB; FIORENTINI et al. 1997b). The significant inverse corre
lation between the two phenomena suggests that they might be part of a 
pathogenic mechanism used by bacteria. In the mechanism used by CNF1 to 
hinder apoptosis, both proteins of the Bcl-2 family and mitochondrial home
ostasis play a pivotal role. Indeed, we have shown that CNF1 is capable of 
reducing the mitochondrial-membrane depolarization induced by UVB and 
modulating the intracellular expression of some Bcl-2-related proteins. In par
ticular, the amount of death antagonists, such as Bcl-2 and Bcl-XL , increased 
following exposure to CNFl, while the amount of the death agonist Bax 
remained substantially unchanged (FIORENTINI et al. 1998a). Bcl-2-family pro
teins and mitochondria play essential roles in apoptosis (GREEN 1998), and 
they are linked to one another. By modulating the expression of proteins of 
the Bcl-2 family (probably via Rho activation), CNF1 may operate on one of 
the main regulatory systems that drive cells towards death or survival. Very 
recently, we reported evidence that the Rho-dependent cell spreading acti
vated by CNFI is also involved in protection against apoptosis in epithelial 
cells (FIORENTINI et al. 1998b). In addition to impairing nuclear fragmentation, 
CNF1 protects cells from radiation-induced rounding up and detachment and 
improves the ability of cells to adhere to one another and to the extracellular 
matrix by modulating the expression of proteins related to cell adhesion. In 
particular, the expression of integrins, such as as, an and CXv, and of some het
erotypic and homotypic adhesion-related proteins, such as the focal adhesion 
kinase, E-cadherin and a and f3 catenins, was significantly increased in cells 
exposed to CNFl. Thus, the toxin-induced improvement of cell adhesion and 
the promotion of Rho-dependent cell spreading are mechanisms clearly 
involved in hindering apoptosis in epithelial cells. This is in accordance with 
the recent opinion that cell spreading favors cell survival (RUOSLAHTI 1997). 
A toxin, such as cytochalasin B, which induces multinuc1eation and cell spread
ing without activating Rho and does not modify integrin expression is, in fact, 
ineffective in enhancing cell survival (FIORENTINI et al. 1998b). Thus, by induc
ing both phagocytosis and protection against apoptosis, CNFI might allow bac-
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teria to invade epithelial cells and to prolong their survival to permit copious 
bacterial multiplication within them. Also, protection by CNFI against apop
tosis will allow cells to escape elimination by macrophages. 

III. CNF1: Epithelial Cell Permeability and PMN 
Trans-Epithelial Migration 

CNFl has also been shown to reduce the transmigration of PMNs in intesti
nal T84 epithelial cell monolayers (HOFMAN et al. 1998). In the digestive tract, 
migration of PMNs across epithelia is a hallmark of disorders ranging from 
idiopathic, inflammatory bowel disease to bacterial enterocolitis (YARDLEY 
1986). PMNs stimulated by bacterial chemoattractants transmigrate through 
epithelia via the paracellular space and enter the luminal space, where they 
can exert their scavenging activities. PMNs must force the occluding junction 
to reach the luminal space (NASH et al. 1987). In polarized epithelia, the 
Rho-GTP-binding protein regulates actin-filament organization at the apical 
pole of the cells and influences the permeability of tight junctions (NUSRAT et 
al. 1995). Rho has been shown to regulate tight and adherin junctions in 
MDCK cells (T AKAISHI et al. 1997) and cadherin interactions in keratinocytes 
(BRAGA et al. 1997). When T84 cell confluent monolayers are incubated with 
10ng/ml of CNFI for 18h, no major changes in their trans-epithelial resistance 
(TER) is noted (HOFMAN et al. 1998). In addition, the absence of dissociation 
of the tight-junction-associated protein ZO-1 is seen (HOFMAN et al. 1998). 
However, CNFI effaces the intestinal microvilli (as viewed by transmission 
electron microscopy), induces a strong reorganization of the actin cytoskele
ton (especially at the baso-Iateral face of cells) and reduces the transmigra
tion of PMNs, as induced by the chemoattractant N-formyl-Met--Leu-Phe in 
either the baso-to-apical or apico-to basal-direction (HOFMAN et al. \998). 
Thus, CNFI might decrease PMN transmigration by remodeling the actin 
cytoskeleton without gross modification of tight-junction permeability. This 
mechanism would provide an advantage to the colonizing bacteria by reduc
ing the ability of PMNs to cross the paracellular pathway. Recently, using 
Caco-2 cell monolayers, which exhibit a much lower TER on confluence 
(about 2000hms/cm2) than do T84 monolayers (12000hms/cm2), it was shown 
that high concentrations of CNFI (lOOng/ml) were able to partially decrease 
their TER (i.e., by -40%; GERHARD et al. 1998). Results from our unpublished 
experiments are in agreement with this study. High concentrations of CNFI 
(50-100ng/ml) also lead to a TER decrease in T84 monolayers (HOFMAN and 
BOQUET, unpublished observations). In our opinion, the observation of 
Gehrard and coworkers (1998) is due to an over-effect of CNFI. Indeed, with 
lOng/ml of CNFl, a profound reorganization of the actin cytoskeleton can be 
observed - in particular, a clear breakdown of microvilli and a dense mesh
work formation of actin filaments on the baso-Iateral pole of the T84 cells, 
without modification of the TER (HOFMAN et al. 1998). 
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Moreover, CNF1 has recently been shown to induce dramatic morpho
logical changes and a profound reorganization of the actin cytoskeleton in 
human monocytic cells, impairing the CR3 phagocytosis but not the FcR
mediated ingestion (CAPO et al. 1998). By limiting integrin-mediated uptake 
of microbes (CR3), and thus in a fashion independent of any specific immune 
response, phagocytosis of E. coli may be blocked by the microbes' CNFl. 

G. Conclusions 
CNF1 is the first toxin shown to act in the cytosol by deamidation of a gluta
mine residue belonging to a small GTP-binding protein. Even though the role 
of CNF1 as a virulence factor for uropathogenic E. coli is not yet established, 
this toxin is a new useful reagent for cell biologists working on the mode of 
action of Rho GTPases. Together with Rho inhibitors (exoenzyme C3 from C. 
botulinum, C. difficile toxins A and B and other related toxins) CNF1, which 
activates Rho, constitutes the first toxin that can modulate the same intracel
lular target both positively and negatively (AKTORIES 1997; FIORENTINI et al. 
1998c). Finally, we would like to stress that CNF1 induces, at the protein level, 
an activating "point mutation" of small GTP-binding proteins of the Rho 
subfamily, exactly as carcinogenic factors at the level of the Ras DNA do 
(BARBACID 1987). We suggest that CNFl (or related toxins) could act as 
carcinogenic factors (as long as the toxin is produced), thus supporting the 
Erlich hypothesis that some infectious diseases could be origin of malignant 
tumors. 
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CHAPTER 17 

Shiga Toxins of Shigella dysenteriae and 
Escherichia coli 

A.R. MELTON-CELSa and A.D. O'BRIEN 

A. Profile of the Shiga-Toxin Family 

I. Nomenclature and History 

The Shiga toxins constitute a family of functionally and structurally related 
toxins produced by Shigella dysenteriae type 1 (also called Shiga's bacillus) 
and a subset of diarrheagenic Escherichia coli called STEC (for Shiga toxin
producing E. coli). Shiga toxins of STEC were formerly called Shiga-like toxins 
and are alternatively named Vero toxins (CALDERWOOD et al. 1996; KARMAU 
et al. 1996). We favor the Shiga-toxin nomenclature system based largely on 
historical precedence. Indeed, the prototype for the Shiga-toxin family, Shiga 
toxin produced by S. dysenteriae type 1, was first described in 1903 by CONRADI 
(CONRADI 1903) and, independently, by NEISSER and SHIGA (NEISSER and SHIGA 
1903). Conradi made the seminal observation that lysates of Shiga's bacillus 
caused hind-leg paralysis when injected into rabbits. 

Studies of Shiga toxin (Stx) between the years 1903 and the early 1980s 
can be divided into three discovery phases. The first period of investigations 
primarily entailed distinguishing the protein Stx from the endotoxin or 
lipopolysaccharide (LPS) of S. dysenteriae type 1 (OUTSKY and KUGLER 1920), 
purifying and characterizing the toxin (DUBOS and GEIGER 1946; VAN 
HEYNIGAN and GLADSTONE 1953a, 1953b), and discovering that iron represses 
toxin synthesis (DUBOS and GEIGER 1946; V AN HEYNIGAN and GLADSTONE 
1953b). The second stage of Stx analyses resulted in the finding that Stx targets 
vascular endothelium (TESH and O'BRIEN 1991), an observation which served 
as an explanation for the apparent "neurotoxicity" of this toxin, and the real
ization that Stx is cytotoxic for a number of cultured epithelial cell lines 
(VICARI et al. 1960). The third phase of Stx experimentation during this 80-
year period led both to the discovery, by Keusch and colleagues, that Stx causes 
fluid secretion and enteritis in ligated rabbit intestinal segments (KEUSCH et 
al. 1972) and to the purification of Stx to homogeneity (O'BRIEN et al. 1992). 
Further experiments with purified Stx culminated in our current concept of 
Shiga toxin as a tri-functional molecule, i.e. cytotoxic for selected cells, entero
toxic for rabbit ligated intestinal segments, and lethal for mice, rabbits, and 
other animals (O'BRIEN et al. 1980). 
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That Stx might be a member of a family of toxins was first indicated by 
the observation that certain strains of E. coli produced a cytotoxin that could 
be neutralized by anti-Stx serum (O'BRIEN et a1. 1982; O'BRIEN and LAVECK 
1983), With the discovery that a newly described food-borne pathogen, E. coli 
0157:H7 (RILEY et a1. 1983), produced this "Shiga-like toxin" (JOHNSON et aL 
1983; O'BRIEN et a1. 1983) came the realization that this cytotoxin was, in fact. 
the same substance as the Vero toxin first described by KONOLWALCHUK in 1977 
(KONOLWALCHUK et a1. 1977; O'BRIEN et aL 1983). The finding that a "Shiga
like" (hereafter called Stx1 or Stx2 toxin from E. coli) or Vero toxin was pro
duced by a novel, hemorrhagic colitis (HC)-inducing E. coli isolate stimulated 
a renewed interest in the Stx of S. dysenteriae type 1. More importantly, the 
understanding that Vero toxins and the Stxs of E. coli were the same proteins 
led to the establishment of these toxins as the common link in the develop
ment of hemolytic uremic syndrome (HUS), a sequela that occasionally 
occurs after infection with STEC or Shiga's bacillus (KARMALI et aL 1983, 
1985). The ultimate proof of the relationship among the Stx family members 
came with the cloning and sequencing of the genes of each of the family 
members and the understanding that all of the proteins share a common struc
ture, mode of action, and a similar (if not identical) receptor (O'BRIEN et a1. 
1992; MEr;roN-CELsA and O'BRIEN 1998). 

II. The Stx Family 

1. Traits that Make the Members Part of a Family 

The members of the Stx family identified to date are listed in Table 1 and 
include: Stx of Shiga's bacillus; Stxl of STEC, which differs by at most one 
amino acid from Stx (STROCKBINE et a1. 1988; T AKAO 1988) and is immmuno
logically indistinguishable from it; and Stx2 and variants thereof (Stx2c, Stx2d, 
and Stx2e), produced by STEC. The Stx/Stxlserogroup is immunologically 
distinct from Stx2 and its variants, as determined by Vero cell cytotoxicity 

Table 1. Stx-toxin family members 

Toxin Location of Environmental Relative toxicity Relative toxicity 
type operon regulation for mice [or Vero cells 

Stx Chromosomal Iron repressed + +++ 
Stx1 Phage or Iron repressed + +++ 

chromosomal 
Stx2 Phage None identified +++ +++ 
Stx2c Chromosomal None identified +++ + 
Stx2d" Chromosomal None identified +++ + 
Stx2e Chromosomal None identified + +++ 

a Not activated. 
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neutralization assays that use polyclonal or monoclonal sera raised against 
holotoxin (STROCKBINE et al. 1985 and 1986; PERERA et al. 1(88). 

Each toxin family member shares four characteristics, as established 
experimentally or by inference from the published nucleotide or deduced 
amino acid sequences. First, members of the Stx family are encoded by an 
operon that is comprised of an A-subunit gene proximal to a B-subunit gene, 
and the amino acid sequences deduced from the nucleotides in that operon 
reveal identities of 55-99.9% (CALDERWOOD et al. 1987; DE GRANDIS et al. 
1987; JACKSON et al. 1987a, 1987b; STROCKBINE et al. 1988; TAKAO et al. 1988; 
WEINSTEIN et a1.1988b; ITO et al. 1990; SCHMITT et al. 1(91). Second, the toxin 
members have a similar structure; each toxin is comprised of a single enzy
matically active A-subunit polypeptide of ~32 kDa and a pentamer of B sub
units (~7.7 kDa each) that is required for binding to the receptor on the target 
host cell. The A subunit can be nicked by trypsin or furin to form Al and A2 
fragments that remain held together by a disulfide bridge. The A2 component 
appears to non-covalently hold the B pentamer to the A I fragment, as assessed 
by X-ray crystallographic studies of purified Shiga holotoxin (FRASER et 
a1.19(4). Third, Stx toxins have the same enzymatic function, i.e., the Al frag
ment cleaves a purine residue from 28-S ribosomal RNA (ENDO et al. 1987; 
SAXENA et al. 1989) which, in turn, leads to a cessation of protein synthesis in 
the target cell and the ultimate death of the cell by apoptosis (KEENEN et al. 
1986; INWARD et al. 1995; KIYOKAWA et al. 1998). Fourth, the eukaryotic recep
tor for Stx family members is globotriaosylceramide (Gb3) except for the pig 
edema disease toxin, Stx2e, which preferentially binds to the longer glycolipid 
globotetraosylceramide (Gb4) (JACEwICZ et al. 1986; LINDBERG et al. 1987; 
DEGRANDIS et al. 1989; SAMUEL et al. 1990). Because of the specificity of the 
Stxs for Gb3, Lingwood's group (LINGWOOD et al. 1(98) is exploring the pos
sibility of using Stxs to treat tumors that express Gb3. 

2. Characteristics that Distinguish Stx Family Members 

Within the Shiga-toxin family, individual members differ in four primary 
features. These distinguishing traits are summarized in this paragraph and are 
discussed in detail below. First, some of the operons of the family members 
are located on the bacterial chromosome, and some are on transducing phages 
(Table 1; SCOTLAND et al. 1983; SMITH et al. 1983; O'BRIEN et al. 1984, 1989; 
MARQUES et al. 1987; LINDGREN et al. 1(93). Second, expression of Stx and Stx1 
is repressed by high concentrations of iron, whereas the production of 
members of the Stx2 serogroup is not iron regulated (DUBOS and GEIGER 1946; 
VAN HEYNIGAN and GLADSTONE 1953; CALDERWOOD and MEKALANOS 1987; 
WEINSTEIN et al. 1988a, 1988b). Third, antigenicity and affinity for receptor not 
only differ between the Stx/Stxl and Stx2 serogroups but also within the Stx2-
related toxins (STROCKBINE et al. 1985, 1986; PERERA et al. 1988; SAMUEL et al. 
1990; SCHMITT et al. 1991; KIA RASH et al. 19(4). Fourth, toxicity of Stxs for Vero 
and other tissue-culture cells and for mice varies among family members 
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(TESH et aL 1993; LINDGREN et aL 1994; LOUISE and OBRIG 1995; M ELTON-CELSA 
and O'BRIEN 1998). 

III. Role of Stxs in S. Dysenteriae Type 1 and STEC Disease 

1. Pathogenesis of Infection Cansed by Organisms that Produce Stxs 

The two groups of bacteria that produce Stxs, S. dysenteriae type 1 and STEC, 
have both similar and distinguishing disease attributes, Shiga's bacillus has a 
low infectious dose 50% (LEVINE et al. 1973). The organism colonizes the large 
bowel by penetration and invasion of M cells, followed by spread to adjacent 
mucosal epithelial cells (ACHESON and KEUSCH 1994). Symptoms typically 
include diarrhea, dysentery (blood and mucus in stools), fever and tenesmus 
(LEVINE et aL 1973; ACHESON and KEUSCH 1994). The clinical manifestations 
of shigellosis are similar among persons infected with different species and 
serotypes of Shigella, except that Shiga's bacillus tends to cause more severe 
disease and, in a small portion of cases, S. dysenteriae type I-infected persons 
develop a sequela called HUS (ACHESON and KEUSCH 1994). HUS is a triad 
of signs that includes hemolytic anemia, thrombocytopenia, and kidney dys
function (KAPLAN et aL 1990). Patients infected with E. coli 0157:H7, the 
prototypic STEC, also present with diarrhea or bloody diarrhea (called HC) 
and, less frequently, fever and cramps (GRIFFIN 1995). The absence of these 
symptoms may be because STEC, unlike Shigellae, do not invade epithelial 
cells in vitro or the bowel in experimental models (McKEE and O'BRIEN 
1995; McKEE et aL 1995). Rather, E. coli 0157:H7 and related eae-positive 
organisms adhere to epithelial cells by an intimin-dependent mechanism 
(McKEE and O'BRIEN 1995). Eae is the gene that encodes the E. coli attach
and-efface locus, whose product is called intimin. Nevertheless, infection with 
E. coli 0157:H7, like infection with S. dysenteriae type 1, can precede devel
opment of the HUS (GRIFFIN 1995). For individuals infected with E. Coli 
0157:H7, the rate of development ofHUS is 5-10% (GRIFFIN 1995). However, 
the frequency of HUS after infection with other serotypes of STEC is not well 
documented. 

2. Associations Between Stxs and Development of HC andlor the HUS 

The association of bloody stool with E. coli 0157:H7 infection is well estab
lished (GRIFFIN 1995) and is believed to be a consequence of the action of Stxs 
on the microvasculature in the intestines. The connection between HUS devel
opment and production of Stxs by an infecting organism was confirmed 
epidemiologically (KARMALI et al. 1985; GRIFFIN 1995) after Karmali's 1983 
proposal of that link (KARMALI et aL 1983). However, the only direct evidence 
that Stxs playa role in human disease is the study by LEVINE et aL (1973), in 
which the investigators infected volunteers with either wild-type Shiga's bacil
lus (invasive, toxinogenic), a non-invasive, toxinogenic mutant, or an invasive. 
non-toxigenic mutant. The results of the investigation indicated that, though 
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the organisms had to be invasive to cause disease, toxinogenic, invasive strains 
caused more severe disease than invasive but Stx-negative mutants. It should 
be noted that the study in humans was done before the realization that infec
tion with S. dysenteriae type 1 can result in the development of HUS. 

3. Findings with Animal and Tissue Culture Models that Support a Primary 
Role for Stxs in Virulence of Shiga's Bacillus and STEC 

The series of studies with animal and cell-culture models described below 
support the hypothesis that Stxs playa critical role in the pathogenesis of dis
eases caused by S. dysenteriae type 1 and STEC. First, monkeys fed wild-type 
S. dysenteriae type 1 develop more severe vascular colonic damage, as evi
denced by increased blood in the stool and a greater white cell influx in the 
large bowel compared with monkeys who ingest an Stx-negative version of 
Shiga's bacillus (FONTAINE et al. 1988). Second, rabbits infected intragastrically 
with RDEC-H-19A (a rabbit enteropathogenic E. coli strain transduced with 
the stx)-encoding phage designated H-19A) have more severe enteritis than 
rabbits inoculated with the wild-type RDEC-1 strain (SJOGREN et al. 1994). 
Moreover, RDEC-H-19A-infected rabbits, in contrast to animals fed the 
parental RDEC strain, acquire vascular lesions that resemble those seen in 
HC cases in humans. Third, mice pre-treated with streptomycin (to reduce 
facultative bowel flora) and then fed certain STEC strains that produce Stx2 
or Stx2-variants develop toxin-mediated renal-tubular necrosis and die 
(WADOWLKOSKI et al. 1990; LINDGREN et al. 1993). Fourth, greyhounds inocu
lated parenterally with Stx toxins develop a disease that mimics HUS, i.e., the 
animals present with renal failure accompanied histologically by vascular 
lesions in the glomeruli (FENWICK and COWAN 1998). Fifth, Stxs act as potent 
cytotoxins for human renal-glomerular endothelial cells in vitro (LOUISE and 
OBRIG 1994, 1995). 

B. Stx Genetics and Expression 

I. Location, Organization, and Nucleotide and Deduced Amino Acid 
Sequences of Stx Family Member Operons 

As previously mentioned, the genes encoding various members of the Stx 
family are either located on bacterial transducing phages or on the chromo
some (SCOTLAND et al. 1983; SMITH et al. 1983; O'BRIEN et al. 19X4, 19X9; 
MARQUES et al. 1987; LINDGREN et al. 1993), with remnants of stxr or stxr 
converting phages often found in the latter case (STROCKBINE et £II. 19X8; 
O'BRIEN et al. 1989; LINDGREN et al. 1993). In fact, the same type of toxin gene 
may be encoded on the chromosome in an STEC strain of one 0 type and on 
a toxin-converting phage in another 0 type. For example, E. coli 0157:H7 
strain 933 carries stx] on the chromosome (O'BRIEN et al. 1989) but, in an E. 
coli 026:H11 strain designated H-19, stx, is phage encoded (SCOTLAND et al. 
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1983; SMITH et al. 1983; O'BRIEN et al. 19X4). Furthermore, a single strain may 
carry one type of Stx gene on its chromosome and another type on a trans
ducing phage; e.g., E. coli 0157:H7 strain 933 harbors both an slx,-toxin
converting phage and a chromosomal copy of stXj (O'BRIEN et al. 19X9). 
The evolution of the toxin-converting phages is the subject of considerable 
speculation (WHITTAM 1998). 

The first toxin genes to be cloned and sequenced were those of 
stXj (CALDERWOOD et al. 1987; DE GRAN DIS et a!. 1987; JACKSON et al. 19X7b). 
With analysis of the stx! nucleotide and deduced amino acid sequence came 
the realization that the genes for the A and B polypeptides fell within 
an operon and that the arrangement of that operon was similar to that of the 
clx operon for cholera toxin (LOCKMAN and KAPER 1983; MEKAlANOS et al. 
1983). Specifically, the stX'i\ gene lies proximal to the stXll1 gene; between the 
genes, a gap of 12 nucleotides encodes a ribosome-binding site (rbs). The 
strength of this rbs is hypothesized to be greater than that of the rbs that 
precedes stX'ilo such that more copies of the B polypeptide are made than of 
the A polypeptide, with a resulting ratio of one A subunit to five B subunits 
in the holotoxin. 

Although evaluation of the stx, nucleotide and deduced amino acid 
sequence did not reveal significant homology with any other known prokary
otic toxin, deduced amino acid sequence homologies between the Stx I Al 
polypeptide and the A or enzymatic chain of the plant lectin ricin were 
detected (CALDERWOOD et al. 19X7). At that time, the precise modes of action 
of ricin and Stx were not understood, but it was known that both toxins in
hibited protein synthesis in eukaryotic cells by a mechanism that involved 
catalytic inactivation of 60-S ribosomes. The finding of significant homologies 
between these two toxins, together with similarities in the effects of these 
prokaryotic and eukaryotic toxins on target cells, led to the discovery that glu
tamic acid 167, an amino acid with a homologue at the same site in ricin, is in 
the active site of the StxlA polypeptide (HOVDE et al. 1988). 

When the genes of several of the Stx family members were ultimately 
cloned and sequenced, the operon architecture and the homologies with ricin 
were found to be common themes (JACKSON et al. 19X7a; STROCKBINE et al. 
1988; T AKAO 1988; WEINSTEIN et al. 1988b; SCHMIT! et a!. 1991). Another feature 
revealed by sequence analysis of some of the Stx family members was the pres
ence of a binding site for the fur-gene product in the promoter region 
upstream of six and sU;;,. Fur acts as a co-repressor to prevent transcription of 
the stXj operon in the presence of iron (CALDERWOOD and MEKALANOS 19X7, 
1988). No fur-box homologies were identified in the promoter regions of 
StX2 or stx]c (WEINSTEIN et al. 1988b; SUNG et al. 1990). The presence of a 
fur box in the promoter region of the Stx and Stxl operons directly correlates 
with the documented repression of toxin synthesis in the presence of iron 
(DUBOS and GEIGER 1946; VAN HEYNIGAN and GLADSTONE 1953a, 1953b: 
CALDERWOOD and MEKALANOS 1987: WEINSTEIN et al. 1988a). Similarly, the 
absence of a filr box in the promoter of stx, and other slX. serogroup members 
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is consistent with the failure of iron to regulate these genes (WEINSTEIN 
et al. 1988b). 

II. Regulation of Toxin Production 

Although iron is an established repressor of Stx/Stx1 synthesis in vitro, the role 
of iron repression of StxlStx1 production in vivo has only been cursorily 
addressed. Furthermore, regulation of Stx2 production is not well understood. 
In one study, a stX2 regulatory locus was identified from a stxrconverting 
phage (MUHLDORFER et al. 1996), but the mechanism whereby the product of 
this locus functions to up-regulate toxin production was not determined. In 
that same investigation, the authors also concluded that the DNA-binding 
protein H-NS and growth temperature affected stX2 synthesis significantly or 
slightly, respectively. A small effect of temperature on S. dysenteriae type-1 syn
thesis of Stx, but not phage-encoded Stx1, has also been described (WEINSTEIN 
et al. 1988a). 

III. Toxin Purification 

Several different toxin-purification methods have been reported and are 
reviewed elsewhere (O'BRIEN et al. 1992). Our current strategy for the purifi
cation of Stx1 and Stx2 is based on a two-step procedure that includes a mono
specific or monoclonal-antibody affinity column followed by passage of the 
eluent over a Sephadex G 100 gel-filtration column. For isolation of Stx1 from 
a cell lysate, we typically use cytotoxin-neutralizing, monospecifc, rabbit anti
Stxl sera as our adsorbent. We initially used the Stx/Stxl-neutralizing mono
clonal antibody designated 13C4, which recognizes the B subunit of Stxl 
(STROCKBINE et al. 1985), but we found that we had to re-generate the column 
frequently. For purification of Stx2, we used our monoclonal antibody, 11ElO, 
which recognizes the A subunit of Stx2 (PERERA et al. 1988), partially neutral
izes the toxin in vitro (PERERA et al. 1988), and fully neutralizes its activity 
in vivo (W ADOLKOWSKI et al. 1990; LINDGREN et al. 1993). The yield from this 
protocol (-50% optimally) appears to largely depend on the concentration of 
monospecific antibodies [taken from an immunoglobulin G (IgG) fraction] or 
monoclonal antibodies (purified IgG fraction from ascites) used to generate 
the columns. 

Two other practical aspects of toxin purification are worth noting for those 
engaged in this endeavor. First, variation exists in the efficiency of purification 
of the Stx2 serogroup members either by conventional or antitoxin purifica
tion approaches (O'BRIEN, DARNELL, and TWIDDY, personal observation). For 
example, we have not successfully isolated Stx2d with the anti-Stx2 monclonal 
column and have been forced to use a more standard approach for purifica
tion of this member of the Stx family. Second, attempts to generate mono
specific, neutralizing anti-Stx2 by immunization of rabbits with chemically 
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toxoided Stx2 result in antisera that do not neutralize the cytotoxic action of 
the toxin (but have a high enzyme-linked immunosorbent assay ti ter) and do 
not serve as efficient adsorbents in an anti-toxin column. We speculate, based 
on sodium dodecyl sulfate polyacrylamide-gel electrophoresis analyses of our 
formalin-treated Stx2, that the B subunit of the molecule is destroyed by this 
procedure. The B subunit of Stxl appears more refractory to dissolution by 
formalin and, perhaps as a consequence, it takes longer to chemically inacti
vate Stx1 than Stx2 (O'BRIEN and TWIDDY, unpublished data). 

c. Structure-Function Analyses of Stx Family Members 

I. Structure of Stx 

The determination of the crystal structures of the B pen tamers of Stx} (STEIN 
et al. 1992) and Shiga holotoxin (Fig. 1; FRASER et al. 1994) revealed a number 
of characteristics of the toxins that had been predicted by other studies or 

Fig.I. A ribbon model of the crystal structure of Stx. The A subunit i:; shown above 
the B pentamer, with the side chains of four active site amino acids, Y114, E167, R17{), 
and W203, indicated. This figure was drawn using the program MolScript (KRAULIS 
1991) and was generously provided by Marie Fraser, Department of Biochemistry, 
University of Alberta, Edmonton, Alberta. Canada 
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that were unanticipated. Traits of Stx/Stx1 that were evident upon X-ray
crystallographic analysis included: 

1. The ABs subunit configuration 
2. The similarity in structure of the Stx1 B pentamer with the B pentamer of 

heat-labile toxin (SIXMA et a1. 1993) 
3. The position of the A subunit compared with that of the B pentamer 
4. The involvement of amino acid residues 77, 114, 167, 170, and 203 at the 

active sites of the toxins (Fig. 1; Table 2) 
5. The importance of the A2 peptide for holotoxin integrity 
6. The apparent masking of the active site by a segment of A2 

Additionally, although FRASER et a1. (1994) did not comment on the 
number of Gb3 molecules that could theoretically bind the holotoxin, STEIN 
et a1. (1992) proposed that there was one binding site per B monomer, based 
on the crystal structure of the Stx 1 B pentamer in the absence of Gb3. A later 
modeling study by Lingwood's laboratory suggested that there were two Gb3 
binding sites per monomer (NYHOLM et a1. 1996). Recently, however, the crystal 
structure of the Stx1 B pentamer coupled to a Gb3 analogue was published 
(LING et a1. 1998) and, in that study, three non-cooperative Gb3-binding sites 
per B pentamer were described and named sites 1, 2, and 3. The integrity of 
sites 2 and 3 appears to depend on interactions between adjacent subunits. In 
contrast, site 1 is contained entirely within an individual monomer. Both the 
NYHOLM et al. (1996) and LING et a1. (1998) studies agree on the approximate 
location of Gb3-binding sites 1 and 2. Site 3, however, was only identified by 
LING et al. (1998), who acknowledged that the affinity of site 3 is low. However, 
the tryptophan at position 34 of the B subunit, which is vital to site 3. had pre
viously been shown to contribute to the toxicity of Stx (Table 3; JEMAL et al. 
1995), a finding which suggests that site 3 may indeed have a physiological 
function. 

II. Genetic Analyses of Stx Function 

As noted previously, the homology between Stx and ricin, combined with 
knowledge of the crystal structure of ricin, led to identification of the Stx active 
site. The amino acids at residues 167, 168, 170,202,203, and 207 of Stx1 were 
found to be identical among several ribosome-inactivating proteins and in the 
active-site cleft of ricin (HOVDE et a1. 1988). In that same study, HOVDE et al. 
showed that glutamic acid 167 was important for both the enzymatic and cyto
toxic activities of Stx1. Subsequent mutations at position 167 in various Stx 
family members confirmed the importance of the glutamic acid residue (Table 
2). Additionally, mutations at residues 170 and 203, as suggested by the homol
ogy to ricin, have been shown to be deleterious to toxin function Cfable 2). 
The amino acids at positions 77 and 114, though not identified as homologous 
to residues in ricin, were found to contribute to full activity of the toxin (Table 
2) and, subsequently were identified in the active site of the Stx crystal 



Table 2. Mutations that affect the activity of the A subunit of the Stxs 

Portion of Specific mutation" Effect of mutation Reference 
A mutated (toxin type) 

Al Y77S or Y77F Loss or 20-fold reduction DERESIEWICZ 
(StxlA) in PSIA, respectively et al. 1992 

Y1l4F (StxIA) 30-Fold reduced PSIA DERE,.IEWICZ 
et <II. 1<)93 

E167D (StxlA) or lOc-'-Fold reduction in Hovf)l. ct al. 19XX: 
E167D (Stx2t or PSIA; 10' "-fold-reduced l\cKsol' ct al. 
E167D (Stx2e) or vee 1990a: YA M i\SA K I 
E167Q (Stxl) or et a I. 199 I : 
E167Q (Stx2e) GORf)ON ct al. 

1992 
EI67L (Stxl) lO-Fold-reduced vce: YAMASAKI et a I. 

40-fold-reduced PSIA 1991 
RI70K or R170L 2 x IOc1-Fold-reduced Y\MA:,AKI et al. 
(Stxl) VCe: -I O'-fold-reduced 1991 

PSIA 
R 170K (Stx2e) lO-Fold-reduced VCe: GORIJON et ill. 

fivefold-reduced PSIA 1992 
Y I77S (StxlA) -j()1-Fold-reduced PSIA DERL:"EWICZ 

ct al. 1993 
W203F or W203L 1O-50-Fold-reduced vce: YAMASAKI et al. 

or W203H (Stxl) 25-65-fold-reduced PSIA 1991 
AI-A2 C242S (Stx) Altered cytotoxicity GARRI)) ct al. 
junction pattern; more sensitive 1997 

to pronase; Al dissociated 
more readily from toxin-
receptor complex 

R24XA/R25I G Delayed cytotoxicity BURGESS and 
(StxIA) ROBIRTS 1993 

tlS247-M252 (Stx) Reduced cytotoxicity: GARRE)) et al. 
still cleaved intracellularly 1995 
to somc extent 

R24XH/R25I H Delayed cytotoxicity; GARJ.!E)) ct al. 
(Stx) still cleaved intracell ularly 1995 

R247H or R250H No change in vce or I'SIA S,\MlJEL and 
(Stx2e) or mouse LD,o; still CiORIJO'" 19<)4 

cleaved by proteases 
R247H/R250H No change in vce or PSIA S,\MUEI and 

(Stx2e) or mouse LD,,,; resistant (iORIJON 1994 
to in vitro trypsin 
cleavage, but is cleaved 
intracellularly 

A, D27XK (Stx) 104-Fold reduction in VCe: J [MAL ct al. 1995 
greatly reduced 
association with the B 
subunit 

R2XXE (Stx) 10'-Fold reduction in vee: JE\lAL et al. 1995 
greatly reduced 
association with the B 
subunit 

PSIA, protein-synthesis-inhibition activity; vee. Vero cell cytotoxicity. 
"Each mutation is indicated by the single-letter amino acid designation for the wild
type residue followed by the position of that residue in the mature protein fol\mved 
by the single-letter amino acid designation for the amino aeid to which the residue was 
changed. The only exceptions arc for deletion mutations, which are indi('ated by the tl 
symbol. 
bThe original designation for this mutant was EI66D but, because of a mistake in the 
original published sequence of Stx2, we chose to follow the numbering for the cor
rected sequence (SCHMITT et al. 1991). 
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structure (FRASER et al. 1994). One residue, identified by mutation, Y I77S 
(Table 2), does not appear in the active site of the toxin but may be involved 
in proper folding or orientation of the active site, since it is near other residues 
in the active site. Later deletion analysis of stx defined residues 75-268 as the 
minimal amount of Stx that retains enzymatic activity (HADDAD et al. 1993). 
However, amino acids in A2 are required for assembly and stability of the 
holotoxin (Table I; HADDAD and JACKSON 1993; AUSTIN et al. 1994; JEMAL 
et al. 1995). 

As was true for the A subunit, both genetic and crystallographic analyses 
identified a number of amino acid residues involved in B-pentamer function 
(Table 3). Early genetic studies implicated three consecutive aspartic acid 

Table 3. Mutations that affect the activity of the B Suhunit of the Stxs 

Specific mutation" 
(toxin type) 

OI6HIDI7H (Stx) 

NI60 (Stx2d) or 
NI60 (Stx2c) 

OIRN (Stx) 

F30A (Stx I) 
R32C (Stx2) or 

R33C (Stx); 
R330 (Stx) 

W34G or W34F (Stx) 
A42T (Stx2); A4Tf 

(Stx) 

K53I (Stx) 

K53-biotinylated 
(Stx) 

G500 (Stx2) or 
G600 (Stx) 

Q64E/K66Q 
(Stx2e) 

Effect of mutation 

No VCC; no binding to Gal-Gal
hovine serum alhumin 

Antigenicity and VCC increased to 
that of Stx2 

Receptor specificity altered to that 
of Stx2e; Gh4 bound in preference 
to Gb, 

I OJ-Fold-reduced VCC 
Much reduced or no VCe; much 

reduced or no hinding to Gh, or 
Vero cells 

JO'-Fold-reduced VCC 
No vec for the Stx2 mutant; 

I04-IO"-fold lower VCC for the Stx 
mutant; much reduced or no 
hinding to Gh, or Vero cells 

IO-Fold-reduced VCC 

JO'-Fold-reduced VCC; loss of 
hinding to Gh3 

No vec for the Stx2 mutant; 
J05-I07-fold lower VCC for the 
Stx mutant; much reduced or no 
hinding to Gh3 or Vero cells for 
the Stx2 mutant; equivalent 
hinding to Gh, and Vero cells for 
the Stx mutant 

Changes receptor specificity from 
Gb4 to Gh, only 

vee Vern cell cytotoxicity. 

Reference 

JACKSOl\ et al. 
1900 

LINDGREN et al. 
1904 

TYRRELl et al. 
1992 

CLARK et a1. 1096 
PERERA ct al. 

1991: lEMA! 
ct al. 1095 

JEMALetal.1095 
PERERA et al. 1991 

JACKSON ct al. 
1990 

KIIINE and 
LINGWOOD 1994 

PERERA et al. 1991 

TYRRELL et al. 
1992 

"Each mutation is indicated hy the single-letter amino acid designation for the wild
type residue followed by the position of that residue in the mature protein followed 
hy the single-letter amino acid designation for the amino acid to which the residue was 
changed. 
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residues at positions 16,17, and 18 in the N-terminus of Stx as important for 
Gb3 binding (Table 3; JACKSON et a1. 1990b; TYRELL et a1. 1992), These same 
aspartic acid residues were found to be involved in Gb3 interactions in the 
crystallographic study of the Stx1 B pentamer bound to a Gb3 analogue (LING 
et a1. 1998), Interestingly, these adjacent aspartic acids are thought to be 
involved in different Gb3-binding sites such that 016 is in site 2, 017 is in site 
1, and 018 is in site 3 (LING et aL 1998). Other important B-subunit amino 
acid residues (Table 3) identified by both genetic and crystallographic means 
include F30 (CLARK et a1. 1996) in sites 1 and 2 (LING et aL 1998), R33 (PERERA 
et a1. 1991; JEMAL et aL 1995) in site 2 (LING et a1. 1998), and G60 (PERERA et 
a1. 1991) in site 1 (LING et aL 1998). Although neither A43 nor K53 appear to 
be involved in hydrogen-bond formation or hydrophobic interaction with Gb3 
(LING et a1. 1998), mutation of either of these residues results in reduced Gb3 
binding and cytotoxicity (Table 3; PERERA et a1. 1991; KHINE and LINGWOOD 
1994). Thus, residues A43 and K53 may influence Gb3 binding without direct 
interaction. Finally, the 064E/K660 double mutant of Stx2e changes its re
ceptor preference from Gb4 to Gb3 (TYRELL et aL ] 992). A model of the 
Gb4-binding specificity of Stx2e, based on LING et a1.'s (1998) prediction of 
Gb3-binding sites for Stx1, places 064 and K66 in site 1 (CUMMINGS et aL 1998; 
in this reference, the residues are numbered 065 and K67 in order to line up 
the Stx1 and Stx2e amino acid sequences). 

D. Intracellular Trafficking of the Shiga Toxins 

An outline of the current model (SANDVIG and VAN OEURS 1996; SANDVIG et 
a1. 1997) of the predominant pathway by which Stx intoxicates sensitive cells 
is as follows: (1) the B pentamer of holotoxin binds to Gb3; (2) the entire 
receptor-holotoxin complex is endocytosed; (3) the complex moves by retro
grade transport from the endosomal compartment to the trans-Golgi network 
to the Golgi to the endoplasmic reticulum (ER); and (4) the Al subunit is 
released in the cytoplasm, where it targets the ribosome (EN DO et al. 1987). 
The binding of the Shiga toxins to Vero cells is influenced by the fatty
acid-chain length in the ceramide moiety of Gb3, such that Stx1 preferentially 
uses C22:1Gb3 while Stx2c interacts more productively with C18:1Gb3 
(KIARASH et a1. 1994). Whether such differences in Vero cell binding translate 
to subtle alterations in the pathology induced by these two toxins remains to 
be determined. Following binding of the toxin to Gb3, the toxin-receptor 
complex is endocytosed. Although Sandvig'S group has indicated that the 
endocytosis occurs through clathrin-coated pits (SANDVIG et al. 1989, 1991), a 
recent study indicates that the Stx1 B subunit may also enter the cell in a 
clathrin-independent manner (SCHAPIRO et a1. 1998). The point at which the A 
subunit of the toxin is nicked is not clear. We hypothesize that the A subunit 
may be nicked by an intestinal protease prior to step 1 above. since we detect 
such cleavage activity in crude mouse or human intestinal-mucus preparations 
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(MELTON-CELSA and O'BRIEN 1996). Stx is also sensitive to cleavage by furin 
(GARRED et al. 1995), a protease found mainly in the trans-Golgi network but 
also on the cell surface and in endosomes (MOLLOY et al. 1994). The step at 
which the nicked A subunit is reduced to separate AI from A 2B5 is unknown 
but probably occurs after the toxin arrives in the ER, since both the holotoxin 
and the Stx B subunit have been visualized within the ER (SANDVIG et al. 1994; 
SANDVIG and VAN DEURS 1996). MENIKH et al. (1997) have proposed that the 
C-terminus of the Stx AI subunit acts as a signal sequence which, at pH 7, 
promotes translocation of AI across the membrane of the ER. 

E. Virulence/Toxicity Differences among the Stxs 
Investigations of the toxicity of the Stxs have revealed that Stx2 and its vari
ants are more toxic than Stx1 when injected in pure form into mice or when 
STEC is fed orally to Str-treated mice (Table 1; MELTON-CELSA and O'BRIEN 
1998). Stx2 is also about lOOO-fold more toxic in vitro than Stxl for human 
renal microvascular endothelial cells (LOUISE and OBRIG 1995). Epidemiolog
ical data also support a more critical role for Stx2 than Stxl in the develop
ment of HUS (SCOTLAND et al. 1987; OSTROFF et al. 1989). However, both S. 
dysenteriae type 1 that make Stx and E. coli that produce only Stx1 have been 
associated with HUS cases. We speculate that more Stx1 than Stx2 is required 
to produce disease and that such levels of Stx1 are less frequently achieved 
either because: (1) not enough Stx1 is produced by the infecting organism 
or (2) because Stxl, which binds more avidly than Stx2 to Gb3 (TESH et al. 
19<)3; OBRIG 1998), is not transported as efficiently as Stx2 intracellularly 
or systemically. 

F. Immune Response to Stxs, Passive Anti-Stx Therapy, 
and Vaccine Development 

I. Anti-Toxin Responses during STEC Infection 

Data on the frequency of cytotoxin-neutralizing-antibody responses from 
individuals infected with Stx2-producing STEC are not available, because the 
presence of Stx2-interfering substances in human sera causes false-positive 
neutralization-assay results (BARRETT et a!. 1991; BrrzAN et al. 1993; RowE et 
al. 19<)3; SCOTLAND et al. 19<)4). By contrast, the anti-Stx1 response is measur
able, and a subset of children infected with Stx I-producing STEC who develop 
the HUS mount a cytotoxin-neutralizing, anti-Stxl response. However, the 
percentage of anti-Stx1 seroconverters reported among children varies by 
country, from a low of 9% in Germany (BrrzAN et al. 1993) to 18% in Italy 
(CAPRIOLI et al. 1992) to 55-59% in Canada (KARMALI et al. 1<)85; RowE et al. 
1 <)93) to a high of 61 % in Argentina (NOVILLO et al. 1988). These percentages 
are in contrast to the levels of anti-Stxl in uninfected children, reported as 0% 
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in Germany (BITZAN et a1. 1993) and 3% in Italy (CAPRIOLI et a1. 1992). One 
explanation for the failure to observe a cytotoxin-neutralizing anti-Stxl 
response in a larger portion of children with HUS is that the amount of toxin 
necessary to consistently elicit such a response may be at or close to a lethal 
dose. 

That low-dose exposure to Stxl may be protective is suggested by two 
lines of circumstantial evidence. First, HUS occurs less frequently in adults 
than in children, and the percentage of adults with anti-Stxl neutralizing anti
bodies in their sera is considerably higher (11-30%) than in children (0-3%; 
BARRETT et a1. 1991; CAPRIOLI et a1. 1992; BITZAN et al 1993; SIDDONS and 
CHAPMAN 1993; SCOTLAND et al 1994). Second, in one study (WILSON et al., 
1996), healthy dairy-farm workers and their families had higher frequencies 
of anti-Stxl neutralizing antibodies than their age-matched counterparts in the 
general population. These titers occurred in individuals who have no indica
tions of clinical illness, even though some of them were found to harbor STEC. 
The authors of this dairy-farm-family study concluded that subclinical (or 
mild) infections with non-0157 STEC acquired from dairy cattle are immu
nizing for children at a young age. 

II. Passive Therapy with Anti-Stx Antibodies 

If, as the accumulated evidence strongly suggests, the production of Stxs by 
S. dysenteriae type 1 or STEC is required for development of the HlJS as a 
sequela of these infections, then passive administration of anti-Stx antibodies 
should ameliorate disease (if not protect the patient), depending on the timing 
of antisera administration. This hypothesis, which is in keeping with the evi
dence on other toxin-mediated systemic diseases such as tetanus, botulism. 
and diphtheria, is the basis for current efforts to develop such prophylactic 
products. Two approaches to development of anti-Stx1 and anti-Stx2 anti
bodies for passive therapy are currently underway. First. Gerald Keusch and 
colleagues are attempting to prepare hyperimmune anti-Stx1 and anti-Stx2 
sera by injecting volunteers with toxoids (KEUSCH et a1. 1998) and harvesting 
and concentrating their immunoglobulins. Second, we and our collaborators 
have prepared cloned humanized anti-Stx1 and anti-Stx2 for human use 
(EDWARDS et a1. 1998). Although neither type of product has yet entered 
phase-I safety tests, the humanized monoclonal antibodies have been shown 
to protect animals against toxin (EDWARDS et a1. 1998), and similar results are 
anticipated for polyclonal anti-Stxl and Stx2 hyperimmune globulin. 

III. Vaccine Development 

No vaccine is currently licensed to protect individuals from infection or disease 
caused by S. dysenteriae type 1 or STEC. There are valid arguments for and 
against the need for such a vaccine (LEVINE 1998; TAUXE 1999). If such an 
approach is ultimately deemed worthy of financial investment hy a company. 
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a key component for such vaccines would be Stx1 and Stx2 toxoids. We 
propose that Stx toxoids should be generated by either rendering holotoxins 
enzymatically inactive by genetic mutation or by isolating non-toxic subunits 
of toxins. Our experience with the difficulties of fully chemically toxoiding Stx1 
(see above section on toxin purification) and Stx2e (GORDON et a1. 1992) make 
us wary of the potential for reversion of Stx toxoids into toxic molecules. 

Delivery of the toxoid vaccines could be in the form of inoculated or 
inhaled toxoid-intimin conjugates, injection of an 0157:H7 polysaccharide
toxoid conjugate (BUTTERTON and CALDERWOOD 1998; KONADU et a1. 1998b), 
or ingestion of attenuated organisms that express one or more toxoids or sub
units of toxin. Tests of an 0157 LPS conjugate to Pseudomonas exotoxin A as 
a predecessor for a similar vaccine conjugated to Shiga toxoid have passed 
phase-I safety tests (KONADU et a1. 1998a). 

G. Summary 
The Shiga-toxin family comprises a group of A:B5-subunit toxins that have 
the unique attribute of sharing enzymatic function with a plant toxin, ricin. 
Furthermore, the fact that most of these toxins bind avidly to Gb3 has opened 
the possibility that Gb3-expressing tumors may be targets for elimination by 
Stxs. This potential therapeutic use for Stxs is in contrast to the negative effect 
these toxins have on human health by their contribution to the pathogenesis 
of HC and HUS. Continued efforts towards the understanding of the biology 
of the Stxs and the organisms that produce them and the development of effec
tive therapies and vaccines will be important in our attempts to eliminate these 
diseases. 
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CHAPTER 18 

Clostridial Neurotoxins 

H. BIGALKE and L.F. SlmER* 

A. Introduction 
Tetanus and botulism are long-lasting, severe and often fatal diseases caused 
by the eight serologically distinct proteins tetanus toxin and botulinum toxins 
A, B, C 1, D, E, F and G. Although the main effect of all of these toxins is a 
dysfunction of striated muscles, the symptoms of tetanus and botulism arc 
diametrically opposed. Tetanus is characterized by recurring spasticity of 
antagonistic skeletal muscles, and it is these dramatic symptoms that have 
attracted physicians for centuries. Hippocrates remarked in his Aphorisms 
(380 BC) "Spasm supervening on a wound is fatal. .. Such persons as arc 
seized with tetanus either die within four days, or if they pass these they 
recover" (ADAMS 1849). In ancient Egypt, tetanus was also well known. It was 
named after one of the predominant symptoms, "lock jaw" (NUNN 1996). A 
very accurate description of the clinical signs was given by Aretaeus (Ist 
century AD), who lamented, "An inhuman calamity! An unseemly sight! But 
neither can the physician furnish any assistance, as regards life, relief from pain 
or from deformity" (ADAMS 1856). Sir CHARLES BELL, a British neurologist, 
was the artist who produced the famous drawing (Fig. 1) of a soldier suffering 
from severe tetanus (BELL 1824). Before muscle relaxants were introduced 
and intensive care was available, such patients were doomed. 

Botulism is a disease at least as fatal as tetanus. The symptoms of botulism 
resemble those of other neurological disorders, and only in relatively recent 
times have they been associated with the distinct condition of botulism. Inter
estingly, food poisoning, which in retrospect can be assumed to have been 
caused by contamination with Escherichia coli, staphylococcal and clostridial 
organisms, had been recognized for centuries as the source of a variety of severe 
disorders. Practical instructions for the production of a deadly material (pre
sumably botulinum toxin) were published by the Indian poison expert, 
Schanaqua, 400 years ago: "Fill the gut of a sheep with the blood taken from the 
carotid artery of a black bull, tighten both ends, and hang it in the shadow of a 
mulberry tree. When dried grind the content firmly. A pinch of the powder 
mixed with food will kill the consumer within three days."The first noteworthy 
description of clinical botulism (Fig. 2), unsurpassed to this day, has been handed 

* Deceased, August 24th 1999 
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Fig. I. Sir CHARLES BELL (1774-1842), the famous British physiologist and author of 
"New Idea of Anatomy of the Brain", which is known as the "Magna Carla of Neu
rology", painted this picture of a soldier wounded in the Peninsular War (!808-1H14) 
and suffering from tetanus. BELL captured the characteristic symptoms in a brilliant 
manner. All skeletal muscles are in maximal contraction. The predominant neck and 
back muscles cause opisthotonus, and the predominant flexors lead to the bending of 
arms, fingers and toes. Characteristic symptoms are trismlls (lock jaw) and rislIs sar
donicus resulting from the contraction of the masticatory and facial muscles, rcspec
tively (from " Essay on the Anatomy and Philosophy of Expression". London. lH24) 

down from the German romanticist and physician, JULIUS KERNER (KERNU 
1817, 1820,1822). He described not only the symptoms related to motoneuron 
failure but also those caused by dysfunctional vegetative nerves, such as the 
inability to produce earwax. He also experimented on animals to find the poison 
that "hindered the function of peripheral nerves that behave like a rusty wire 
conducting electricity" and even proposed its use for treating hyperkinesia. 

Our knowledge of clostridial neurotoxins has mushroomed in recent years 
due to newly developed techniques and the impact the toxins have had as tools 
used in cell biology, molecular biology and pharmacology. Once the toxin~,' 
amino acid sequences became known (EISEL et a!. 1986; FAIRWEATHER an j 
LYNESS 1986) speculations, soon to be proven correct (SANDERS and HABB
MANN 1992; WRIGHT et a1. 1992; VILLlERS et a!. 1993), arose as to their possible 
enzymatic roles. Although synaptic proteins were biochemically well chara(> 
terized, their function in exocytosis remained a mystery. It was not until tile 
clostridial toxins were employed as tools that the role of synaptic proteins 
in vesicle turnover was revealed (SCHIAVO et a!. 1992a, 1992b, ] 992c, 1993:1, 
1993b, 1993c, 1994a, 1994b, 1995; BLASI et a!. 1993a, ]993b; HAYASHI et a!. 1994; 
YAMASAKI et a!. 1994a, 1994b, 1994c). Eventually, the toxins lost their once 
nightmarish character to become drugs beneficial in the treatment of various 
neurological disorders (Scon 1989). Such an outcome had been anticipakd 
by KERNER in ]822. They have even gained acceptance as lifestyle drugs, 
replacing surgery as a means to remove facial wrinkles (CARRUTHERS and 
CARRUTHERS 1992). Although many disciplines are involved in the investiga
tion of clostridial toxins, this review focuses mainly on the pharmacological 
approach and the role the toxins playas tools in cell biology. 
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Fig. 2. Photograph of the 1822 paper by J. KERNER describing the symptoms of poi
soning with sausages 

B. Tetanus and Botulism in Man and Animals 

I. Modes of Poisoning 

Although seven serotypes of botulinum toxin are known, only types A, Band 
E playa major role in intoxication in man, while type F is of minor impor
tance only. The other serotypes are involved in animal poisoning. For example, 
type C[ predominantly affects birds (FRIEND and LOCK 1987). The routes by 
which the toxins gain access to the vascular system are probably the same in 
man and animals. 

The toxins are produced by Clostridium botulinum, C. barati and C. 
butyricum under anaerobic conditions in protein-rich environments 
(VAN ERMENGEM 1897; BURKE 1919; HALL et al. 1985; MCCROSKEY et al. 1986; 
HATHEWAY 1989; MENG et al. 1997). When contaminated food is ingested, the 
pre-formed toxin is absorbed from the intestine. Although the toxins are 
proteins, they are probably protected against digestive enzymes by a complex 
consisting of hemagglutinins and nontoxic, nonhemagglutinating proteins 
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(SUGIYAMA 1980). In addition, the hemagglutinins appear to facilitate thc pen
etration of the neurotoxins through the mucosal wall (OHlSHl et a!. 1977; SUGH 
et a!. 1977; FUJINAGA et a1. 1997; Fu et a!. 1998; SHARMA and SINGH 1998). 
However, botulinum neurotoxin (BoNT)/A complex can also be formed in 
the lower intestines of infants who have ingested food contaminated with 
the ubiquitous clostridial organisms. The latter colonize the intestine and 
cause infant botulism (ARNON 1980). A third mode of botulinum-toxin 
poisoning resembles that of poisoning by tetanus toxin. Like tetanus toxin. it 
can be synthesized in infected and poorly oxygenated wounds. Upon distrib
ution within the vascular system, wound botulism (BURNINGHAM et a!. 1994) 
will ensue. 

II. Clinical Manifestations 

The symptoms of botulism are common to all neuropathologic serotypes. 
Depending on the amount of toxin ingested, the first signs appear after 1-3 
days. They are caused by inhibition of neuromuscular transmission at cholin
ergic synapses. Tightly controlled muscles, such as those in the eye. become 
paralyzed first. In severe cases, all striated muscles are enervated to some 
extent, and this leads to respiratory failure. Autonomic disturbances, such as 
mydriasis, dryness of the mouth and eyes, tachyarrhythmia, atonia of the intes
tine, and adiaphoresis, are further signs of the disease. In contrast to botulism. 
tetanus is characterized by rhythmic spasticities of striated muscles (Fig. 1). 
The forces attacking the tendons can be so strong that fractures of bones and 
the processes of vertebrae can occur. The therapy for both diseases is similar. 
Patients suffering from tetanus are first treated with a muscle rclaxant. Irre
spective of whether they are paralyzed by muscle relaxants or botulinum toxin. 
they then receive artificial respiration and intensive care, as required (T ACKEI 
and ROGAWSKI 1989; SUN et a!. 1994; TOWNES et a!. 1996; ArTYGALLE and 
KARALLIEDDE 1997). The diseases can last from a few days in mild cases to 
several weeks in severe cases where all skeletal muscles are affected by spas
ticity and paralysis. 

III. Pathophysiology 

All symptoms caused by botulinum toxins are due to the inhibition of acetyl
choline release from peripheral cholinergic, motor and autonomic nerve' 
endings. Following absorption from the intestine, the toxins are distributed viel 
the blood into the extracellular body fluid. It is not clear yet whether the neu
rotoxins alone, the whole complex or the individual complex components pas:; 
into the blood. In wound botulism, the entire complex is produced in the tissue. 
At physiological pH, however, the complex dissociates, and it is the free neu
rotoxin that causes the disease. Since botulinum toxin and immunoglobulin-; 
have similar molecular mass (MW) and charge. the volumes of distribution of 
both proteins are probably identicaL i.e .. O.6L1kg. It can bc estimated from 
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therapeutic doses of BoNTI A that a blood concentration as low as 0.15 pg/ml 
causes recordable muscle weakness (OLNEY et al. 1988; GIRLANDA et al. 
1992). Since concentration-response curves derived from human striated 
muscles in vivo are steep (WOHLFARTH et al. 1997), one can expect that a 
50- to 100-fold increase in concentration may be fatal. Thus, if applied paren
terally, the lethal adult dose would be between lOOng and 1000ng of pure 
neurotoxin. 

Based on in vitro experiments, a three-step model for the paralytic action 
of botulinum toxins was proposed (SIMPSON 1980,1981). In the first step, they 
bind to unidentified peripheral, presynaptic receptors (DOLLY et al. 1984; 
BLACK and DOLLY 1986a, 1986b). (Binding sites have also been shown to be 
present in brain preparations (HABERMANN and HELLER 1975; KOZAKI 1979; 
AGUI et al. 1983; WILLIAMS et al. 1983; CRITCHLEY et al. 1988; KOZAKI et al. 1989; 
HERREROS et al. 1997». In the second step, the toxins are taken up into nerve 
terminals by receptor-mediated endocytosis (BLACK and DOLLY 1986a, 1986b), 
which can be inhibited by chloroquin (SIMPSON 1982; SIMPSON et al. 1994). In 
the third step, muscles are paralyzed by the failure of nerve terminals to 
release the transmitter. 

The main symptoms of tetanus are caused by the inhibition of glycine 
and r-aminobutyric acid (GABA) release from inhibitory interneurons in 
the ventral horn of the spinal cord (NIEMANN 1991). It is likely that tetanus 
toxin is distributed into the same compartments that are entered by the 
BoNTs. Using data derived from an accident involving tetanus neurotoxin 
(TeNT)-contaminated blood (RETHY and RETHY 1997), the lethal human blood 
concentration of TeNT has been calculated to be in the same range as the 
lethal concentration of BoNT/ A. Thus, the dose of TeNT lethal to an adult is 
also somewhere between 100 ng and 1000 ng. 

Analogous to BoNTs, TeNT also binds to peripheral nerve terminals, 
where it is taken up by receptor-mediated endocytosis. From the nerve termi
nals, the toxin is actively transported within motor fibers to the ventral horn, 
where it finally arrives in interneurons. Thus, the whole toxin molecule passes 
through plasma membranes three times: (1) by entering and (2) by leaving 
motoneurons, and (3) by entering interneurons. Binding to interneurons, up
take into their cytosol and inhibition of transmitter release probably follow 
the three-step model discussed above for BoNT. Spasticity develops when 
release of inhibitory transmitter decreases. The lack of inhibitory input causes 
hyperactivity of a-motoneurons, and stimulation arriving from upstream is 
passed on, unfiltered, downstream. Optical, acoustical and tactile inputs 
generate the characteristic rhythmic convulsions. 

The actions of clostridial neurotoxins have been studied in many in vitro 
models. It was found that all toxins of this group are capable of inhibiting 
the release not only of transmitters, but also of hormones; moreover, they 
obstruct the translocation of distinct plasma membrane proteins. Amongst 
the transmitters prevented from release by clostridial toxins are glutamate, 
GABA, glycine, noradrenaline, acetylcholine, various peptides and dopamine 
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(AHNERT-HILGER and BIGALKE 1995). The toxins affect not only neuronal cells 
and preparations but also chromaffin cells (BITTNER and HOLL 1988; MARXEN 
et al. 1989), pancreatic cells (SADOUL et al. 1997), parietal cells (JONS et al. 
1999) and macrophages (PITZlJRRA et al. 1989). While the toxic actions of TeNT 
and BoNTs at the neuromuscular junction resemble each other (HABERMANN 
et al. 1980; DREYER 1989), the concentrations leading to the inhibition of acetyl
choline release vary considerably. BoNT/A is 1000 times more potent than 
TeNT at this site. At central synapses, their potencies are reversed, and TeNT 
is lOOO times more potent than BoNT/A (BIGALKE et al. 1981. 1985). Investi
gations regarding quantal release at the neuromuscular junction, however, 
have revealed that the mode of action by which the toxins inhibit transmitter 
release seems to vary also. Differences were obvious even amongst the BoNTs. 
While the transmitter release blocked by BoNT/A can be restored by increas
ing stimulation or applying black widow spider venom and various secreta
gogues, the blocks caused by TeNT and BoNT/B, C 1 and E are resistant to 
these manipulations (DREYER 1989). Similar results were obtained in studies 
with chromaffin cells (MARXEN et al. 1991 a). Moreover, the nerve-evoked 
quantal release from TeNT- and BoNTlB, C 1 , and E-treated nerve terminals is 
dissociated from stimulation, whereas, with type-A toxin, there is a correlation 
between stimulation and response (DREYER et al. 1984, 1987; BI(;ALKE, unpub
lished). It appears that the toxins interfere in different ways with steps leading 
to secretion. These steps have now been identified and will be discussed below. 

C. Structure of Clostridial Neurotoxins 

I. Genetic Determination 

While TeNT is found in only onc species, C. {etani, BoNTs are produced by a. 
least six different species, including C. /mtyricum (AUREl.l et al. 1986; 
MCCROSKEY et al. 1986) and C. banlti (HALL ct al. 1985; MCCROSKY et al. 1991). 
Moreover, there are strains that express more than one BoNT (SUGIYAMA el 
al. 1972; HATHEWAY et al. 1981; GIMENEZ 1984), while others carry the gene, 
for two toxins but synthesize only one (CORDOBA et al. 1995; MINTON 1995). 
The C. botulinum strain C6813 contains a gene that encodes a hybrid toxin, 
HwL-chain/Ct-HclD (OCHANDA et al. 1984; MORISHI et al. 1996). Thus, unlik,~ 
the TeNT gene which remains true to a single organism, the BoNTs' encod
ing genes are distinguished by their promiscuity. All strains, including C. {etan;, 
may lose pathogenicity, which correlates with the loss of their toxin-encoding 
genes (NIEMANN 1991; HENDERSON et al. 1997). The genes encoding TcNT 
(HARD et al. 1977; LAIRD et al. 1980; FINN et al. 1984) and BoNT/G (EKLUND 
et al. 1988) are associated with a plasmid. Those encoding BoNTle l (Fig. ::.) 
and D are found in bacteriophages (INOUE and IlDA 1968. 1970; VINET et al. 
1968; DOLMAN and CHANG 1972), and the genetic information for BoNTI A. B. 
E and F (BINZ et al. 1990a, 1990b; THOMPSON et al. 1990; KURAZONO et al. 19Y:') 
resides on the bacterial chromosome (NIEMANN et al. 1 Y94). 
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Fig. 3. Electron micrograph of a tox+ 
bacteriophage encoding botulinum neuro
toxin C 1 (courtesy of M.W. EKLUND, 
National Marine Fisheries Service, Seattle, 
Wash., USA) 

II. Structure of Proteins 

413 

The clostridial neurotoxins belong to the so-called AB class of toxins. They 
consist of two separate parts with different functions. One part is the phar
macokinetic unit, which navigates the other part, the pharmacodynamic unit, 
through the plasma membrane into the compartment, where the latter per
forms its crucial action. Generally, the pharmacodynamic unit is an enzyme 
interacting with high specificity with only one or a few chemically related sub
strates. The pharmacokinetic unit, termed the heavy chain (H-chain), is the 
larger part of the molecule (MW = 100000Da), while the enzymatic portion 
(MW = 50000) is referred to as the light chain (L-chain). The organisms 
produce the proteins as inactive single chains which, to become active, must 
be cleaved by limited proteolysis at a distinct "nicking site". Physiologically, 
nicking is performed by co-released clostridial proteases, which can, however, 
be replaced by trypsin or various other proteases (WELLER et al. 19)-\8; 
HABERMANN et al. 1991). The resulting two proteins are connected by an inter
chain disulfide bond and ionic interactions and represent the actual neuro
toxins (MW = 150000Da). The neurotoxins can only be separated into their 
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Fig.4. Schematic structure of single-chain botulinum neurotoxin A. The numbers iden
tify amino acid positions at which proteolytic cleavage and disulfide reduction occur 
(BINZ et al. 1990). The resulting di-chain molecule consists of the L-chain , in which the 
Zn2+ binding moiety is located , and the H-chain. The C-terminal portion (He) of the 
H-chain is responsible for binding. A fragment consisting of the N-terminal portion 
(H N) of the H-chain attached to the L-chain (HN-chain- L-chain) is formed when pro
teolysis at both susceptible sites occurs in the absence of reduction 

chains if extreme conditions are employed, such as the application of a pH 
gradient. The reduction of the disulfide bond is not sufficient to accomplisr 
this, because the chains are charged oppositely. The isoelectric points for L 
chain-TeNT and H-chain- TeNT are 4.8 and 7.2, respectively (SATHYAMOORTHY 
and OASGUPTA 1985; WELLER et al. 1989). Once the chains are dissociated , tox 
icity vanishes, because the H-chain has no enzymatic activity, and the L-chain 
is not capable of penetrating membranes. Under appropriate conditions, tht ~ 

chains can be reconstituted to form active neurotoxin . Heterodimers of the H
chain and L-chain of different serotypes have also been prepared (WELLER et 
al. 1989, 1991). Figure 4 provides an overview of the structures of clostridic: I 
neurotoxins. 

The botulinal neurotoxins, but not tetanus toxin, are embedded in a 
complex formed from hemagglutinins and a non-toxic, non-hemagglutinating 
protein. The complexes of different serotypes vary in molecular size (MW = 
300 000-900 000 Oa). They enhance oral toxicity by stabilizing the neurotoxins 
and, most likely, facilitate their absorption from the intestine, as recent ly 
shown for type A and C 1 neurotoxins (FUJINAGA et al. 1997; SHARMA and SINGH 
1998). The composition of the complexes may contribute to the differences 'n 
oral toxicity observed in various animals (Gill] 982). Since teta nus toxin lacl;s 
stabilizing proteins, it is almost non-toxic when given orally. 

Although serologically different , the clostridial neurotoxins share regiolls 
of highly conserved amino acid sequences. Toxins of the same serotypes prJ
duced by the same species are almost identical. However, he terology in the 
amino acid sequences increases in the same serotypes produced by different 
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groups of organisms. The overall amino acid homology among the different 
serotypes, including TeNT, is 30-40% (EISEL et al. 1986; FAIRWEATHER and 
LYNESS 1986; HENDERSON et al. 1997). Both the L-chain and H-chain exhibit 
regions of highly conserved domains. All L-chains contain a common Zn2t_ 
binding sequence, HELxHxxH, which can also be found in various metallo
proteases, such as thermolysin (JONGENEEL et al. 1989; SCHIAVO et al. 1992a, 
1992b, 1992c, 1993; WRIGHT et al. 1992; DE PAIVA et al. 1993). The presence of 
Zn2+ is a prerequisite for the enzymatic activity of the L-chain (SANDERS and 
HABERMANN 1992; SIMPSON et at. 1993; ADLER et al. 1997). A membrane-span
ning region, PYxGxAL, can be found in the H-chain of all neurotoxins 
(HENDERSON et al. 1997). Moreover, the H- and L-chains of all neurotoxins 
share the disulfide linkage that, in BoNTI A for example, connects Cys 440 (L
chain) and Cys 460 (H-chain). The C-terminal portions of the H-chains contain 
the greatest heterogeneity. They are involved in receptor binding, and their 
diversity may explain the lack of competition for binding sites between the 
different serotypes (HENDERSON et al. 1997). 

All clostridial neurotoxins may have derived from a single ancestral gene. 
The diversity in amino acid composition that reflects mutations at the level 
of DNA may be a measure of the time elapsed since the toxin prototype 
emerged. With respect to the n urn ber of mutations, it is unlikely that Clostridia 
had originally produced the neurotoxins to kill mammals. It is more likely that 
an ancestral type of substrate (prototype substrate) also existed and occurred 
in "primitive" eukaryotes. Both the ancestral toxin and substrate have 
diverged to highly specialized components of prokaryotes and eukaryotes. 
One can conclude that, phylogenetically, clostridial neurotoxins (and pro
bably all other protein toxins) followed the development of their respective 
substrates and that Clostridia continue to benefit from their ability to block 
exocytosis in mammals. 

Recently, the crystal structure of BoNTIA was deduced (LACY et al.1998). 
The arrangement of the three-dimensional structure confirmed, for the most 
part, what had been predicted from the amino acid sequence and various 
experiments. The toxin consists of three spatially separated functional 
domains: the catalytic, binding, and membrane-spanning units, the last being 
responsible for translocation through membranes (Fig. 5). Uniquely, part of 
the translocation domain wraps around the enzyme like a belt. This may be 
the reason for the proteolytic inactivity of the non-reduced and non-nicked 
neurotoxin (AHNERT-HILGER et al. 1989b), because its active site is buried 
20-24 A deep within the protein and is accessible only through a channel 
shielded by the belt. The active site contains a Zn2+ which is coordinated by 
His 222, His 226 and Gin 261. One water molecule is bound by Gin 223. The 
entire unit is 55 x 55 x 62A and is a mixture of a-helix and f3-pleated-sheet 
secondary structures. 

The binding domain contains two sub-domains: one binds to a ganglioside 
and the other to a protein receptor. They are spatially separated from the cat
alytic domain by the translocation domain; thus, their entire surface is avail-
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Fig.S. Three-dimensional structure of botulinum neurotoxin A. The designations refer 
to the major components of the toxin, as described in Fig. 4. The Zn2+-containing active 
site is buried within the catalytic domain. The nicking site between the L- and H-chains 
is indicated by "X" . The translocation-domain belt wraps around the catalytic domain 
and is indicated by arrows. For a stereo view, see LACY et al. (1998) (courtesy of R. 
STEVENS, University of California, Berkeley, Calif., USA) 

able for binding. Binding domains in BoNTI A and TeNT share structura 
homology (UMLAND et al. 1997). The differences in receptor recognition migh 
be reflected by the different lengths of the C-terminal sub-domains. Both sub· 
domains share structural homology with lectins, serum amyloid P, fJ-glucanasc 
and sialidase, all of which are known to bind to gangliosides that supposedl:( 
are also part of the clostridial neurotoxins' receptors (BIGALKE et al. 198(',; 
MONTECUCCO 1986; MARXEN and BIGALKE 1989; MARXEN et al. 1989; NlsHIKI et 
al. 1996). The similarity mentioned above between lectins and botulinum 
toxins may account for their competitive binding properties (BAKRY et al. 
1991). 

The clostridial neurotoxins must pass through endosomal membranes to 
gain access to the cytosol, where the substrate is localized. Translocation is 
accomplished at low pH by the membrane-spanning unit. Thus, a structuf:11 
change in its conformation must take place when the pH decreases. The 
a-helices most likely to be involved in the translocation domain resemble 
those of coiled-coil viral proteins, human immunodeficiency virus I gp411 
GCN4, influenza hemagglutinin and the MoMuLV TM fragment (BULLOU(;f1 
et al. 1994; Fass et al. 1996; WEISSENHORN et al. 1997; LACY et al. 1998), all of 
which penetrate membranes following pH-dependent structural chang,~s. 

Although the proteins mentioned do not actually pass through pores, the cc n
ductivity of membranes may temporarily increase during penetration, thereby 
simulating pore formation. This has recently been demonstrated for TeNT 
(BIGALKE et al. 1996). 
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D. Toxicokinetics of Clostridial Neurotoxins 
Using nerve-muscle preparations (DREYER 1989; SIMPSON 1989), it was possi
ble to divide the process of intoxication into three steps. In the experimental 
approach adopted, the muscle was used as an instrument for quantifying the 
actions of the toxins within the nerve endings. Although the conditions under 
which the toxins bind, pass through membranes and inhibit transmitter release 
were well characterized, the model did not provide detailed insights into the 
intracellular processing of the toxins. Accordingly, the finding that the final, 
paralytic step was heavily temperature dependent led to the somewhat sim
plified interpretation that it was an enzymatic reaction. It is now known for 
sure that neurotoxins are proteases. Although proteolysis can take place at 
temperatures as low as 20°C (AHNERT-HILGER and WELLER 1993), paralysis in 
isolated nerve-muscle preparations (SCHMITT et al. 1981) cannot occur. There
fore, the process of poisoning is probably more complicated than can be con
cluded from the experiments mentioned. In contrast with the in vitro situation, 
the interactions of enzymes and substrates in vivo must be preceded by addi
tional events, such as an intracellular modification of the toxin. For example, 
whereas L-chain-TeNT is sufficient to cleave synaptobrevin-2 in test tubes 
(see below), it is necessary to employ the whole toxin to achieve an effect in 
intact cells. 

I. Receptor Binding and Internalization 

Clostridial neurotoxins enter the nervous system at the presynaptic region of 
the neuromuscular junction (WERNIG et al. 1977; DOLLY et a1.1984; BLACK and 
DOLLY 1986a, 1986b) and at autonomic nerve endings (AMBACHE and LIPPOLD 
1949; HENSEL et al. 1973). Apart from peripheral nerves, TeNT also binds non
specifically to thyroid and renal tissues and pancreatic islet cells (LEDLEY et 
aI. 1977; EISENBARTH et al. 1981; HABERMANN and ALBUS 1986). This binding, 
however, lacks any relevance for pathogenicity. In contrast to other tissues, 
neuronal tissue is rich in gangliosides that contain more than one neuraminic 
acid residue (WIEGANDT 1985). TeNT and BoNT types A, B, C 1 and F bind 
preferentially to this group of gangliosides (VAN HEYNINGEN and MILLER 1961; 
SIMPSON and RAPPORT 1971; VAN HEYNINGEN and MELLANBY 1973; OCHANDA 
et al. 1986; KOZAKI et al. 1998). The ganglioside-recognition site is located in 
the C-terminal 34 amino acid sequence of the H-chain. This has recently been 
demonstrated for TeNT by using a ganglioside-photoaffinity ligand (SHAPIRO 
et al. 1997). TeNT and BoNTI A bind to different types of gangliosides 
(MARXEN and B IGALKE 1989; MARXEN et al. 1991 b). While the inhibitory action 
of TeNT is mediated mainly by type GD1b, BoNT acts via GD1a and GT1 b 
(OCHANDA et al. 1986; MARXEN and BIGALKE 1989). Consequently, these toxins 
do not compete with each other for the same binding sites (WILLIAMS et al. 
1983; DOLLY et al. 1984; WADSWORTH et al. 1990). Clostridial toxins do not bind 
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the ubiquitous ganglioside GM1, which is the receptor for cholera toxin 
(CRITCHLEY et al. 1988; NIEMANN 1991). Binding of clostridial toxins occurs 
upon direct exposure to isolated nerve cells, brain preparations and nerve cell 
lines (HABERMANN and HELLER 1975; KITAMURA 1976; DIMPFEL et al. 1977; 
WILLIAMS et a!. 1983; WELLHOENER and NEVILLE 1987; CRITCHLEY et al. 1988; 
LI and SINGH 1999). Moreover, clostridial neurotoxins bind to solid surfaces 
(HOLMGREN et a!. 1980), lipid vesicles (MONTECUCCO et al. 1989), artificial mem
branes (Y AVIN et al. 1987) and chromaffin cells (MARXEN and BIGALKE 1989: 
MARXEN et at. 1989, 1991b) when these structures are artificially decorated 
with gangliosides. Even toxin-insensitive chromaffin cells become sensitized 
through this treatment, and hormone release is inhibited. Although clostridial 
toxins will bind to gangliosides in these systems, their binding affinities are low 
(MONTECUCCO and SCHIAVO 1995) compared with those of nerve cells. For 
TeNT, at any rate, the binding constant is in the picomolar range (WELLHOENER 
and NEVILLE 1989). 

Based on these observations, a double receptor was proposed in 
which one part is formed by the ganglioside, while the other part consists of 
a protein expressed selectively in neuronal tissue. Accordingly. nerve cell 
proteins were shown to be involved in toxin binding (PIERCE et at. 1986: 
PARTON et al. 1988; SCHIAVO et al. 1991). BoNTIB binds not only to ganglio
sides but also to the N-terminal portion of the vesicular protein synaptotag
min (NISHIKI et at. 1994,1996). The N-terminal part of synaptotagmin projects 
into the lumina of transmitter-containing vesicles (NISIIIKI et at. 1994). It is 
exposed to the synaptic cleft only during exocytosis. when vesicles fuse with 
the presynaptic plasma membrane. Since clostridial toxins bind not only to the 
releasing sites (active zones) but also to the entire membrane surface of 
nerve cells (DIMPFEL et al. 1975, 1977; BIGALKE et at. 1986), synaptotagmin 
may represent the high-affinity receptor involved in receptor-mediated 
endocytosis. The affinity of toxins for gangliosides is low. As gangliosides 
are present in such large numbers in nerve cell membranes, it is possible that 
they serve as acceptor sites for clostridial neurotoxins (MONTEClJCCO and 
SCHIAVO 1995). Binding can be almost abolished by neuraminidase. an enzyme 
that cleaves the neuraminic acid from gangliosides (BIGALKE et at. 198/); 
HALPERN and NEALE 1995). If toxin-treated endplates are exposed to anti
toxin antibodies, the bound toxin is neutralized, and muscle paralysis is ended 
(SCHMITT et al. 1981; DREYER 1989; SIMPSON 1989). From these findings. a two
step model of binding was developed (MONTECUCCO 198/). In the tirst 
step, gangliosides filter the toxin from body fluids, where it is present in 
only minute amounts. Following exocytosis, the putative protein receptor 
responsible for internalization appears on the cell surface. In the seconc 
step, presynaptically enriched toxin binds with high affinity to this proteir 
receptor. 

Internalization into nerve endings takes place only when nerves an: 
stimulated (SIMPSON 1980; SCHMITT et at. 1981) and endocytosis occur:; 
(MATTEOLI et al. 1996). Once taken up, the toxins cannot be neutralized b~r 
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specific antibodies (SCHMITr et al. 1981). TeNT and BoNT/A occur in small 
vesicular structures (PARTON et al. 1987), in cytoplasmic clathrin-coated 
(BLACK and DOLLY 1986a, 1986b) and non-coated vesicles and in lysosomes 
(SCHWAB and THOENEN 1976; MONTESANO et al. 1982). It is likely that recep
tor-mediated endocytosis is involved in internalization, which is enhanced 
when nerves are stimulated and exocytosis occurs. As shown for BoNTlB, 
which binds to the intraluminal part of the vesicular protein synaptotagmin, 
the other clostridial neurotoxins may recognize different proteins that also 
protrude into the synaptic cleft after the fusion of vesicles with the plasma 
membrane. These proteins may be involved in the different routings of TeNT 
and BoNTs. 

II. Translocation from Endosomes into the Cytosol and Priming 

Toxins that are trapped within vesicles do not interfere with exocytosis, 
because their substrates are located in the cytosol. Translocation probably 
takes place when the vesicular contents are acidified. The inhibition of 
the vesicular proton-carrying adenosine triphosphatases (ATPases) by 
bafilomycin prevents the blockage of exocytosis (SIMPSON et al. 1994; WILLIAMS 
and NEALE 1994; MATTEOLI et al. 1996). This observation supports the idea that 
the toxins probably undergo conformational changes when exposed to an 
acidic environment. Accordingly, insertion of both TeNT and BoNT into lipid 
bilayers occurs at low pH (BOQUET et al. 1984; ROA and BOQUET 1985; 
MENESTRINA et al. 1989; SCHIAVO et al. 1991). If the toxin is inserted into the 
membrane while in an environment with a lower pH than is present on the 
other side of the membrane, the toxin will be transferred into the higher-pH 
compartment (BIGALKE et al. 1996). The entire toxin has been shown to pass 
through vesicular membranes resembling endosomal membranes. Penetration 
was accompanied by a change in the conductance of the membrane, simulat
ing the opening of a pore. It is unlikely, however, that the L-chain can pass 
through this pore. Its unitary electrical conductance is between 28 pS and 35 
pS. Thus, one can assume that the pores are too small for the large three
dimensional protein. Formation of ion channels of approximately the same 
size was also demonstrated to occur in planar bilayers (HOCH et al. 1985; SHONE 
et al. 1987; GAMBALE and MONTAL 1988; RAUCH et al. 1990; SCHMID et al. 1993) 
and membranes of PC12 and nerve cells (BEISE et al. 1994; SHERIDAN 1998), 
thereby giving rise to speculations about helical segments within the N
terminal portion of the H-chain (HN). However, as recently inferred from its 
three-dimensional structure, the HN of BoNT/A (LACY et al. 1998) does not 
contain the predicted transmembrane, helical segment (MONTAL et al. 1992; 
BEISE et al. 1994; LEBEDA and OLSON 1994). A region more likely to undergo 
conformational changes at different pHs is located distant from the residues 
suggested. The three-dimensional translocation domain was also found to be 
structurally distinct from that of other pore-forming toxins. It more closely 
resembles some coiled-coil viral proteins, that do not form pores but are able 
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to penetrate membranes and whose structures are pH dependent (LACY et al. 
1998). 

In the enzymatic reaction only the L-chain is involved (AHNERT-HILGER 
et al. 1989; BITTNER et al. 1989; STECHER et al. 1989a, 1989b; DAYANITHI et al. 
]990; DEPAVIA and DOLLY 1990; LINK et al. 1992; SCHIAVO et al. 1l)92a. 1992b, 
] 992c, 1993; BLASI et al. 1993a,b). It is not clear, however, whether the entire 
toxin molecule or only the L-chain leaves the vesicular compartment and 
enters the cytosol. In any case, the disulfide bond connecting the H- and L
chains must be reduced to render the enzyme active. Whether the reduction 
leads only to conformational changes, unmasking the active site, or as a result 
of reduction, the chains are physically separated, remains to be elucidated. The 
H-chain must stay connected to the L-chain until it has gained access to the 
compartment where its substrate is located. Therefore, reduction must take 
place within this compartment. Since neither the H-chains nor the L-chains of 
clostridial neurotoxins have reductive capability, a neuronal enzyme must be 
responsible for the reduction of the disulfide bridge, which leads to the priming 
of the L-chain. A likely candidate for performing this enzymatic reaction is 
the thioredoxin-reductase system. This redox system, purified from brain 
(KISTNER and HABERMANN 1992) and chromaffin cells (ERDAL et al. 1995). 
cleaves the disulfide linkage between the chains. It is an endogenous neuronal 
enzyme that probably protects neurons from the destructive action of free 
radicals. With regard to the neurotoxins it converts the prod rug (the di-chain 
toxin) into the active drug (the L-chain). 

Concerning the temperature-dependent process described above. which 
was observed in intoxicated endplates (SCHMITT et al. 198]; SIMPSON 1981)). it 
turned out that at least three enzymes were involved (ATPase, reductase, pro
tease). Since proteolysis by the L-chain occurs in vitro also at low tempera
ture (AHNERT-HILGER and WELLER] 993), one of the other two enzyme~ 
present in the neurons may catalyze the temperature-sensitive step. This rna) 
be either the proton-carrying ATPase responsible for the acidification of endo· 
somes or the thioredoxin-reductase. Blockage of the first enzyme protect; 
exocytosis from inhibition. The direction of the reaction catalyzed by the 
second enzyme can be reversed by the addition of excess unreduced co
substrate, nicotinamide adenine dinucleotide cation. This leads to reassemhl~f 
of the reduced H- and L-chains (KISTNER et al. ] 993) into the inactive L
chain-S-S-H-chain (the di-chain form). Thus, if one of the enzymes fails at 
low temperature, paralysis will not occur. 

Clostridial neurotoxins remain intact within cells over a llong period (.1' 
time. In nerve cell cultures, the half-life of TeNT was 3-5 days (HABIG et al. 
1986), similar to the half-lives of L-chain-TeNT and L-chain-BoNTI A in chw
maffin cells (ERDA!. et al. 1995). Degradation is a slow process and occurs 
in autophagosomes. However, if only a few amino acids cm.: removed. L
chain-TeNT loses its activity (KURAZONO et al. ] 992; FAIRWLATIIER et al. ] 993). 
Exocytosis will recover when the toxins are degraded to inactive fragments. 
Clostridial neurotoxins may contain sequences that protect them from heir g 



Clostridial Neurotoxins 421 

sorted into the lysosomal compartment, where proteolytic enzymes are 
located. A similar scenario has been demonstrated for immunoglobulin recep
tors (MOSTOV 1993). Following the intracellular inactivation of TeNT and 
BoNTI A in chromaffin cells with specific antibodies, exocytosis resumes within 
3 days (BARTELS and BIGALKE 1992; BARTELS et al.1994).1t has been concluded 
that the re-synthesis of substrates requires this length of time. 

III. Sorting, Routing and Axonal Transport 

Although clostridial neurotoxins have identical substrates, the clinical symp
toms caused by TeNT and BoNTs are diametrically opposed. Their targets 
occur in all neuronal cells, but BoNTs and TeNT follow different anatomical 
routes. Once internalized by presynaptic nerve endings, TeNT finds its way into 
interneurons in the ventral horn of the spinal cord, while the BoNTs remain 
mainly in the peripheral nerve ending. However, in contrast to BoNTs, which 
do not provoke central actions when given peripherally, TeNT can also have 
peripheral effects, known as "cephalic tetanus". Although BoNTs do not affect 
central neurons, they also undergo retrograde axonal transport (ERDMANN et 
al. 1975; SCHWAB and THOENEN 1976; WIEGAND et al. 1976; WELLER et al. 1986). 
Thus, despite many similarities, sorting and routing differ for the two toxins. 
Interestingly, two of the neurotoxins, TeNT and BoNTlB, cleave the same sub
strate at the same site (see below). 

Clostridial neurotoxins probably use the physiological transport mecha
nisms employed by neurons for endogenous metabolic products (for example, 
for the transferrin receptor). Epithelial cells are equipped with similar trans
port mechanisms for the immunoglobulin receptors (MOSTOV 1993). Following 
receptor-mediated endocytosis, the receptor-immunoglobulin complex is 
sorted into trans-cytotic vesicles. These vesicles transport the complex to the 
apical membrane, where the immunoglobulins are released. In this case, it 
is the immunoglobulin receptor that carries the code for the selected route 
(MOSTOV 1993). 

The preference for a distinct route is determined by the He fragment of 
neurotoxins. Only the holotoxin, H-chain and He fragment, and not the L
chain or Hwfragment-L-chain, enter nerve endings, peripheral nerves and cell 
bodies of a-motoneurons or are taken up by neuronal-tissue preparations. 
Once internalized, the toxins, probably still bound to their respective re
ceptors, enter the endosomal compartment, where sorting takes place. One 
portion of the BoNT molecules leaves the endosomal compartment at the 
nerve endings. This fraction of molecules produces botulism. Another portion 
of BoNT molecules and the TeNT molecules travel along a trans-cytotic route 
in transport vesicles from the apical region to the basolateral pole, i.e., from 
the nerve endings to the dendrites. For this purpose, the vesicles must be pro
vided with a sorting signal. Since each clostridial neurotoxin binds to a distinct 
presynaptic receptor, the receptor itself may contain the code for route selec
tion. This would explain the different behaviors of TeNT and the BoNTs at 
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the nerve endings and is in accordance with the trans-cytotic transport of 
immunoglobulin receptors in epithelial cells (MOSTOV 19(3). Similar to 
immunoglobulins leaving epithelial cells, TeNT leaves the motoneurons 
(SCHWAB and THOENEN 1977; SCHWAB et a!. 1(79) and then entcrs interneu
rons, where it inhibits exocytosis (Osborne and Bradford 1(73). To the BoNTs, 
however, the motoneuron is a dead end (WIEGAND et a!. 1(76). They affect 
interneurons only if injected directly into the spinal cord (HAGENAH et a!. 
1(77). Since the adjacent nerve endings contacting the cell bodies of motoneu
rons are mainly those of inhibitory interneurons (BURKE ct a!. 1(71). TeNT 
blocks only inhibition and not excitation. 

Release of TeNT from the soma of the motoneurons may occur by exo
cytosis, as shown for immunoglobulins (MOSTOV 1(93). This type of exocyto
sis, however, is not inhibited by the toxin; otherwise, TeNT would not appear 
in the interneuronal space (ERDMANN et a!. 1981). The failure of BoNTs to 
leave the motoneuron may be explained by the higher sensitivity of motoneu
rons to this group of toxins. At any rate, at the level of the nerve endings, TeNT 
must be present at a concentration 1000 times as high as that of the BoNTs. 
The latter gain access to a substrate involved in secretion at the basolateral 
pole. BoNTs may inhibit exocytosis by cleaving this putative substrate in the 
soma of motoneurons, thus causing inhibition of their own release. The BoNTs 
themselves may be the agents preventing a TeNT-like action in the spinal corcl. 
Figure 6 illustrates the route of the neurotoxins and their structural changes. 

E. Toxicodynamics of Clostridial Neurotoxins 
The L-chains of all clostridial neurotoxins are enzymes. Clostridial neurotoxin 
substrates have been found not only in motoneurons, but also in other cells of 
neuronal origin and in non-neuronal cells. Thus, the substrates, which have 
recently been characterized, may playa key role in cell function in general 
while the toxins have become valuable tools in the study of intracellular 
trafficking. 

I. Mode of Action of Clostridial Neuroproteases 

All clostridial neurotoxins are metalloproteases that selectively cleave pro
teins involved in vesicle fusion (MONTECUCCO and SCHIAVO 1(95). "TI1e sub
strates occur at two locations: at membranes of small and large vesicles and 
in the presynaptic plasma membrane. They are termed soluble NSF-attacr
ment protein receptors (SNAREs), where NSF stands for N-et hylmalcimide
sensitive fusion protein. NSF is a cofactor (an ATPase) necessary for fusioll. 
It is currently believed that one v(vesicle )SNARE, synaptobrevin, is located 
mainly in the membranes of synaptic vesicles. and two t(target)SNAREs. SYll

taxin and SNAP-25 (synaptosome-associated protein of MW 25000 Oa), asso
ciated with the plasma membrane, are involved in transmitter release. A small 
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Fig.6. Kinetics and metabolic fate of tetanus neurotoxin (TeNT). (1) Di-chain neuro
toxins are taken up by receptor-mediated endocytosis and transported via axons into 
the spinal cord. TeNT is released from the soma and taken up by interneurons. (2) Fol
lowing acidification of vesicles by an adenosine triphosphatase, botulinum neurotoxins 
(BoNTs) are released into the cytosol of motor-nerve endings, whereas TeNT gains 
access to the cytosol of interneuron presynaptic terminals. (3) Within the cytosol , both 
BoNTs and TeNT are primed by the thioredoxin reductase, and the toxins ' L-chains 
cleave their respective substrates (Fig. 7). (4) Eventually, the L-chains are metabolized 
to inactive fragments, allowing the nerve terminals to recover 
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number of C-terminal residues of synaptobrevin and syntaxin are inserted into 
the membranes, while palmitoyl groups attach SNAP-25 loosely to cysteine 
residues in the plasma membrane. SNAP-25 does not possess a transmem
brane region. The v- and tSNAREs form a complex that represents the core 
of the fusion machinery (SUDHOF et al. 1993; HANSON et al. 1997; SUlTON et al. 
1998). The proteins of the core complex are attacked exclusively by the L
chains of clostridial neurotoxins. They are capable of cleaving the substrates 
prior to complex formation. Once united, the SNAREs are not susceptible to 
the toxins (PELLEGRINI et al. 1994). If SNAP-25 is cleaved, a complex can still 
be formed, but this complex is not fully functional. If synaptobrevin or syn
taxin are cleaved, even complex formation cannot occur. Since the formation 
of the complex is a prerequisite for fusion, the lack of complex formation leads 
to an inhibition of transmitter release. Moreover, release of insulin from islets 
of Langerhans and ,a-cell clones (SADOUL et al. 1995: LAND et al. 1(97), growth
hormone secretion from pituitary cells (JACOBSSON et al. 1(97), fusion of 
zymogen granules of the exocrine pancreatic cells (GAISANO et al. 1(94) and 
translocation of the glucose transporter into fat cell membranes (CHEN et al. 
1997) are also inhibited by TeNT and various types of BoNTs. This indicates 
a universal presence of either the "neuronal" SNAREs or toxin-sensitive 
SNARE isoforms. As yet, however, only one intracellular fusion event is 
known to be affected by a toxin (KIMURA et al. 1998). 1t is likely that intra
cellular fusion events involve different types of SNAREs (LINK et al. 1993) or 
toxin-insensitive isoforms (SADOUL et al. 1997). 

Interestingly, secretion in yeast, although driven by similar SNAREs. 
is insensitive to the neurotoxins (FERRO-NOVICK and JAHN 1994; JAIlN anc 
SUEDHOF 1994). Assuming that, at one time, the prototype ST"ARE proteir. 
in the yeast's predecessor was susceptible to cleavage by the prototype toxin. 
the genes encoding the substrates and the toxins may have diverged from one 
another at a very early stage in evolution. From this point on, and due to a 
constantly changing environment, yeast and Clostridia no longer competed for 
nutrition, and the ability of clostridial toxins to prevent secretion in yeast was 
no longer advantageous for the survival of Clostridia. 

L-chain-TeNT and L-chain-BoNTIB cleave synaptobrevin at an identical 
site (GIn 76). The L-chains of types D, F and G recognize the same substrate 
but split it at different locations (Lys 59, Gin 58 and Ala 81. respectively). L
chain-BoNTI A and L-chain BoNT/E cleave SNAP-25 at Gin 197 and Arg 18.l. 
respectively (MONTECUCCO and SCHIAVO 1995). L-chain-BoNT/C I is the only 
enzyme that acts on two substrates: syntaxin at Lys 253 and SNAP-25 at A 'g 
198 (V A lDYA NATHAN et al. 1999). The high specificity of clostridial neurotoxilS 
for their distinct substrates may derive from the fact that, for cleavage to occur. 
the three-dimensional structure of nearly the entire substrate is necessa-y. 
Truncated peptides or two-dimensional chains of the SNAREs cannot :1e 
cleaved (SHONE et al. 1993; NIEMANN et al. I Y94; YAMASAKI et al. 1994a, 19Y4b). 
While the transmembrane region of synaptobrevin and the membrane ancr or 
of SNAP-25 are not involved in enzyme-substrate interaction .. the membra lIe-
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spanning region of syntaxin, though hidden in the plasma membrane, is 
required for the enzyme to recognize it. 

The cleavage of different substrates by the clostridial neurotoxins may 
explain why blockage by type A can be partially reversed, as shown for the 
neuromuscular junction (GANSEL et al. 1987) and chromaffin cells (MARXEN et 
al. 1991 b; LAWRENCE et al. 1997). The blockage produced by the other toxins 
is always resistant to increased stimulation. Also, the differences in quantal 
release seen after poisoning with the different toxins may be due to the dif
ferent targets. Thus, the complex may still function but does so less efficiently, 
even if a truncated SNAP-25 is incorporated. 

II. Function of Substrates 

SNAREs are involved in cell-vesicle trafficking (SOLLNER et al. 1993; SCHELLER 
1995; SUOHOF 1995; CALAKOS and SCHELLER 1996). These pathways link the cell 
interior to the environment. They maintain the communication between cells, 
eliminate metabolic waste and transport cellular products from the location 
of manufacture to the point of consumption. Cell trafficking resembles the 
highly sophisticated logistics underlying the turnover of goods in a modern 
society. Both the single cell and modern society accomplish this task by using 
codes to define the target of the carrier and the fate of the goods. Thus, the 
intracellular transport systems (the vesicles) are decorated with signals that 
navigate them to a distinct destination (SUOHOF 1995). Considerable informa
tion regarding vesicle trafficking has become available in recent years. Many 
studies have been conducted on the subjects of navigational codes, trans
port mechanisms, exocytosis and endocytosis (HANSON et al. 1997; JAHN and 
SOOHOF 1999). This section discusses only clostridial neurotoxin-sensitive 
aspects of these SUbjects. 

Transmitter-containing vesicles find their way to a distinct location at the 
presynaptic plasma membrane: the active zone, which is opposite to the fold
ing zone of the postsynaptic site. This is where the acetylcholine receptors are 
located. At this site only, vesicles accumulate and fusion occurs, liberating the 
transmitter into the synaptic cleft. A similar route is chosen in central neurons. 
However, peptides, such as insulin, vasopressin and oxytocin, in addition to 
some monoamines, are also stored in vesicles and released upon stimulation. 
Whereas the latter class of substances is stored in large dense-core vesicles, 
low-molecular-weight transmitters are found in small synaptic vesicles. The 
two types of vesicles differ in their protein contents and their sites 
of manufacture. Dense-core vesicles are sealed off at the edge of the Golgi 
network, and small synaptic vesicles are derived from endosomes. Both, 
however, fuse with the plasma membrane through a common mechanism 
(J AHN and SUDHOF 1994, 1999). Fusion of transmitter- or hormone-containing 
vesicles is regulated and requires Ca2+, which is provided by voltage-activated 
Ca2+ channels (CHAPMAN et al. 1995; BANERJEE et al. 1996; MARTIN 1997). In 
nerve endings, they are in close proximity to the active zone. Another type of 
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vesicle translocates the glucose transporter in muscle and fat cells from the 
cytosol to the plasma membrane. This translocation, which is also regulated, 
does not require Ca2+. These vesicles, however, share some features with small 
synaptic vesicles with respect to origin and protein composition (CAIN et al. 
1992; HUDSON et al. 1993). 

Following arrival at the active zone, vesicles must be primed for fusion. 
The proteins forming the core complex play an essential role in this event. 
Since the vSNARE is mainly located in vesicular membranes and the 
tSNAREs are found at the active zones, a model of fusion was proposed. In 
this model, the vSNAREs of the vesicles arriving at the plasma membrane 
form a tight ternary complex having a 1 : 1 : 1 stoichiometry with the tSNAREs, 
resulting in vesicle docking (HAYASHI et al. 1994). The three proteins bind to 
one another with high affinity and will neither dissociate spontaneously nor 
under denaturing conditions created by using the detergent sodium dodecyl 
sulfate (HANSON et al. 1997). The complex, however, is disassembled by NSF 
and soluble N-ethylmaleimide-sensitive-factor attachment proteins, called a
SNAPs (SOLLNER et al. 1993; JAHN and SUDHOF 1999). This resembles disas
sembly in yeast (BENNETT and SCHELLER 1993; ROSSI et al. 1997), where 
homologues of NSF are involved, again indicating the close relationship with 
respect to fusion among eukaryotes. The complex anchors the vesicles in close 
proximity to the site of fusion. Synaptotagmin, another vesicular protein 
closely connected to the complex, functions as a Ca2+ sensor (CHAPMAN et al. 
1995). Upon depolarization and intracellular increase in the Ca 2+ concentra
tion, synaptotagmin was found to bind several calcium ions. Synaptotagmin 
then undergoes a conformational change and binds to phospholipids of the 
plasma membrane. Moreover, it interacts with one of the complex's proteins. 
syntaxin (BENNET et al. 1992). The primed vesicles fuse with the plasma memo 
brane, thereby releasing their contents into the synaptic cleft. Thus, synapto· 
tagmin works like a brake, preventing the primed vesicles from approaching 
the plasma membrane. The synaptotagmin brake on the vesicles can b(~ 

released by Ca2+. Following exocytosis, the membrane patches deriving from 
the vesicles are recycled by endocytosis within seconds (ROTHMAN and 
WIELAND 1996; KAISER and FERRO-NoVICK 1998; WARREN and MALHOTRA 19%; 
WENDLAND et al. 1998). 

Another attractive model for vesicle fusion has recently been proposed 
(HANSON et al. 1997; SUTTON et al. 1998). It is based on the fact that both the 
t- and vSNAREs can be found in vesicular membranes (HANSON et al. 1997). 
Considering their high affinity for one another, it is unlikely that they woud 
remain as single proteins in this membrane. It is more likely that a SNARE 
complex has already been formed; this complex, however, is nonfunctional. 
When Ca2+ is increased, a-SNAPs and NSF dissociate the vesicular complt: x. 
A new complex rapidly re-assembles from plasma membrane SNAREs and 
vesicle SNAREs. Vesicle membranes and plasma membranes are forced irto 
close contact with each other by the contracting complex, thereby leading to 
fusion. Following this sequence of events, the complex itself initiates fusion 
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rIg. I. lWO suggesTeo mooels regaromg me roles wmcn veSICle ana target soluble N
ethylmaleimide-sensitive fusion protein (NSF)-attachment receptors (vSNAREs and 
tSNAREs) play in vesicle fusion. For simplicity, only a single vSNARE and tSNARE 
are shown. A In this model, the vesicle is docked to the plasma membrane by the 
complex of v- and tSNAREs. NSF disassembles and activates SNAREs. The activation 
causes vesicle fusion. B A non-functional SNARE complex is present in the vesicular 
membrane. Upon activation and disassembly of the vesicle-bound complex, a func
tional reassembly of the SNARE complex from two different membranes occurs. C A 
suggested structure of the fusion complex as it joins two membranes is presented. The 
locations of the ncurotoxin-mediated cleavage sites are shown. The contracting coiled
coil complex forces the two membranes close together, initiating membrane fusion 
(courtesy of R. JAHN, Max Planck Institute, Goettingen, Germany) 

(Fig. 7). Again, the patches are recycled and automatically harbor a nonfunc
tional complex. No matter which hypothesis will prove correct, fusion proteins 
are susceptible to clostridial neurotoxins, which are able to completely abolish 
transmitter release by c1eavaging no more than a single type of SNARE. 

F. Clostridial Neurotoxins Serve as Tools in Cell Biology 
and as Therapeutic Agents 

For many years, TeNT has been used as a tool to gain insight into the mecha
nisms underlying hyperactivity in neuronal cell cultures (BERGEY et al. 1983, 
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1987). It can simulate epilepsy in an animal model designed to test potential 
anticonvulsants (FOCA et al. 1984; JEFFERYS and EMPSON 1990). Only recently, 
however, have the specific functions of the subunits (the L- and H-chains) 
become the center of attention. The L-chains have contributed to a better 
understanding of the distinct kinetic events leading to vesicle fusion in chro
maffin cells (Xu et al. 1998) and of the role played by fusion proteins in vesicle 
recycling. Using hippocampal cultures, the specific role played by Ca2+ in the 
toxin-sensitive steps of the exocytotic process has been identified (CAPOGNA 
et al. 1997). Further examples that illustrate the importance of toxins in this 
area of research include BoNTIE and F, which have been used to reveal the 
presence of SNAREs in pituitary cells and their involvement in growth
hormone secretion (JACOBSSON et al. 1997) and the role of SNAP-23 in the 
translocation of the glucose transporter (MACAULAY et al. 1997). Additional 
examples include TeNT and BoNT! A, both used to demonstrate SNARE
dependent exocytosis in neurohypophyseal cells (DAYANITHI et al. 1990. 1992). 
Through the use of neurotoxins, the processes of secretion in neuronal and a 
variety of non-neuronal cells have been shown to follow the same pattern. In 
these experiments, the holotoxins or their L-chains were artificially incorpo
rated into the cytosol of renal tubular cells, adipocytes (CHEN et al. 1997) and 
various exocrine and endocrine cells (SADOUL et al. 1997), including pancre
atic, enterochromaffin and adrenochromaffin cells (BnTNER and HOLZ 1988; 
MARXEN et al. 1989). 

In all these examples, advantage was taken of the fact that the L-chains 
have a very high specificity for their respective substrates. The H-chains can 
also be utilized as tools (for example, in the labeling of specific neuronal con
nections; DIMPFEL et al. 1977). Their uptake and transport along specific tran
scytotic routes has been successfully employed in the retrograde axonal 
delivery of gelanin (JOHNSTONE et al. 1990) and glucose oxidase (BEAUDE et 
al. 1990). Thus, the H-chains can be used as carriers to transport active com
pounds to their target cells. The holotoxins are sorted into transport vesicles 
more efficiently than the isolated H-chains. This is, perhaps, due to the fact that 
structural changes in the chains result during chain separation (ZHOU et al. 
1995). To circumvent this problem and deliver drugs (antivirals and growth 
hormones) into the spinal cord, recombinant inactive mutants of the holo
toxin, expressed in E. coli, were used (ZHOU et al. 1995). Moreover, the hemag
glutinins, which protect the neurotoxin from digestive enzymes during entera 
absorption (CHEN et al. 1998; Fu et al. 1998), may serve as possible vehicle~; 
for the transfer of protease-sensitive peptides from the intestine into the 
blood. Thus, neurotoxins have become valuable research tools in the study of 
secretory processes in general and neuronal exocytosis in particular. Table I 
provides a listing of the various types of commercially available preparations 
of neurotoxins, chains and derivatives. 

Clostridial neurotoxins are extremely toxic to mammals by virtue of th;: 
fact that they cleave proteins that are crucial to neurotransmission. However, 
they are not cytotoxic. BoNT/C!, which cleaves two fusion proteins (SNAP-25 
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Table 1. Distributors of clostridial neurotoxins 

Company 

Alomone 
Calbiochem 

List Biological 
Laboratories, 
Inc. 

Sigma 
Chemical Co. 

Wako 
BioProducts 

Location Web Site 

Jerusalem, Israel www.alomone.com 
La Jolla, www.calbiochem.com 

California, USA 

Campbell, www.listlabs.com 
California, USA 

St. Louis, Missouri, www.sigma-
USA aldrich.com 

Osaka, Japan www.wako-
chem.co.jp 

BaNT, botulinum neurotoxin; TeNT, tetanus neurotoxin. 
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Products 

TeNT 
BoNT complexes, 

chains, TeNT, 
fragments, 
derivatives, toxoids 

Pure BoNTs, chains, 
TeNT, fragments, 
derivatives, toxoids 

BoNT complexes 

BoNT complexes 

and syntaxin), may be an exception, because it is capable of destroying neurons 
in culture (WILLIAMSON et al. 1996). Nonetheless, transmitter release does not 
seem to be important to single cells. It is only crucial to the whole organism. 
If the organism survives, the toxin is metabolized (ERDAL et al. 1995), and exo
cytosis will recover. Lack of cytotoxicity and long-lasting action are prerequi
sites for the use of BoNTs as therapeutic agents (MONTECUCCO et al. 1996). 
When locally injected into a dystonic or spastic muscle, BoNTs cause paraly
sis of the affected muscle. Therefore, the BoNT/A-hemagglutinin complex has 
been used for the treatment of neurological disorders, which are characterized 
by an unremitting overactivity of motoneurons and spasms of striated muscles, 
such as blepharospasm, torticollis spasmodicus, laryngeal spasms of the jaw 
muscles and many other forms of dystonia and spinal spasticity (Fig. 8). The 
toxin has been used to curb hyperactivity of salivary and sweat glands 
(NAUMANN et al. 1997), as many functions of autonomic nerves are mediated 
by acetylcholine. Moreover, the tone of smooth muscles can be decreased in 
patients suffering from achalasia and anal fissures, thereby reducing pain. 
Recently the toxin has even been employed to smooth facial wrinkles which 
are caused by contractions of platysma and facial muscles. In all these cases, 
only a few nanograms were injected into the muscle near the endplate region 
or close to the hyperactive glands. It is unlikely that an amount of protein that 
is sufficient to paralyze muscles at a distance from the injection site will diffuse 
out of the muscular depot. Thus, the toxin's effect is strictly limited to nerve 
endings in close proximity to the injection site. Systemic effects, though rare, 
are possible, particularly if a very high dose is applied or if the injection is off 
target. 

Within 3-5 days, cholinergic transmission gradually diminishes, and the 
muscle weakens or the gland dries up. This results in the disappearance of pain 
and improvement of motor function or adiaphoresis. In rare cases, undesirable 
effects last as long as the beneficial effects, i.e., weeks to months. Eventually, 
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Fig.S. Paralytic action of botulinum neurotoxin A complex in a patient suffering from 
blepharospasm. This patient exhibited sustained contractions of the periocular muscles. 
resulting in functional blindness (left). Nanogram amounts of the toxin inhibited acetyl
choline release from nearby peripheral nerve endings. thereby relieving spasms (right) 

nerve function recovers, and repeated treatments are required. Normally. 
BoNT/ A does not stimulate the immune system, because the dose necessary 
to paralyze a muscle is much lower than that required for antihody produc
tion. In a small number of cases enough antibodies are produced to render the 
patient refractory to further treatment with BoNT/A. Patients with an anti
BoNT/A-antibody titer, however, do respond to other serotypes of BoNT. 
because different serotypes lack cross-immunogenicity. Recently, hemagglu
tinin complexes of BoNTlB, C ] and F were found to be active in man (SHEEAi' 

and LEES 1995; GREEN and FAHN ] 996; ELEOPRA et al. 1997; SLOOP et al. 1997) 
These serotypes, together with type A , should be made available for testing in 
the form of highly purified neurotoxins devoid of hemagglutinins and non· 
toxic, non-hemagglutinating proteins. The latter proteins are not necessary to 
protect neurotoxins against proteases during parenteral administration and 
have the added disadvantage of potentially causing unwanted reaction~,. 

including immune adjuvant effects and allergic responses. 
The worldwide availability of highly potent toxins, especially of neurc

toxins, has led to a growing concern about the possibility of misusing these 
agents as biological weapons. However. these fears appear to be largely 
unfounded, because, if dispersed into the environment, the activities of the 
toxins are very unreliable. If chlorinated domestic water supplies were to 
become contaminated with toxin , the latter would rapidly become deactivated 
by hypochlorite ions in the water. Deactivation also results from hoiling drink
ing water. I n addition , the potency of ingested clostridial neurotoxins is 
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decreased by a factor of 100000 as compared with parenteral administration 
(OHISHI et al. 1977). Therefore, there appears to be little cause for concern 
with regard to ingested purified toxin. Apart from the enteral route, other 
forms of delivery are highly impractical. High-molecular-weight proteins dis
persed as aerosols are far less readily absorbed through the airways than low
molecular-weight nerve gas. In contrast to nerve gases, the residual potency of 
dispersed clostridial neurotoxins is not easily predicted. At least during the 
period of daylight, the large surface areas of aerosols ensure exposure of the 
toxin molecules to ultraviolet light, resulting in their inactivation. The purer 
the toxin preparation, the more unstable it is in the atmosphere and the less 
readily it is absorbed. Thus, the outcome of toxin contamination of air or water 
is equally unpredictable. Conceivably, a potential user might face an incalcu
lable risk that far outweighs a possible hazard to an enemy. Consideration of 
all of these factors leads one to conclude that purified research toxins, while 
sophisticated and highly valued scientific tools, are too poorly absorbed and 
too unstable to be useful in warfare. 
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CHAPTER 19 

Anthrax Toxin 

S.H. LEPPLA 

A. Introduction 
The virulence of Bacillus anthracis depends principally on two extracellular 
products, an antiphagocytic POlY-Y-D-glutamic acid capsule, and a three
component protein exotoxin (SMITH et al. 1955). The central role of these two 
virulence factors is demonstrated by the greatly reduced virulence of strains 
purged of either of two large plasmids, pX01 and pX02, which encode the 
toxin and capsule, respectively. Furthermore, the fact that antibodies to the 
toxin protect animals from infection (GLADSTONE 1946) demonstrates that 
anthrax, like diphtheria and tetanus, is a strongly toxin-dependent disease. 
STERNE-type B. anthracis strains lacking pX02 are effective live vaccines, 
because they are avirulent but still able to make toxin and induce anti-toxin 
antibodies (STERNE 1937). 

Anthrax toxin is unique in that it consists of three proteins which are indi
vidually non-toxic. The paradigm of the A-8 toxins (GILL 1978) is modified, 
in the case of anthrax toxin, by having the binding and catalytic domains on 
separate proteins rather than within a single polypeptide. Furthermore, there 
are two alternate effector catalytic A moieties, so the term "anthrax toxin" is 
actually a collective term describing two separate biological activities. From 
the time when the multi-component nature of the toxin was first established, 
a major challenge has been to understand how the three proteins interact with 
each other and with cells to cause toxicity. Molecular descriptions of these 
interactions are now available and form a major theme of this chapter. 

The multi-component nature of anthrax toxin helped to define a toxin
design paradigm to which more recently identified toxins conform. Several of 
these "binary toxins" have sequence similarity with anthrax toxin, implying the 
existence of a family of structurally related toxins. These toxins are discussed 
below to suggest that the molecular design exemplified by anthrax toxin has 
been horizontally transferred between several diverse pathogenic bacterial 
specIes. 

The three proteins comprising the anthrax toxins are protective antigen 
(PA, 83kDa), lethal factor (LF, 90kDa), and edema factor (EF, 89kDa). PA 
retains the name assigned to it when it was identified as the component in 
culture supernatants that confers protective immunity (GLADSTONE 1946). It 
is now recognized as the central receptor-binding component, which delivers 
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the two catalytic components into the cytosol of cells. Thus, the com hi nation 
of PA + LF, named anthrax lethal toxin (LeTx), kills animals and certain cul
tured cells due to the intracellular delivery and action of LF, recently proven 
to be a metalloprotease (DUESBERY et al. 199X; VITALE et al. J99X). The 
comhination of PA + EF, named edema toxin (EdTx), disables phagocytes 
and (probably) other cells due to the intracellular adenylate-cyclase activity 
of EF (LEPPLA 19X2). B. anthracis pathogenesis and anthrax toxin have 
been reviewed elsewhere (LEPPLA 1991 b. 1995; THORNE 1993; PFIOSA and 
LIDDINGTON 1996; FRIEDLANDER and BRACH MAN 1998; HANNA 199X; QUINN and 
TURNBULL] 99X). 

B. Toxin Genes 

I. Gene Location and Organization 

The genes for all three toxin components are located on pXO I. the larger of 
the two plasmids present in virulent B. anthracis isolates. The genes for PA 
(pagA, previously named pag; see below), LF (lej), and EF (cya) are not con
tiguous but are spread over a 25-kb region of the I X4-kb plasmid. A larger 
40-kb region, which includes the toxin genes, is inverted in some strains or 
B. anthracis (THORNE 1993). The boundaries of the inverted region suggest il 
may be a mobile genetic clement, perhaps one that can be considered a path· 
ogenieity island. Only about five other genes have been identified on pXOI, 
so there remains a large amount of genetic information that eould encode 
additional virulence factors. This situation will be clarified with the upcomin:~ 
publication of the complete DNA sequences of pXOl and pX02. 

II. DNA Sequences and Transcriptional Regulation 

The DNA sequences of pag, let~ and cya of Sterne-type strains are availahle 
(Table 1). The structural gene for PA was recently renamed from pag to pag4 
when it was shown to be part of a larger transcriptional unit (HOFFMASTER ard 
KOEHLER, submitted). Because pagA from only one strain has heen fully 
sequenced (WELKOS et al. 198X), there is no evidence of toxin sequence vari
ants. LITTLE genetic variation would be expected, because amplified-fragment 
length-polymorphism analysis (KEIM et al. 1997) shows B. anthracis to be a 
highly homogeneous species. Sequence determination of the three toxin genes 
identified rihosome binding sites and signal peptides preceding the genes 
encoding each of the three toxin components. Due to the low GC content of 
B. anthracis DNA. prediction of promoter sites is difficult. 

Synthesis of both capsule and toxin are dependent on the presence of 
bicarbonate (GLADSTONE 1946; STRANGE and THORNE 195X; BARTKUS and 
LEPPLA 1989). A gene required for bicarbonate-induced PA synthesis and gE ne 
transcription, initially identified by transposon mutagenesis. maps to the reg on 
of pXOI between cya and pagA (HORNUNG and THORNI' 1991; THORNE 19~13). 
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Table 1. Anthrax-toxin-component genes and proteins 

Toxin Protein properties DNA sequence Crystal structure 
component 

Amino Molecular Calculated Accession Reference Accession Reference 
aeids in weight isoelectric number number 
mature (xlO') point 
protein 

PA 735 82.7 5.6 M22589 WELKOS lACC PETOSA 
et al. 1988 et al. 1997 

LF 776 90.2 6.1 M29081; BRAGG and 
M30210 ROBERTSON 

1989 

EF 767 88.8 6.8 M23179; ROBERTSON 
M24074 et al. 1988; 

ESCUYER 
et al. 1988 

This gene, atxA (UCHIDA et al. 1993; KOEHLER et al. 1994; DAI et al. 1995), also 
controls the transcription of Ie! and cya. Deletion analysis of the region 
upstream of pagA demonstrated that 111 bp of DNA upstream of the ATG 
start codon are sufficient to confer responsiveness to atxA (DAI et al. 1995). 
Transcriptional analysis of pagA identified two promoters. Promoter P2 is con
stitutively active at a low level, whereas, when atxA is present and bicarbon
ate is added, PI produces messenger RNA amounts that are about tenfold 
above the constitutive amount (KOEHLER et al. 1994; DAI et al. 1995). Other 
work shows that a related gene on pX02, acpA, is required for bicarbonate 
regulation of capsule synthesis (VIETRI et al. 1995) and that there is a limited 
amount of cross-talk between atxA and acpA (GUIGNOT et al. 1997; UCHIDA et 
al. 1997). There is preliminary evidence for a second transcriptional regulator, 
a putative repressor designated atxR, located near Ie! (HORNUNG and THORNE 
1991; LEPPLA 1991b; UCHIDA et al. 1993). Transposon insertions at this locus 
make toxin synthesis constitutive, i.e., independent of bicarbonate. A simple 
model would have bicarbonate altering the repressor protein so that it is no 
longer able to block atxA-induced transcriptional activation. 

C. Toxin-Component Proteins 
I. Toxin Production, Purification, and Properties 

Because PA is the active component of the licensed human anthrax vaccine, 
much effort was directed toward optimizing PA production and purification 
(PUZISS et al. 1963). For vaccine production, anaerobic growth of STERNE-type 
strains in a defined medium yields 20-50mg PA per liter, and lesser amounts 
of LF and EF (LEPPLA, 1991a). The LF and EF are largely removed by adsorp
tion to porous glass filters during processing of the culture supernatant to 
produce the licensed U.S. vaccine. Purification of the toxin components for 
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research purposes can be accomplished by any of several standard column
chromatographic procedures, because the toxin proteins constitute the major
ity of the extracellular protein (LEPPLA 1988; QUINN et al. 1988). 

Alternative methods for production of the toxin components are now 
available, including production from Escherichia coli and from protease
deficient B. subtilis and B. anthracis strains (Table 2). In the author's labora
tory, PA and PA mutant proteins are produced (from the shuttle vector p YSS 
in protease-deficient B. anthracis strains lacking pX01 and pX02) with yields 
of 30-S0mg per liter of culture (SINGH et al. 1989). The p YSS plasmid has 162 
bp of pXOl DNA upstream of the ATG start codon, preceded by a truncated 
bleomycin-resistance gene derived from the pUBllO plasmid. Because the B. 
anthracis strains used for PA expression lack pX01 (and therefore atxA), we 
speculated that the bleomycin promoter was responsible for the high-level PA 
expression from pYSS. However, primer-extension analysis shows that the PI 
promoter - the one normally requiring atxA activation - is active under the 
growth conditions used (rich FA medium with vigorous aeration; PARK and 
LEPPLA, submitted). Methods for production of LF were recently improved by 
substituting its structural gene for that of PA in pYSS. The pro-LF molecule 
is expressed and secreted in an amount comparable to that of PA (i.e .. 
20-S0mg/I), and the PA signal peptide is properly cleaved to produce native 
LF (PARK and LEPPLA, submitted). 

The B. anthracis host used in the author's work on protein expression from 
p YSS plasmids was derived from a plasmid-free indole auxotroph, UM44-1 C9, 
by mutagenesis with transposon Tn917 and selection of a protease-deficient 
colony on casein-agar plates. The resulting strain, B. anthracis BH44 L can h~ 
transformed by electroporation with unmethylated p YSS plasm ids to obtah 
effective producer strains. BH441 derivatives and other B. anthracis strains cal 
be made sporulation deficient, as is preferred in order to limit possible spore 
contamination of laboratory areas. Detailed procedures were recently pub
lished for production of PA using plasmids similar to pYSS in a sporulation
deficient B. anthracis strain grown in a rich medium similar to FA (FARCHALIS 
et al. 1998). 

The three toxin proteins are water soluble in their native states and a"e 
stable during extended storage. PA and LF can be lyophilized, with full rete 1-

tion of activity. All three proteins lack cysteines and, therefore, disulfide bonds. 
PA and LF can be denatured and readily refolded with regain of activity 
(LEPPLA, unpublished). Inclusion of the constituent ions calcium and zinc is 
necessary for renaturation of PA and LF, respectively. The absence of cysteine 
also makes it convenient to add single cysteines as reactive sites for functional 
analyzes (KUMPEL and LEPPLA 1996; BENSON et al. 1998; SINGH et al. 1999), 

II. P A Structure and Function 

The ready availability of purified PA made possible extensive studies of 
its structure and function. Two sites are uniquely sensitive to cleavage by 
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Table 2. Methods for toxin-component production and purification 

Toxin Bacterial Expression Promoter Purification Yieldb References 
component host plasmid method" (mg/I) 

Protective Bacillus pXOl PA 40 PUZlSS et al. 1963; 
antigen anthracis LEPPLA 1988; 

LEPPLA 1991a 

B. anthracis pXOI PA 0.8 ROGOV et al. 1995 

B. anthracis pXOl PA PEZARD et al. 
1993 

B. anthracis pPAI02 PA 30 FARCHAUS et al. 
1998 

B. anthracis pYS5 PA 40 SINGH et al. 1989; 
LEPPLA 1991 b 

B. subtilis pPA102 PA IVINS and WELKOS 
1986 

B. subtilis pPA101 PA 7 BAILLIE et al. 
1998; MILLER 
et al. 1998 

Escherichia pMSI T7 PeriP 0.5 SHARMA et al. 
coli 1996 

E. coli pET22b T7 PeriP 0.5 BENSON et al. 
1998; ROBERTS 
et al. 1998 

E. coli pET15b T7 His6 4 WILLHITE and 
BLANKE 1998 

Lethal B. anthracis pXOl PA 10 LEPPLA 1988, 
factor 1991a 

B. anthracis pYS5 PA 25 PARK and LEPPLA, 
submitted 

B. anthracis pXOI LF PEZARD et al. 
1993 

E. coli pET15b T7 His6 1.0 ROBERTS el al. 
1998 

E. coli pQE30 T5 His6 1.5 GUPTA et al. 1998 

E. coli pGEX- pTac GST VITALE et al. 1998 
2TK 

Edema B. anthracis pXOl EF 10 LEPPLA 1991a 
factor 

B. anthracis pXOl EF PEZARD et al. 
1993 

B. anthracis pXOI EF 0.5 ROGOV et al. 1995 

E. coli pUC8 Lac 2 LABRUYERE et al. 
(Cya62') 1990 

EF, edema factor; LF, lethal factor; PA, protective antigen. 
a Purification was by standard chromatographic methods from culture supernatants (no entry) or 
from a periplasmic extract (PeriP) or by affinity chromatography on nickel-chelate columns (His6) 
or glutathione-agarose (GST). 
"Yields, where reported, are the maximum amounts of purified protein reported by the authors. 
'Truncated EF-containing amino acids 262-767, designated Cya62. 
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proteases. Specific cleavage at amino acids (aa) 164-167 (RKKR) occurs 
rapidly with O.l,ug/ml trypsin (LEPPLA et a1. 1988; NOVAK et a1. 1992). Similarly, 
specific cleavage at aa 313-315 (FFD) occurs rapidly with 1.0,ug/ml chymo
trypsin or thermolysin (LEPPLA 1991b; NOVAK et al. 1992; SINGH et a1. 1994). 
The nicked PA proteins do not immediately dissociate into fragments. The 
37-kDa and 47-kDa fragments produced by cleavage at aa 313-315 can be sep
arated only after denaturation or treatment with certain detergents. Cleavage 
with both proteases produces three fragments, shown to be 19 kDa (aa 8-] 67), 
17kDa (aa 168-314), and 47kDa (aa 315-735; NOVAK et a1. 1992). These frag
ments were used to map monoclonal antibodies (LITTLE et a1. ] 988, 1996) and 
to identify functional domains (NOVAK et al. 1992), as discussed below. 

The properties of the C-terminal 63-kDa fragment (PA63) produced by 
trypsin cleavage are especially informative. Chromatography of this prepara
tion on the anion-exchange resin MonoQ produces a stable, heptameric species 
(LEPPLA 1991 b) that can be visualized by electron microscopy (MILNE et a1. 
1994), non-denaturing gel electrophoresis (SINGH et a1.1994, 1999), or X-ray dif
fraction (PETOSA et a1. 1997). This heptamer is toxic when combined with LF. 
demonstrating the dispensable nature of the N -terminal fragment, aa 1-167. 

The crystal structure of PA, at 2.1-A resolution, was solved by X-ray dif·· 
fraction (Protein Data Bank accession code 1ACC; PETOSA et al. 1997; Fig. 1). 
PA is a tall, flat molecule with four distinct domains that can be associated 
with functions previously defined by biochemical analysis. The protein consist:; 
largely of f3-structure, with only a small number of helices. Domain], aa 1-258, 
consists of two subdomains separated by a loop, aa 162-174. This loop is not 
resolved by X-ray diffraction, implying that it is flexible and solvent exposec, 
properties consistent with the ease of cleavage at aa 164-167 (RKKR) by prc
teases, such as trypsin and furin. Cleavage in this loop to produce PA63 is 
essential to toxicity. Cleavage at aa 164-167 allows release of the N-termiml 
20-kDa fragment, thereby removing steric constraints and allowing oligomer
ization of PA63. Release of the 19-kDa fragment also exposes a new surface 
on domain l' (aa 168-258). It is to this surface that LF and EF are considered 
to bind. The newly exposed surface on domain l' overlays two buried calcium 
ions, each chelated by four acidic aa side chains. This structure is similar to tre 
EF-hand motif characteristic of many calcium-binding proteins. The presence 
of calcium ions in PA had not been detected biochemically and was only dis
covered through the crystal-structure determination. 

The surface region of domain l' exposed by removal of aa 1-] 67 is rela
tively hydrophobic. The details of the interaction of LF and EF with this region 
are not well understood. A monoclonal antibody, PA 1 G3, generated by immu
nization with PA63, reacts with the] 7 -kDa fragment (aa 168-314) and blocks 
the binding of LF (LITTLE et al. 1996). This antibody does not react with int~lct 
PA, showing that removal of the 20-kDa fragment exposes the site to which 
the antibody and LF bind. The affinity of the antibody appears to be depen
dent on calcium, suggesting that it recognizes the surface overlaying the two 
chelated calcium ions (VARUGHESE and LEPPLA, unpublished work). 
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Fig.I. Crystal structure of protective antigen at 2.1-,,\ resolution (Protein Data Bank 
accession code: ] ACC; PETOSA et al. ] 997). The domains are numhered consecutively 
from the N-terminus. Domain 1: amino acids (aa) 1-25R; domain 2: aa 259-4R7: domain 
3: aa 4R8- 59S: domain 4: aa 596-73S 

Domain 2, aa 259- 487, is notable for several very long f3-strands reaching 
nearly the full length of the domain. This domain forms the core of the hep
tameric assembly of PA63 subunits, which is considered to be the membrane 
channel through which LF and EF translocate. The most novel feature in 
domain 2 is the loop at aa 302-325. Like the loop at aa 162-174, this region 
was not resolved in the crystal structure. The sequence cleaved by chy
motrypsin and thermolysin, aa 313-3 15 (FFD), lies in the center of this loop 
A pair of hydrophobic Phe residues would normally be buried inside a protein. 
so the sensitivity of this sequence to proteolytic cleavage is consistent with it:; 
exposure to solvent. By comparison to StaphylococclIs aLlreLlS a-hemolysin , it 
was recognized that the loop at aa 302- 325 has the alternating hydrophilic and 
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hydrophobic amino acids needed to form a f3-hairpin (PETOSA et al. 1997). In 
the staphylococcal a-hemolysin, seven such hairpins assemble into a f3-barrel 
that forms the lytic pore. The f3-barrel nature of the pore is discussed more 
fully below. 

Another unique feature identified in domain 2 is a loop at the bottom 
surface, which contains several solvent-accessible hydrophobic aa. A sequence 
within this loop, aa 343-352 (ERTWAETMGL), was resolved in the structure 
determined at pH 7.5 but unresolved (and presumably more flexible) in the 
structure determined at pH 6.0. Because this region faces the target cell, it may 
playa role in the acid-dependent insertion of PA into membranes. Four of the 
five proteins with homology to PA (to be discussed below) have hydrophobic 
aa in the positions corresponding to W346, M350, and L352 and, therefore, 
could share any pH-dependent membrane-insertion event dependent on this 
reglOn. 

Domain 3, aa 488-595, is the smallest domain and the one for which 
the least functional information is available. Domain 4, aa 596-735, is the 
receptor-binding domain. This domain has limited contacts with other domains 
and could swing out of the way as the other domains forming the core of the 
PA63 heptamer insert into the endosomal membrane. The sequence homol
ogy of PA to other toxins now recognized as being in the same family does 
not extend into domain 4. This suggests that the receptor-binding domains of 
the PA family members may have been acquired from different sources. This 
could confer specificity against cell types and tissues found in the particular 
niches of the respective pathogens. In this context, it can be noted that the 
region upstream of PA on pXOl contains a small gene that has strong 
sequence homology to PA domain 4 (WELKOS et al. 1988; LEPPLA 1995). This 
may be a remnant of another receptor-binding domain. 

Extensive mutagenesis has been done to characterize domain 4. Trunca
tion of 3-7 aa from the C-terminus decreases both binding to receptor and 
toxicity about 20-fold. Larger truncations from the C-terminus destabilize the 
protein. Two loops at the bottom of PA, on the surface presumed to face the 
receptor, were analyzed by mutagenesis. Multiple substitutions or deletions in 
the larger loop, aa 704-723, decrease toxicity by at most tenfold (BRaSSIER et 
al. 1999; VARUGHESE et al. 1999). In contrast, certain substitutions in the smaller 
loop, aa 679-693, completely eliminate toxicity (VARUGHESE et al. 1999). This 
demonstrates that the small loop is an essential part of the surface that inter
acts with the receptor. 

III. LF Structure and Function 

Good-quality crystals of LF have been obtained, and structural determination 
is underway. Until a crystal structure is available, knowledge of LF structure 
and function is limited to what is deduced from sequence comparisons, muta
genesis, and fusion proteins. LF and EF have substantial sequence homology 
in aa 1-250. Systematic deletion of LF fusion proteins containing the catalytic 
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domain of Pseudomonas exotoxin A established that LF aa 1-254 (LFn) are 
sufficient to achieve translocation to the cytosol of cells in a PA-dependent 
process (ARORA et a1. 1992; ARORA and LEPPLA 1993). Deletion of aa 1-40 or 
198-254 eliminated the translocation activity of LFn. Somewhat surprisingly, 
LFn functions equally well when "passenger" polypeptides are attached at 
either the N-or C-terminus (ARORA and LEPPLA 1994a; MILNE et al. 1995). LFn 
fusion proteins are being used to deliver a variety of polypeptides into cells, 
as discussed below. In the author's laboratory, a highly cytotoxic LFn fusion 
to the adenosine diphosphate (ADP)-ribosylation domain of Pseudomonas 
exotoxin A (FP59) is routinely used to measure the internalization process. 
FP59 kills any cell type that contains receptors for PA, whereas native LF is 
highly specific for macrophages. For this reason, FP59 has been useful in select
ing toxin-resistant somatic cell mutants. 

Adjacent to the LFn region are five imperfect repeats of 19 amino acids. 
Comparisons of the individual repeat sequences indicates they arose through 
several duplication events, suggesting that evolutionary pressure caused 
lengthening of this region. The overall repeat region, aa 256-383, is highly 
hydrophilic, with 55 of the 128 amino acids being charged. Sequence compar
isons do not provide clues about the possible function of this region. Because 
there are few examples of repeated sequences within catalytic domains, this 
repeat region is believed to have a structural role, perhaps serving as a spacer 
domain to correctly position the adjacent catalytic domain. 

Mutagenesis of LF has provided support allowing the two domains listed 
above to be distinguished from a putative C-terminal catalytic domain. 
Random insertions of di- and tetra-peptide sequences into LF showed that the 
LFn region is involved in binding to PA, whereas the C-terminal region is essen
tial for toxicity but not required for PA binding (QUINN et a1. 1991). The inter
mediate, repeat region is rather tolerant of insertions, although some insertions 
make the protein highly susceptible to proteolysis (QUINN et a1. 1991). Substi
tutions of the nine His residues within aa 1-254 showed that only one of these 
plays a measurable role in activity. Thus, the H35G mutation decreased activ
ity tenfold, whereas no other substitutions had an effect (ARORA 1997). 

The results discussed suggest that aa 350-767 contains the catalytic 
domain. Direct proof of this hypothesis began with the identification of a 
potential zinc-binding site at aa 686-690, which has the sequence HEFGH 
(KUMPEL et a1. 1994), consistent with the consensus HExxH sequence. Sub
stitution at any of the residues in this sequence inactivates LF, and substitu
tion of the His residues eliminates the zinc-binding ability of LF. 

Recent work showed that LF is a highly specific metalloprotease 
(DUESBERY et a1. 1998; HAMMOND and HANNA 1998; VITALE et a1. 1998). LF 
cleaves mitogen-activated protein kinase kinases 1 and 2 (MAPKKl, 
MAPKK2) very close to the N-terminus, thereby destroying their catalytic 
activity. The cleavage of the MAPKKs is observed both in vitro and in toxin
treated cells. The LF E687C mutant lacks protease activity, consistent with its 
lack of toxicity in cells. LF also cleaves certain peptides very slowly (HAMMOND 
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and HANNA 1998). The yeast two-hybrid system selected a MAPKK2 clone 
lacking aa 1-30, the region which contains the cleavage site (VITALE et a1. 
] 99g). This shows that LF binds to a site far from the bond that is cleaved, a 
property shared with the clostridial neurotoxins (PELLIZZARI I.:;t a1. 1996; 
CORNILLE et al. ] 997). 

IV. EF Structure and Function 

The N-terminal domain of EF (EFn) serves the same function as the corre
sponding domain of LF - translocation of the catalytic domain to the cytosol 
of cells. Thus, fusions of EF aa ]-254 to the catalytic domains of ADP
ribosylating toxins are highly cytotoxic, in the same way as FP59 (ARORA, 
unpublished). Furthermore, monoclonal antibodies that block EF binding to 
PA63 have been mapped to EF aa 1-156 using the N-terminal fragment pro
duced by acid cleavage at the Asp156-Pro157 bond (LITTLE et al. 1994). EF is 
translocated less efficiently than LF from the cell surface in the acid-induced 
process that is used to model translocation from endosomes (WESCHE et a1. 
1998). Although a lower affinity of EFn for PA63 could contribute to this 
difference, this system is also responsive to the properties of the catalytic or 
"passenger" polypeptides. 

EF does not contain a repeat-containing domain like that in LF. Instead 
the catalytic domain appears to begin soon after the EFn region. The catalytic 
domain lies entirely within aa 262-767, which was expressed in E. coli as it 

soluble, highly active adenylate cyclase, Cya62 (LABRUYERE et al. 1990, 1991). 
This truncated EF does not have the ability to enter cells, but it has been useful 
in characterizing the catalytic properties of EF. The enzyme has a Kcal cr 
1100s-1 and a Kill of 0.25 mM for adenosine triphosphate (ATP). Similar values 
for these parameters are observed with full-sized EF (LEPPLA 19~4, 1991 a). 

The catalytic activity of EF, like that of the Bordetcl/a pertussis adenylate 
cyclase, requires association with the eukaryotic, calcium-binding protein 
calmodulin. The dependence on calmodulin is absolute - no activity can be 
detected in its absence. Furthermore, no fragments of EF have been found th:lt 
are calmodulin independent. This is unlike many calmodulin-dependent 
enzymes, where removal of a calmodulin-interacting domain produces a C(lt
alytically active species. Calmodulin is a much more potent activator of EF 
when it contains bound calcium. Thus, in the absence and presence of 50 pM 
calcium, the concentrations of calmodulin needed to activate EF arc 5 pM alld 
2 nM, respectively. 

Mutagenesis and comparison with the more extensively studied B. per
tussis adenyl ate cyclase identifies aa 314-321 as the ATP-binding site, matl:h
ing the GxxxxGKS consensus. The calmodulin-binding site extends over a 
large surface of the protein and probably includes aa 499-532. becausl~ a 
peptide with this sequence binds tightly to calmodulin (MUI'dER et al. 199:\). 

The recent identification of the exo Y-gene product of P aertl[.;inos{[ m an 
adenylate cyclase (Y AHR et a1. 1999) provides the third example, along \.ith 
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EF and the B. pertussis adenyl ate cyclase (Chap. 10), of adenylate cyclases 
secreted by bacterial pathogens. Clearly, several diverse pathogens have cap
tured the gene for an "invasive" adenylate cyclase and retained it for use as a 
virulence factor. 

v. PA Family Members 

Five toxin proteins that have sequence homology to PA are known (Table 3). 
Each of these PA relatives is the binding component of a binary toxin. In the 
four clostridial proteins, the separate catalytic component causes ADP
ribosyl at ion of actin. The strong sequence homology to PA, which is confined 
to domains 1-3, argues that all these proteins will have a very similar overall 
structure and will form oligomeric channels that translocate the ADP
ribosylating component. The sequence conservation is perfect at the acidic 
amino acids shown to chelate calcium in PA, strongly suggesting that all these 
proteins will bind calcium. However, the proteolytic activation of the other 
proteins probably does not involve furin, because the putative cleavage sites 
do not include sequences easily cleaved by furin. The C-terminal domains 
of the proteins fall into three homology groups. The PA and the botulinum 
C2-toxin-receptor-binding domains have no homology to each other or to 
other proteins, whereas the other four proteins are closely related. The simi
larity of domains 1-3 of these six toxin proteins must be the result of the hor
izontal transfer of an ancestral gene to a diverse set of bacterial pathogens. 

Table 3. Binary toxin components related to anthrax protective antigen 

Protein toxin Substrate Length Accession Reference 
for AOP- (residues) number 
ribosylation 

Intact Active 
fragment 

Bacillus anthracis NA 735 569 M22589 WELKOS et a1. 
protective antigen 1988 

B. cereliS vegetative Unknown 884 664 Reserved WARREN et 
insecticidal protein a1. 1996 

C. hotulinllm C2 Actin 721 540 088982 KIMURA et 
toxin component a1. 1998 
II 

C. spiroforme toxin Actin 879 669 X97969 GIBERT et a1. 
component Sh 1997 

C. difficile binary- Actin 876 665 L76081 PERELLE et a1. 
toxin component 1997a 
COTb 

C. perfringens iota- Actin 875 665 X73562 PERELLE et a1. 
toxin component 1993 
1b 

ADP, adenosine diphosphate; NA, not applicable. 
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Clearly, this structural design has provided a base from which each pathogen 
developed a toxin that contributed to its virulence. 

D. Cellular Uptake and Internalization 

I. Cellular Receptor for P A 

The receptor for anthrax toxin PA is not known. PA binding to the surfaces 
of cells has all the properties expected of a well-defined protein-receptor 
interaction. Binding is saturable and highly specific, with excess (unlabeled) 
toxin completing more than 90% of the total binding. The binding isotherms 
are linear, identifying a homogeneous population of receptors with a Kd of 
about 1 nM. These receptors are present on almost every type of cultured cell 
that has been examined, varying in number per cell from 2000 to 50000. CHO 
and RAW264.7 cells have 20000-30000 receptors per cell. In the author's 
unpublished work the two cell lines shown to have the most receptors, about 
50000 per cell, are the L6 rat myoblast line (ATCC CRL-1458) and the LOX 
IMYI human melanoma cell line (WEINSTEIN et al. 1997). Glycosylation
defective CHO cell lines, such as Lec2 (DEUTSCHER et al. 1984), are as sensi
tive to anthrax toxin as the parental cell line. Chemical cross-linking methods 
were done to characterize the PA receptor. In one case, the results suggested 
the receptor has a mass of 85-90kDa (ESCUYER and COLLIER 1991), whereas 
another study indicated a receptor with a mass of 22kDa (FRIEDLANDER ane 
RAZIUDDIN 1992). 

The author's laboratory has selected many CHO cell mutants deficient in 
PA receptor. These have been obtained after either chemical or retroviral 
insertional mutagenesis. All the mutants obtained map to the same comple· 
mentation group. The ease of obtaining PA-receptor mutants shows that thl~ 
receptor gene locus is functionally hemizygous in some CHO lines. Thf~ 
availability of receptor-deficient mutants may make it possible to identify th ~ 
receptor gene by genetic methods. In a similar approach, a CHO mutant that 
is resistant to the botulinum C2 toxin, apparently due to mutation of the recep
tor gene, was obtained (FRITZ et al. 1995). Although the receptor-binding 
domains of PA and the C2 toxin have no evident sequence homology, it is still 
possible that the toxins recognize the same or related protein receptors. There
fore, identifying the receptor for one of the PA family members (Table 3) m,.y 
help to identify receptors for others. 

II. Proteolytic Activation of P A 

PA requires cleavage at residues 164-167 to acquire the ability to bind LF and 
EF and to oligomerize. Thus, deletion of the RKKR sequence (SINGH et 11. 
1989) or substitutions that eliminate all but one basic amino acid (KLIMPEL et 
a1.1992) eliminate PA activity on cells. A PA mutant protein with the sequence 
AAAR is non-toxic in cells but can be activated by treatment with low con-
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centrations of trypsin. Mutation of the native cleavage site from RKKR to 
AARR makes the protein resistant to furin but not to other, unidentified host 
cell proteases, which appear to recognize a pair of basic amino acids (KUMPEL 
et al. 1992; GORDON et al. 1995). Mutation of the native site to RAAR retains 
sensitivity to furin but eliminates sensitivity to the putative dibasic-cleavage 
enzyme. Therefore, this PA mutant protein is inactive in furin-deficient CHO 
cells. 

Cleavage by furin is probably a rate-limiting step in toxin action (SINGH 
et al. 1999). When endocytosis is prevented by incubation at 5°C, cleavage 
requires several hours. There is very little furin on the cell surface, most of it 
being in the trans-Golgi region, from which a small amount cycles to the cell 
surface (MOLLOY et al. 1999). Because the PA receptor is not identified, it is 
not known whether furin is preferentially located near receptor-bound PA so 
as to facilitate cleavage. The slow rate of furin cleavage has implications for 
the kinetics of LF and EF uptake, which are discussed later. 

Of the five toxin proteins that have sequence homology to PA, only two 
have sites that can be cleaved by furin. Therefore, these toxins must be acti
vated by other host proteases or by bacterial proteases. The anaerobic 
clostridial pathogens usually grow in confined anatomical sites, which co
localizes secreted bacterial proteases with the toxin. It will be useful to 
characterize the proteolytic activation of these toxins. 

III. LF and EF Binding to P A63 

PA63 has affinity for LF and EF. This was originally demonstrated by co
immunoprecipitation and sedimentation equilibrium (LEPPLA 1991 b). Subse
quently, the interaction was demonstrated by gel electrophoresis, gel filtration 
under non-denaturing conditions, and in an enzyme-linked immunosorbent 
assay format (SINGH et al. 1999). Non-denaturing gel electrophoresis demon
strates the existence of complexes of the PA63 heptamer with LF. Titrating 
PA63 with increasing amounts of LF leads to the appearance of a ladder of 
bands of increasing size (i.e., decreasing mobility). Adding an equimolar 
amount of LF collapses the ladder into the slowest moving band, which is 
believed to contain seven LF molecules bound to the PA63 heptamer. The 
absence of any free LF under these non-equilibrium electrophoresis condi
tions suggests the binding is very strong, although it is also possible that the 
tight LF binding to the PA63 heptamer results from cooperative interactions 
between LF molecules. Direct measurement of LF binding to PA on cells 
yielded a Kd of O.24nM (NOVAK et al. 1992). 

LF can bind to both monomeric and oligomeric PA63 (SINGH et al. 1999). 
LF binding to monomeric PA63 was demonstrated by attaching PA to a 
surface to prevent oligomerization. PA, tethered to a plastic surface, was 
nicked with trypsin to produce monomeric PA63, and this was shown to bind 
LF, proving that oligomerization is not a prerequisite for LF binding. The fact 
that LF can bind to either monomeric or oligomeric PA63 leaves open the 
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question of when oligomerization of PA63 occurs relative to the other steps 
in the process. The ability of surface-bound PA63 to form pores and to translo
cate LFn fusion proteins when acid pulsed (discussed below) suggests that a 
significant fraction of PA63 has already oligomerized on the cell surface. 

IV. Endocytic Uptake 

Tnc entry of the anthrax toxin components into cells will be determined by 
the nature of the PA receptor. Until the receptor is identified. our under
standing of the trafficking of the toxin will be based largely on pharmacolog
ical studies. These argue strongly that entry is by endocytosis (1~lblc 4). 
Chemicals and drugs that prevent acidification of endosomes arc very effec-

Table 4. Pharmacological agents blocking anthrax lethal toxin action in mouse 
macrophages 

Agent Possible intracellular Protcctive Reference 
target or action concentration 

NH4Cl Endosome 10 mM FRIEDLANDER 19~6, 
acidification (fORDON ct al. 

19~R 
Bafilomycin Vacuolar proton 0.05 JIM MENARD et al. 

pump; endosome 1996a 
acidification 

Bestatin Aminopeptidases lmM KLlMPLL et al. 
1994: MENARD 
d al. 1996b 

Phenylalaninamide Ubiquitination lmM KLIMI'l'I d al. 
1994 

Lactacytin Protcasome 5pM TAN(i and LEPPLA 
1999 

Dithiothreitol Reactive oxygen ImM HANNA ct al. 199'f 
speclcs 

N-Acetyl-L- Glutathionc 10 mM HANNA ct al. 199~ 
cysteine concentration 

Leucine~CMK Proteases 10 JIM KUMPEI d al. 
1994 

Hydroxamate Metallopeptidases OJ mM MENAIW ct a!. 
chelators or leukotriene A4 1996b 

hydrolasc 
Genistein Tyrosine protein 50 JIM SHIN et al. 1999 

kinase 
Calyculin A Protein phosphatases 0.02 JIM l.IN et al. 1996 
Quinacrine Phospholipase A2 20 JIM SHIN et al. 1999 
Neomycin Phospholipase C 25 mM BIIATNAGAR ct al. 

1999 

eM K. chloromcthylketonc. 
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tive blockers of anthrax-toxin action on cultured cells (FRIEDLANDER 1986; 
GORDON et al. 1988, 1989; MENARD et al. 1996a). The effects of various phar
macological agents on anthrax-toxin action closely parallel those on diphthe
ria toxin action (DRAPER and SIMON 1980; SANDVIG and OLSNES 1981) and 
differ from those observed with certain toxins that undergo retrograde trans
port to the endoplasmic reticulum. This has been viewed as evidence that 
translocation of LF and EF occurs from an early-endocytic vesicle. The fact 
that translocation of surface-bound LF can be induced by brief acid shock 
(FRIEDLANDER 1986; GORDON et al. 1988; WESCHE et al. 1998), exactly as occurs 
with diphtheria toxin (SANDVIG and OLSNES 1981), supports the view that LF 
and EF can trans locate from an early endosome. A kinetic analysis showing 
that LF exits from a late-endocytic compartment (MENARD et al. 1996a) does 
not seem to have considered the slow and rate-limiting steps of PA cleavage 
and LF binding (SINGH et al. 1999). Kinetic analyses do not clearly resolve the 
question of how fast toxins enter cells. Toxins pre incubated with cells to allow 
nicking were reported to enter with a half-life of 3 min (NOVAK et al. 1992) or 
30min (SINGH et al. 1999). The latter result was used to argue that the use of 
a slowly internalized receptor would allow time for PA to be both proteolyt
ically activated and to capture LF or EF (SINGH et al. 1999). Use of a slowing 
internalized receptor would extend the parallels to diphtheria toxin, which 
enters slowly, on a non-professional receptor (ALMOND and EIDELS 1994). 

v. Channel Formation 

All bacterial toxins that act in the cytosol must cross cellular membranes. The 
membrane-crossing activity of anthrax toxin can be studied more easily than 
for many other toxins, because the soluble PA63 heptamer corresponds in 
some way to the membrane-inserted, protein-conducting channel. The soluble 
PA63 oligomer was first recognized during attempts to purify the fragments 
produced by limited trypsin digestion (LEPPLA et al. 1988; LEPPLA 1991 b). Pre
cipitation of the product and poor recoveries after chromatography suggested 
that PA63 was aggregating. Chromatography on the anion-exchange resin 
MonoQ at pH 9.0 yielded a soluble product. Non-denaturing gel elec
trophoresis showed the material made in this way to be a stable, monodisperse, 
high-molecular-weight species (LEPPLA 1991 b; SINGH et al. 1999). Electron 
microscopy showed that this preparation is heptameric (MILNE et al. 1994). 

The PA63 heptamer has channel-forming activity in artificial lipid mem
branes (BLAUSTEIN et al. 1989; FINKELSTEIN 1994). Intact PA is unable to form 
channels, consistent with the view that only the proteolytically activated, 
oligomerization-competent species can produce channels. Channel formation 
requires acidification. The channel in artificial membranes is cation selective, 
voltage dependent, and is blocked by quaternary ammonium ions in a voltage
dependent manner. Comparison of the behavior of symmetric quaternary 
ammonium ions of different sizes suggests that the channel lumen has a 
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minimum diameter exceeding 11 A (BLAUSTEIN et al. 1989). Studies in lipo
somes also demonstrate acid-dependent formation of ion-conductive channels 
(KOEHLER and COLLIER 1991). 

PA63, but not PA, forms ion-conductive channels in the plasma mem
branes of cultured cells (MILNE and COLLIER 1993). Channels are formed when 
cells containing surface-bound PA63 are exposed to low pH, with pH 5.0 being 
optimal. Nicked PA bound to cells and either exposed to pH 5.0 or internal
ized at 37°C becomes oligomerized, as demonstrated by sodium dodecyl 
sulfate (SDS) gel electrophoresis. The oligomer formed in this way is stable 
on heating in SDS, unlike the PA63 heptamer made in vitro as described 
above. This suggests that there is a 10w-pH-induced transition between an 
oligomerized, receptor-bound, prepore species, and a membrane inserted. 
functional pore or channel. 

A PA mutant protein lacking residues 313-315, PA-FFD, is non-toxic due 
to its inability to translocate LF and EF (SINGH et al. 1994). This mutant protein 
forms heptameric oligomers in vitro but fails to form the SDS-stable oligomers 
observed with native PA (SINGH et al. 1999), indicating that the stable 
oligomers represent the translocation-competent channel. Interestingly. the 
PA-FFD mutant appears to have a slightly lower affinity for receptors (LEPPLA. 
unpublished) and is unable to be inserted in asolectin vesicles (WANG et al. 
1998). These data show that aa 313-315 are important for membrane inser
tion; this is consistent with the model to be described below. 

The crystal structure of the PA63 heptamer made in vitro, the putative 
prep ore, was solved at a resolution of 4.5 A (PETOSA et al. 1997). 'The heptamer 
is a 160-A-diameter ring with a height of 85A and a lumen that is about 20A 
at its most narrow. The heptamer does not have an obvious hydrophobic outer 
surface, as would be needed for it to be inserted into membranes. Instead, i': 
was recognized that the large, flexible loop at aa 302-325 has the alternating 
hydrophobic and hydrophilic residues needed to form a J3-hairpin. Seven such 
J3-hairpins can assemble to make a J3-barrel in which the hydrophobic residue, 
face outward. The crystal structure of the membrane-inserted form of S. allrem 
a-hemolysin has such a structure (SONG et al. 1996). It is suggested that th,~ 
insertion of the PA aa 302-325 loop could be accompanied by an unfolding cf 
domain 2. In this way, J3-strands 1-4 (aa 262-368) could make an extendd 
structure that allows insertion of the heptameric J3-barrel in order to cross the 
membrane bilayer (PETOSA et al. 1997). 

Several studies support this model of membrane insertion. PA63 inserted 
into liposome membranes was labeled with a lipid-soluble. photoactivated 
reagent and then digested with proteases (WANG et al. 1998). The radiolabelEd 
peptide identified as being membrane inserted began at Ala258 and extend(d 
for at least 24 aa. This supports the hypothesis that residues 262-368 consti
tute the membrane channel. Residues lining the channel were identified by 
Cys-scanning mutagenesis, in which every aa in the sequence 302-325 was indi
vidually replaced by Cys (BENSON et al. 1998). When the proteins were inserted 
into lipid membranes, the resulting channels were blocked by methanethio-
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sulfonate ethyltrimethylammonium when the Cys replaced one of the 
hydrophilic residues of the f3-hairpin, but not when it replaced the alternating 
hydrophobic residues. This result is convincing proof that the membrane 
channel has the proposed f3-barrel structure like that in the staphylococcal 
a-hemolysin. 

It is interesting to note that several of the clostridial-toxin proteins that 
are closely related to PA do not appear to require acidification for their cel
lular action (PERELLE et al. 1997b). It would appear that these proteins have 
developed an alternative way to initiate membrane insertion and channel for
mation. This difference in acid dependence may be related to the location of 
His residues, which are often associated with pH-dependent transitions. All 
members of this group except PA contain a His-Ser or His-Thr sequence fol
lowing the {J-barrel-forming region, and only PA has His in the sequence that 
is part of the f3-barrel. Comparison of the crystal structures of these proteins 
may explain why they differ from PA in this important way. 

VI. Translocation and Cytosolic Trafficking 

Few details are known about the process by which LF and EF translocate 
across membranes. Initiation of the translocation process is not understood. 
The fact that polypeptides fused to either end of LFn are translocated (ARORA 
and LEPPLA 1994a; MILNE et al. 1995; WESCHE et al. 1998) shows that entry 
must begin with an internal hairpin structure. This may be analogous to the 
initial events in signal-peptide-dependent secretion. The lumen of the PA63 
channel is rich in acidic residues (PETOSA et al. 1997), so the interaction with 
LF and EF may involve ionic interactions. Short, basic polypeptides (especially 
oligo-lysine peptides) attached to proteins, such as diphtheria-toxin-fragment 
A, can cause their internalization in a PA63-dependent manner (BLANKE et al. 
1996), suggesting that basic regions on LF and EF playa role in translocation. 
However, the oligo-lysine-induced uptake may not accurately model LF and 
EF internalization, because LFn does not block this process. 

It is probable that LF and EF partially unfold to pass through the lumen 
of the PA63 heptameric channel. Evidence for this comes from studies of a 
series of LFn fusion-protein constructs internalized from the cell surface of L6 
cells by acid shock (WESCHE et al. 1998). Fusions to the ADP-ribosylation 
domain of diphtheria toxin were prevented from trans locating by introduction 
of a non-native disulfide bond. Reduction of the disulfide bond allowed 
translocation. Similarly, translocation of a LFn fusion with dihydrofolate 
reductase was blocked by addition of the tight-binding substrate 
methotrexate. 

LF and EF have an ability to lyse liposomes in the absence ofPA63 (KocHI 
et al. 1994). The lytic action of LF is accelerated by low pH. This result 
was interpreted to suggest that LF and EF may participate in the process of 
membrane translocation. However, the properties of the PA63 channel suggest 
that hydrophobic interactions of LF and EF may be important in the binding 



462 S.H. LEPPLA 

of these components to the hydrophobic surface at the top of the PA63 
heptamer. 

The potency of LF and EF will depend on their stability in the cytosol. 
The stability of LFn fusion proteins depends on the identity of the N
terminal aa (WESCHE et al. 1998), consistent with the N-end rule of 
VARSHAVSKY (1997). Thus, a fusion protein having an N-terminal Met was 
stable after acid-shock-induced internalization, whereas a corresponding 
protein with an N-terminal Phe was unstable, having a half-life of less than I 
h. LF and EF have N-termini, Ala and Met, that are expected to confer mod
erate and high stability, respectively. For comparison, in Vero cells, diphtheria
toxin fragment-A chains with Ala and Met termini have half-lives of 3 hand 
20h, respectively (FALNES and OLSNES 1998). If EF is stable in the cytosol, 
then some other processes must explain the rapid fall in cyclic adenosine 
monophosphate (cAMP) concentration that occurs following removal of 
EdTx from CHO cells (LEPPLA 1982). 

E. Intracellular Actions 

I. EF Adenylate Cyclase 

EdTx treatment increases cAMP concentrations in nearly all cells tested. Con· 
centrations of cAMP obtained vary between cell types, from 2 .umol cAMP/m§, 
protein to 2000 .umol cAMP/mg protein (LEPPLA 1984; GORDON et al. 1988, 
1989). cAMP-dependent protein kinase is the only cellular component respon· 
sive to this second messenger, and it is already fully activated at rather low 
concentrations of cAMP. Therefore, the only other effect of EF is to deplek 
ATP concentrations. For these reasons, most cell types survive EdTx treatment 
and recover after its removal. 

The apparent role of EdTx in anthrax infections is to incapacitate phago
cytes during the early stages of infection. Polymorphonuclear cells treated with 
EdTx are less effective at phagocytosis of B. anthracis spores and at respond
ing to phorbol-ester treatment (O'BRIEN et al. 1985). [n human monocyte:;, 
EdTx induces interleukin-6 production and blocks lipopolysaccharide-induced 
tumor necrosis factor (TNF)-a production (HOOVER et al. 1994). These effects 
closely paralleled those obtained with dibutyryl cAMP. Therefore, it follows 
that the effects of EdTx are mediated entirely by its ability to increase cellu
lar cAMP concentrations. There have been relatively few studies of EdTx 
action, probably because the effects of EdTx are predictable. However, tte 
effects of EdTx will differ from the long-lasting changes induced by cAMP
modulated agents, such as cholera toxin, because cAMP concentrations f<tll 
quickly following EF removal (LEPPLA 1982), as noted above. 

Activation of cAMP-dependent protein kinase can have diverse effects in 
different cell types by modulating signal-transduction pathways involving 
protein phosphorylations. Because the only known action of LF is to affE ct 
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protein-kinase pathways (discussed below), it is probable that EF and LF may 
act synergistically in some cases. 

The fact that EdTx does not kill cultured cells is consistent with its limited 
role in virulence. Strains of B. anthracis having the cya gene disrupted show 
only a tenfold increase in LDso, an effect much smaller than the over 1000-
fold increases caused by pag or Ie! disruption (CATALDI et al. 1990; PEZARD 
et al. 1991, 1993). 

II. LF Metalloprotease 

LeTx is considered the dominant virulence factor of B. anthracis. Intravenous 
injection of saturating doses of LeTx into Fischer 344 rats causes death in 
38min (BEALL et al. 1962; EZZELL et al. 1984). LeTx treatment kills mice and 
other animals more slowly and with symptoms matching those observed in 
animals dying of anthrax infection. Progress toward understanding how LeTx 
kills animals began with the demonstration that mouse and rat macrophages 
are uniquely sensitive to the toxin (FRIEDLANDER 1986). Primary macrophages 
and immortalized macrophage cell lines are lysed in approximately 120min. 
The deaths of the cells appear to be necrotic rather than apoptotic, although 
apoptotic cells are seen at intermediate toxin concentrations when the protein
phosphatase inhibitor calyculin is added (LIN et al. 1996). Some other cell 
types show growth inhibition by LeTx (LEPPLA 1991b), but macrophages are 
unique in their rapid cytolytic response. 

The RAW264.7 macrophage cell line is a convenient system for studying 
early changes following LeTx addition (BHATNAGAR et al. 1989; HANNA et al. 
1992, 1993; MILNE et al. 1995). Increases in ion fluxes are evident at 45min, 
followed by ATP depletion and release of superoxide at 6Omin. Morphologi
cal changes are evident at 75 min, and lysis occurs at 90-120 min. The final 
stages of lysis can be slowed by depletion of extracellular calcium, addition of 
calcium-channel blockers, or osmotic protectants, suggesting that cell
membrane integrity is being lost. Depletion of macrophages by treatment with 
silica makes mice resistant to LeTx, and infusion of RAW264.7 cells restores 
sensitivity (HANNA et al. 1993). The release of cytokines upon lysis of 
macrophages may contribute to the death of the mice, because antibodies to 
interleukin-l and TNF-a protect mice from LeTx action. 

A diverse group of pharmacological agents protect RAW264.7 cells from 
LeTx action (Table 4). Protection by some antioxidants argues that the oxida
tive burst contributes to the deaths of the cells (HANNA et al. 1994). Further 
evidence that the oxidative burst plays a role is the resistance of the IC-21 
macrophage cell line, which is unable to produce superoxide (SINGH et al. 1989; 
HANNA et al. 1994). However, one specific oxidative product, nitrous oxide, 
does not appear to be involved in cell death (SHIN et al. 1999). Other recent 
work suggests an involvement of phospholipases and protein phosphorylation 
in macrophage death (BHATNAGAR et al. 1999; VARUGHESE et al. 1999). 
However, these studies should be viewed cautiously because, in some cases, 
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the inhibitors were used at high concentrations, where their specificities are 
uncertain. It is also a concern that pharmacological studies do not easily dis
tinguish between the early events resulting directly from LF action and the 
late, secondary, stress-induced responses characteristic of necrotic cells. In the 
ideal case, a protective agent targeting an early event would protect when 
added early (0-30 min) but not when added late (60-90 min). This is the pattern 
observed with bafilomycin, which specifically blocks escape of LF from 
endosomes to the cytosol (MENARD et al. 1996a). 

The finding that some protease inhibitors protect macrophages from LeTx 
(KUMPEL et al. 1994) led to the hypothesis that LF might be acting on or 
through a proteolytic mechanism. This hypothesis helped direct attention to 
the presence, in LF, of a potential zinc-binding site in the C-terminal domain 
(KUMPEL et al. 1994). As discussed above, mutagenesis of the HEFGH site 
supported the hypothesis that LF is a metalloprotease, leading eventually to 
the discovery that LF cleaves MAPKKI and 2 (DUESBERY et al. 1998) and 
peptides (HAMMOND and HANNA 1998). Cleavage of the MAPKKs was dis
covered independently, using a two-hybrid screen for LF-binding proteins 
(VITALE et al. 1998). 

MAPKKI may not be the only substrate of LF in the cytosol of 
macrophages. It is not evident how inhibition of MAPKKI could lead to the 
rapid lysis of the cells, and work is needed to identify any additional substrates 
and to trace the events that lead to the rapid cell lysis. The fact that many dif
ferent pharmacological agents protect cells from LeTx-induced lysis suggests 
that lysis may result from the simultaneous failure of several different 
homeostatic systems. Macrophages have various defenses against stress and 
may be able to repair damage to a single system. Perhaps LF initiates damage 
to several systems, so that the cumulative result exceeds the repair capacity of 
the cell. A genetic locus, Ltxl, which controls the sensitivity of mouse 
macrophages to LeTx, maps to mouse chromosome 11 (ROBERTS et al. 1998). 
Sensitivity is dominant, so the Ltxl allele from A/J mice confers resistance, 
while the allele from Balb/cJ mice confers sensitivity. Identification of the 
protein encoded at this locus will help to explain the lytic action of LeTx 011 

mouse macrophages. However, this protein may be only one of many compo
nents involved in the pathway(s) leading to cell lysis. 

F. Therapeutic Applications of LF Fusion Proteins 
The ability of LFn to translocate heterologous polypeptides into the cytosol 
of cells is being exploited. Initial studies showed that fusions of LFn to the ca;
alytic domains of other toxins were highly active (ARORA et al. 1992, 1994b; 
ARORA and LEPPLA 1993, 1994a; MILNE et al. 1995). The catalytic domains of 
toxins that act in the cytosol of cells must translocate across membranes and 
might be expected to unfold and refold in a manner compatible with translo
cation by the PA63 pore. Direct analysis of a set of diverse LFn fusicln 
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proteins using the acid-induced-internalization model showed that only some 
heterologous proteins can successfully translocate (WESCHE et a1. 1998). 
Tightly folded proteins did not translocate. 

The LFn delivery system is being developed as a way to generate cellular 
immunity. A cytotoxic T cell response occurs when antigenic peptides are gen
erated in the cytosol, associate with major histocompatibility complex (MHC) 
class-J molecules, and are presented on the cell surface. LFn fusion proteins 
can deliver peptides and proteins to the cytosol to initiate this process (GOLETZ 

et a1. 1997a). A protective cytotoxic T cell epitope from listeriolysin-O was 
fused to LFn. Mice injected with the LFn-peptide and PA were partially pro
tected from infection by Listeria monocytogenes (BALLARD et a1. 1996). More 
useful for vaccination would be to deliver a larger peptide or protein in order 
to provide epitopes presented by many different MHC haplotypes. Thus, deliv
ery of a LFn-HIV gp120 fusion protein and processing via the proteasome led 
to presentation of a known V3-100p epitope (GOLETZ et a1. 1997b). Peptides 
chemically conjugated to LFn are also efficiently delivered (BALLARD et a1. 
1998a, 1998b). 

G. Summary and Future Prospects 
Continued progress in defining the structure and function of the anthrax-toxin 
components can be expected in the next few years. Identification of cellular 
receptors for PA and the related binary toxins will do much to help explain 
their action on cells and in animals. Solving the LF and EF crystal structures 
will be immensely useful in understanding how LF and EF enter cells and 
express their catalytic effects. Finally, the rapidly developing knowledge about 
signal-transduction and cell-death pathways will provide the tools needed to 
deduce a molecular description of how LF kills macrophages and, by exten
sion, anthrax-infected animals. This knowledge can be expected to lead to the 
rational design of toxin inhibitors that may be efficacious in the treatment of 
anthrax infection. 
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CHAPTER 20 

Adenylyl-CycIase Toxin from 
Bordetella pertussis 

E.L. HEWLETT and M.e. GRAY 

A. Introduction and Background 

Bordetella pertussis produces a novel acylated adenylyl cyclase (AC) that is 
able to insert itself into the cytoplasmic membrane of eukaryotic target cells. In 
its interaction with target cells, the toxin rapidly (in seconds to minutes) creates 
a membrane perturbation that allows ion conductance. In the same time frame, 
the catalytic domain is delivered to the cell interior, where it produces 
supraphysiologic levels of cyclic adenosine monophosphate (cAMP) from 
endogenous (host) adenosine triphosphate (ATP). In a process that appears 
to be related to the transmembrane-pore formation, this AC toxin also causes 
lysis of erythrocytes and, through this activity, is the molecule responsible 
for hemolysis on blood-agar plates on which Bordetella species are growing. 
Production of AC toxin is regulated by the Bordetella two-component 
regulatory system, hvg, and it is a protective antigen in animal infections with 
B. pertussis. By virtue of its multiple activities, this interesting toxin is a useful 
prototype for study of the processes by which large exogenous proteins can 
interact with and traverse the membranes of nucleated target cells without 
causing permanent damage or death to the cell. 

The historical background of the discovery and initial characterization 
of AC toxin was provided in several previous reviews of this toxin and will 
not be covered in detail here (MASURE et al. 1987; HAN SKI 1989; MOCK and 
ULLMANN 1993; HEWLETT and MALONEY 1994). Recognition by WOLFF and 
COOK that a commercial pertussis vaccine contained AC enzymatic activity led 
to the purification of a fragment of AC toxin from the culture medium of B. 
pertussis (WOLFF and COOK 1973; HEWLETT and WOLFF 1976). Other novel fea
tures of this molecule include its extracytoplasmic location and its activation 
(up to lOOO-fold increase in enzymatic activity) by the calcium-binding regu
latory protein calmodulin (HEWLETT et al. 1976; BERKOWITZ et al. 1980). It was 
subsequently found that, unlike most calmodulin-regulatory functions, activa
tion of the enzymatic activity of this AC could occur in the absence of Ca2+, 

albeit at lower calmodulin potency (GREENLEE et al. 1982; KILHOFFER et al. 
1983). 

Despite the unusual aspects of this bacterial product (including its loca
tion and dependence on a host protein for high-level activity), there was 
no apparent "toxin" activity of the 70-kDa fragment first studied. In 1982, 
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however, CONFER and EATON demonstrated that urea extracts of B. pertllssis 
were able to increase cAMP levels in alveolar macrophages and neutrophils 
and thereby profoundly inhibit their phagocytic and oxidative responses 
(CONFER and EATON 1982). This observation established AC from Bordetella 
species as a "toxin" and led to the investigation of this fascinating protein by 
a number of laboratories. This toxin is also produced by two other Bordetella 
species, B. parapertussis and B. bronchiseptica, but the majority of the charac
terization and study has been done with AC toxin from B. pertussis (GUEIRARD 
and Gurso 1993; BETSOU et a1. 1995). 

B. Gene and Protein Structure 
Cloning and sequencing of the AC toxin gene by GLASER et al. provided the 
data necessary to identify the holotoxin molecule, which is 177 kDa but which 
migrates on sodium dodecyl sulfate polyacrylamide-gel electrophoresis with 
an apparent molecular weight of over 200 kDa (LADANT et al. 1986; GLASER et 
a1. 1988a; HEWLETr et al. 1989; ROGEL et al. 1989). GLASER et al. recognized 
that the operon consists of the structural gene cyaA and associated genes cyaB, 
cyaD and cyaE, which are involved in secretion of the toxin (GLASER et al. 
1988b). Subsequently, BARRY et al. discovered an additional gene. cyaC, which 
is required for post-translational activation of the toxin, as will be described 
below (BARRY et a1. 1991). The entire operon has significant homology with 
members of the family of bacterial proteins termed the RTX (repeat in toxin) 
toxins, including Escherichia coli hemolysin, Pasteurella haemo/ytica leuko
toxin and other, apparently non-toxic, proteins (GLASER et al. 1988b; WELCH 

1991, 1995; COOTE 1992; BAUMANN et a1. 1993; THOMPSON et al. 1993). 
The toxin molecule possesses four major domains recognized on the basis 

of the DNA sequence: the catalytic domain, containing the active site for the 
enzymatic activity (amino acids 1-4(0), a hydrophobic region (amino acids 
500-700), the glycine- and aspartic-acid-rich repeats (amino acids lOOO-160(») 
and a C-termina1 secretion signal (amino acids 1601-17(6). In addition to the 
accessory genes for activation and secretion, the repeats in the distal half of 
the protein constitute the main feature the toxin has in common with the RTX 
family. These repeats are present in an alkaline protease from Pseudomonas 
aeruginosa; and in that molecule, the repeats form a series of unusual parallel 
f3 rolls (BAUMANN et al. 1993). The crystal structure of the Pselldomonas pro
tease has been solved and reveals tight binding of calcium between two loops 
of each repeat. Recent study of AC toxin indicates that its repeats result in a 
comparable structure for calcium binding (RHODES et aI., unpublished data). 
AC toxin is a calcium-binding protein in which presence of the divalent cation 
elicits a conformational change apparently required for interaction with target 
cells (HEWLETr et al. 1991; ROSE et al. 1995). AC toxin has the largest number 
of repeats (38-41, depending on the degree of degeneracy tolerated in defin
ing a unit) among the RTX proteins that have been identified; most have 1O-2( 
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(GLASER et al. 1988; WELCH 1991; COOTE 1992; ROSE et al. 1995). Although 
enzymatic formation of cAMP from ATP is not dependent on the presence of 
Ca2+, other activities of the toxin, namely binding to target cells and cell
invasive and pore-forming/hemolytic functions, do not occur when no Ca2+ is 
available to the toxin (CONFER et al. 1984; HANSKI and FARFEL 1985; GENTILE 
et al. 1990). 

As with some of the RTX toxins that have been studied in greater detail, 
non-enzymatic activities of AC toxin require the product of an ancillary gene, 
cyaC, which is somehow involved in (presumed to be responsible for) an E

amino, post-translational acylation of a lysine (BARRY et al. 1991; ISSARTEL et 
al. 1991; HACKETT et al. 1994; GRAY et al. 1998; STANLEY et al. 1998). Unex
pectedly, there is a difference in the acylation pattern between wild-type AC 
toxin expressed in the parent organism, B. pertussis, and recombinant AC toxin 
expressed in E. coli, with palmitoylation of the wild-type molecule at a single 
site (lysine 983) but mixed palmitoylation (approximately 67%) and myris
toylation (33 %) at lysine 983 plus partial palmitoylation at a second site (lysine 
860) in the recombinant toxin, when expressed in E. coli XL-1 Blue (HACKETT 
et al. 1995). These two preparations appear to have functional differences in 
their hemolytic activities but have comparable cell invasive activities 
(HACKETT et al. 1995). The bases for the differential acylation and any func
tional differences remain unknown. 

C. Biological Activities of AC Toxin 
As indicated above, there are several functions of AC toxin that must be dis
tinguished prior to considering the mechanism of action and role of this viru
lence factor in the diseases caused by Bordetella species. Development of a 
genetic construct by SEBO et al. enabling high-level expression of AC toxin in 
E. coli, was an essential step in the subsequent studies of toxin activities 
described below (SEBO et al. 1991). 

I. Enzymatic Activity 

The conversion of ATP into cAMP in an in vitro system consisting of AC toxin 
and substrate (Mg-ATP), with or without calmodulin, defines the enzymatic 
activity. This reaction can be catalyzed (with high turnover number and spe
cific activity) by the holotoxin and virtually any of the proteolytic fragments 
of the toxin containing the catalytic domain. As with other cell-invasive toxins 
that are enzymes and conform to the A/B model, the isolated catalytic domain 
retains its enzymatic activity but has no "toxin" activity (GILL 1978; BELLALOU 
et al. 1990). The structure of the catalytic domain and its interaction with 
calmodulin have been studied extensively (HAIECH et al. 1988; LADANT 1988; 
GLASER et al. 1989; LADANT et al. 1989; GILLES et al. 1990; BOUHSS et al. 1993; 
MUNIER et al. 1993). Among the observations was the demonstration by 
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LADANT that two tryptic fragments of the catalytic domain (T 18 and T25) could 
be stabilized by calmodulin, protecting its enzymatic activity from proteolytic 
digestion whereas, in the absence of calmodulin. the activity is quickly lost 
(LADANT 1988). The ability to reconstitute the enzymatic activity has served as 
the basis for use of AC fragments in a two-hybrid system for evaluation of 
signal-transduction pathways in eukaryotic cells by KARIMOVA et al. (1998). 

II. Cell-Invasive Activity 

The ability of AC toxin to increase the intracellular cAMP levels of intact cells 
results from the delivery of the catalytic domain and is defined as "cell
invasive" activity or "intoxication". Unlike some other bacterial toxins, the 
delivery process occurs from the cell surface without involvement of receptor
mediated endocytotic pathways (HANSKI and FARFEL 1985: GENTILE et al. 1988: 
GORDON et al. 1988; DONOVAN and STORM 1990). The invasive step has also bcen 
quantified by determination of enzymatic activity in a trypsin-protection 
experiment (BELLA LOU et al. 1990; ROGEL and HANSKI 1992, HEWLETT et a!. 
1993). Enzymatic activity in the lysate of cells exposed to toxin and then 
trypsin before lysis is compared with enzymatic activity contained in Iysates 
in the absence of trypsin treatment (a reflection of the total amount of AC 
toxin bound). The results allow determination of the proportion of bound cat
alytic domain that has been delivered to a trypsin-resistant site. presumably 
the cytosol. Ca"" is required for invasive activity. and there is a steep calcium
concentration dependence. with activity increasing from essentially none to 
full effect between 200 JiM and 500 JiM Ca"" (HEWLETT et a!. 1991; ROGEL and 
HANSKI 1992). The delivery of the catalytic domain to the cell interior (but not 
the initial binding of the toxin) is dependent on the membrane potential of 
the target cell. with invasion blocked when the target cell is depolarized 
(OTERO et al. 1995). Invasive activity is also temperature dependent. with little 
or no cAMP accumulation at 0-4°C (ROGEL and HANSKI 1992: GRAY et al. 
1998). 

The stoichiometry of invasive activity suggests that it is a function of the 
toxin monomer (GRAY et al. 1998). There are. however. data to suggest that 
AC toxin is able to interact with itself to form dimcrs or higher-order forms 
in the setting of invasive activity. First, IWAKI et a!. constructed mutants from 
which the major domains of the toxin were deletcd and used those molecules 
(alone and in pairs) to evaluate the consequcnces of the deletions for invasive 
activity (IWAKI et a!. 1995). The results revealed that several mutants. which 
were completely inactive individually. were able to produce low-level cAMP 
accumulation in sheep red blood cells (RBCs) when addcd in combination. 
indicating that dimers must be formed to allow this complementation. Addi
tional data are provided by recent work from BEJERANO et aL who showed 
that similar deletion mutants can be complemented by small pcptides repre
senting the critical areas that had becn deletcd (I3EJERANO ct al. 1998). Espe
cially important was a stretch of amino acids near the C-terminus. a domain 
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that had been identified previously as critical to toxin function (IWAKI et al. 
1995). In addition to allowing identification of essential domains, the prepa
ration of deletion mutants has been especially useful for mapping monoclonal 
antibodies against AC toxin, for which it had previously been impossible to 
identify epitopes except by homology with E. coli hemolysin (LEE et al. 1999). 

III. Pore Formation and Hemolysis 

In a process that is completely dissociable from cell invasive activity and inde
pendent of cAMP production, AC toxin is able to cause lysis of erythrocytes 
(RBCs) (WEISS et al. 1983; EHRMANN et al. 1991; ROGEL et al. 1991; SAKAMOTO 
et al. 1992). This action of the molecule is responsible for the hemolytic 
phenotype of wild-type B. pertussis on blood-agar plates. Hemolysis elicited 
by AC toxin is rather slow and modest compared with that produced by 
other members of the RTX family but is, as with invasive activity, dependent 
on acylation and Ca2+ (EHRMANN et al. 1991). Although there are descriptions 
of AC toxin producing hemolysis in the presence of Ca2+ chela tors, these 
results are interpreted as reflecting the persistence of toxin-bound Ca2+, which 
cannot be removed without denaturation of the molecule (ROGEL et al. 1991; 
ROSE et al. 1995; GRAY et al. 1998). These few calcium ions bound to AC 
toxin are believed to form a conformation of the toxin that allows binding to 
the target cell and development of hemolysis but is insufficient for invasive 
activity (Fig. 1). 

The stoichiometry of hemolysis, as determined by concentration depen
dence, suggests that a higher-order form, such as an oligomer, is required 
(SZABO et al. 1994; GRAY et al. 1998). Hemolysis has several other peculiar fea
tures, including some target cell specificity. For example, sheep, rabbit and 
mouse RBCs are sensitive to AC-toxin-induced hemolysis, while human RBCs 
are resistant, being susceptible to hemolysis only when the human erythro
cytes are treated with N-ethylmaleimide prior to addition of AC toxin (ROGEL 
et al. 1991; GRAY et al. 1998). The basis for the differences seen with human 
RBCs is not known, but it does not appear to be in toxin binding, since cell 
invasion by the catalytic domain, resulting in cAMP accumulation, occurs 
without special manipulation of the conditions (ROGEL et al. 1991; GRAY et al. 
1998). 

Hemolysis is variable among preparations of AC toxin and, at toxin con
centrations less than 10 .ug/ml, the process exhibits a lag of greater than 1 h 
(EHRMANN et al. 1991; ROGEL et al. 1991; GRAY et al. 1998). As a result of these 
characteristics, identification of an early step in the sequence of events leading 
to hemoglobin accumulation in the medium has long been a goal. Several 
studies have been conducted using artificial lipid bilayers to investigate the 
ability of AC toxin to create transmembrane pores (BENZ et al. 1994; SZABO 
et al. 1994). SZABO et al. demonstrated that ion conductance elicited by AC 
toxin is voltage-dependent, calcium-dependent and develops with a preference 
for negatively charged phospholipids (SZABO et al. 1994). BENZ et al. observed 
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cation-selective single channels with pore sizes smaller th an that of E. coli 
hemolysin (BENZ et al. 1994). 

More recently, in pursuit of an easily measurable indica tor of membrane 
insertion/perturbation by AC toxin , GRAY et al. (1998) found a concentration
dependent K+ efflux from target RBCs exposed to AC toxin . This process 
occurred with an onset (within minutes) and time course comparable to that 
of cell invasion but could be completely dissociated from delivery of the cat
alytic domain and the resultant accumulation of cAMP. The e ffl ux of K+ is 
attributed to creation of a defect in the RBC membrane by insertion of 
monomeric toxin , because the stoichiometry indicates a power dependence 
near unity. Although reduced temperature causes a marked delay in hemoly
sis but only a modest effect on K+ effl ux , the two processes are not dis
sociable, suggesting that K+ efflux may represent an antecedent step to 
oligomerization and hemolysis. K+ efflux was not observed in human RBCs 
under standard conditions that support K+ efflux and hemolysis of sheep 
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RBCs. Together, these data can be interpreted as indicating that insertion of 
AC toxin to deliver its catalytic domain and insertion to allow K+ release and 
hemolysis may occur by structurally different paths. In fact, at this time, it is 
not possible to determine whether both activities can actually be carried out 
simultaneously by the same toxin molecule. 

IV. Summary 

The generally accepted concept of AC toxin action begins with binding of the 
holotoxin molecule to the surfaces of target cells by interaction with an 
unknown host factor. This initial interaction is not saturable up to concentra
tions of toxin far in excess of those required to reach maximal levels of cAMP. 
There is then an insertion of some part of the toxin into the membrane. result
ing in efflux of intracellular K+. In erythrocytes, this process continues 
inevitably to hemolysis, presumably via steps including oligomerization of 
several toxin molecules to a higher-order form. Within the same time frame. 
there is delivery of the catalytic domain, which interacts with intracellular 
calmodulin to increase its enzymatic activity and produce cAMP. This complex 
sequence of events and the alterations imposed by different conditions and 
effectors are illustrated diagramatically in Fig. 1. The issue of whether both 
invasion and K+ efflux/hemolysis can be carried out by the same molecule is 
not addressed in this model. 

It has been proposed by OLDENBURG et al. that the binding of calmodulin 
to its site on the catalytic domain is required for retention of the enzymatic 
portion of the molecule within the cytosol (OLDENBERG et al. 1992). This 
concept has been disputed, however. on the basis of mutants with reduced 
affinity for calmodulin that were, nevertheless, capable of efficient invasive
ness (HEVEKER and LADANT 1997). Storm and coworkers have also proposed 
an alternative hypothesis to the model presented above. The mechanism they 
propose involves the proteolytic cleavage of AC toxin into an enzymatically 
active 45-kDa fragment and one or more other fragments that facilitate the 
entry of the catalytic domain into the cell (DONOVAN et al. 1989; OLDENBURG 
and STORM 1993). These two components would comprise the A and B sub
units of the toxin in the A/B model of GILL, and neither would have activity 
in the absence of the other (GILL 1978). The peptide that facilitates entry is 
described as binding to wheat-germ lectin-agarose and being protease sensi
tive (DONOVAN et al. 1989). The predominant proteins eluted from the lectin 
column range in size from 26kDa to 30kDa. A synthetic peptide correspond
ing to amino acids 313-339 in the catalytic domain inhibits the invasive activ
ity of a mixture of these fractions. suggesting that the interaction between the 
A and B subunits is disrupted in the presence of the peptide (OLDENBURG and 
STORM 1993). This scenario, which does not deal with the issues of pore for
mation and hemolysis, has yet to be confirmed or supported by data from other 
laboratories. Although the majority of data indicate that AC toxin can act as 
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a single protein, meaning that the highest-potency preparations are those 
containing the greatest quantity of holotoxin, one cannot exclude the possi
bility that both models are correct. Additional studies designed specifically to 
address this possibility would be required to resolve the issue. 

D. Possible Role/s of AC Toxin in Pathogenesis 
Discovery of the invasive activity of AC toxin by CONFER and EATON resulted 
from experiments in which neutrophils and alveolar macrophages were 
exposed to extracts of B. pertussis (CONFER and EATON 1982). The effect on 
these cell types was a profound inhibition of their oxidative response to 
soluble and particulate stimuli and was correlated with the levels of intracel
lular cAMP. Several studies have shown that AC toxin is a relevant virulence 
factor for B. pertussis and that organisms defective in its production are 
reduced in ability to cause and sustain infection in experimental animals 
(WEISS et al. 1984; BREZIN et al. 1987; GUISO et al. 1989; WEISS and GOODWIN 
1989; KHELEF et al. 1992). This information and subsequent studies character
izing this phenomenon with different preparations of AC toxin led to 
the hypothesis that the toxin's function for the bacterium is to suppress the 
host's defense mechanisms for microbe clearance (CONFER and EATON 1982; 
FRIEDMAN et al. 1987; PEARSON et al. 1987). This suggestion is consistent with 
the demonstration of the ability of intact B. pertussis organisms to deliver AC 
toxin to target cells by contact (MOUALLEM et al. 1990). There is no evidence 
that the toxin accumulates significantly in the environment or that the toxin 
or the organism circulates to sites outside of the respiratory tract to cause sys
temic effects during infection. 

AC toxin has also been shown to cause apoptosis in some cells with which 
it interacts, especially alveolar macrophages (KHELEF et al. 1993, 1995; 
GUEIRARD et al. 1997). The catalytic domain is required for this function, 
but the mechanism by which apoptosis is promoted is unknown. Since, in 
some infectious processes, apoptosis contributes to induction of inflammation, 
and AC-toxin-deficient mutants elicit less inflammation in animal studies, 
it is possible that this is a role of AC toxin acting through the induction 
of apoptosis (GUEIRARD et al. 1997; ZYCHLINSKY and SANSONETTI 1997). The 
other alternative is that the induction of cell death by this pathway is merely 
a mechanism for the creation of local damage to reduce host clearance 
processes. 

B. pertussis and other Bordetella species have been observed to invade and 
survive, at least for short periods of time, in both phagocytic and non
phagocytic cells (EWANOWICH et al. 1989a, 1989b; STEED et al. 1991; FRIEDMAN 
et a1. 1992). Interestingly, the expression of AC toxin appears to be detrimen
tal to invasion of non-phagocytic cells, such as BeLa cells, but beneficial 
for invasion of and survival within macrophages (EWANOWICH et a1. 1982a: 
FRIEDMAN et al. 1992). The potential clinical relevance of these in vitro studies 
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is supported by the observation by BROMBERG et al. (1991) that human immun
odeficiency virus-infected children with pertussis exhibit B. pertussis organisms 
associated with alveolar macrophages. 

In general, accumulated data indicate that AC toxin acts as a local toxin 
but, even within that concept, there is the possibility that it may contribute to 
the disease process in additional ways. As in the intestinal tract, the epithe
lium of the respiratory tract can be stimulated to secrete mucous and fluid by 
increases in intracellular cAMP concentration (BOUCHER 1994). Although 
there are no pathogens known to be comparable to Vibrio cholerae for the res
piratory tract, it is well known that patients with pertussis have voluminous 
secretions, which are expectorated during cough paroxysms (LAPIN 1943). 
Since B. pertussis organisms are restricted to the respiratory mucosa or sub
mucosa during infection and can deliver AC toxin to cells with which they 
come in contact, it is certainly plausible that cell invasion by this potent viru
lence factor could be responsible for a cAMP-mediated secretory response to 
account for these clinical findings. This possibility remains to be tested exper
imentally in systems that have been developed for investigation of the respi
ratoryepithelium. 

E. AC Toxin as a Protective Antigen 
Humans infected with B. pertussis or immunized with whole-cell pertussis vac
cines develop antibodies against AC toxin (F ARFEL et al. 1990; GUISO et al. 
1990;ARCINIEGA et al. 1991, 1993). There is, however, no information in humans 
with regard to possible protective activity of this immune response. GUISO and 
associates have presented, in a series of papers, the protective effect of AC 
toxin against infection of mice with B. pertussis (BREZIN et al. 1987; GUISO et 
al. 1989,1991; BETSOU et al. 1993, 1995). In early studies, it appeared that only 
the catalytic domain was able to elicit protection in a mouse respiratory
infection model but, subsequently, it was determined that the holotoxin is 
required and that its post-translational acylation is also important (Bmsou et 
al. 1993). In that study, the time course of infection in animals receiving non
acylated AC toxin was the same as that in controls, whereas immunization with 
wild-type toxin elicited the most rapid clearance. Immunization with recom
binant toxin was associated with an intermediate rate of clearance, providing 
the first suggestion that expression of AC toxin in E. coli could result in a dif
ferent state of acylation. 

Due primarily to the fact that it was not available in sufficient quantity 
and purity at the time of vaccine development, AC toxin was not considered 
seriously for inclusion in the acellular pertussis vaccines, which have recently 
been evaluated and licensed for use in routine pertussis immunization 
(HEWLETT and CHERRY 1997). Whether addition of this molecule (which is an 
established protective antigen in animals) to acellular vaccines for humans is 
beneficial remains to be determined. 
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F. Uses of AC Toxin as a Novel Research Reagent 
Unlike the modest effects of cholera toxin on cAMP production in target cells. 
AC toxin from B. pertussis allows for extraordinary increases in cAMP to sup
raphysiologic levels. often several orders of magnitude above those achieved 
by physiologic agonists. The ability to make rapid. concentration-dependent 
alterations in this important intracellular mediator in the absence of effects 
on G proteins has been useful for investigation of cAMP-modulated processes 
in multiple cell types, including anterior pituitary cells, ovarian cells and cancer 
cells (SLUNGAARD et al. 1983: CRONIN et al. 1986: VELDHUIS et al. 191)1)). For 
such studies, an enzymatically inactive mutant produced by a single amino acid 
substitution at lysine 58 serves as a control for any potential effects of the 
pore-forming domain (Au et al. 191)9: EHRMANN et al. 1992). 

Sory and Cornelis have used a chimera of the catalytic domain of AC toxin 
fused to YopE to demonstrate the entry of the Yersinia protein into the cytosol 
of target cells (SORY and CORNELIS. 1994 ).In this creative application. the intra
cellular cAMP produced by the catalytic portion of the fusion protein serves 
as a marker of the delivery process. 

More recently, SEBO et al. have demonstrated that a foreign epitope con
sisting of a 15-amino-acid sequence from lymphocytic choriomeningitis virus 
can be introduced into permissive sites within the catalytic domain of AC toxin 
without compromising the invasive activity of that domain (SEBO et al. 1(95). 
Furthermore, the foreign epitope is subsequently presented on the target cell 
surface. causing the cell to be sensitized to CD1)+ cytotoxic T-cells (CTL) 
direct cd against that peptide, indicating that it has been delivered to the cyto
plasm and processed through the major histocompatibility complex class-J 
pathway. That this phenomenon is not just an in vitro artifact is 1llustrated by 
the ability of an intraperitoneally injected construct of AC tOXIll containing 
the foreign epitope to elicit antigen-specific CTL (FAYOLLE et al. 19%). These 
exciting results provide an opportunity for new approaches to immunization 
through the class-I pathway, which is otherwise difficult for exogenously deliv
ered antigens to access and leaves open the possibility of introducing proteins 
into the cytoplasm for other purposes. 

The genetic manipUlation of the AC-toxin molecule has been further 
exploited by introduction of charge differences in the region of the epitope to 
be delivered (KARIMOVA et al. 1998). The results (that additional positive 
charges impair entry of the domain) confirmed an earlier study by OTERO et 
al. (1995) showing that invasive activity of AC toxin in single. patch-clamped 
frog heart cells is blocked by depolarization of the cell. Together. these data 
strongly support the concept that the invasiveness of the catalytic domain is 
driven, at least in some cells, by the transmembrane potential. 

G. Future Directions 
It should be apparent from this presentation that there are numerous basic 
issues that remain unresolved concerning AC toxin. These include: (1) identi-
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fication of the molecule or molecules on the surfaces of cells that serve as 
targets for the first interaction with the toxin; (2) determination of the exact 
role of calcium and acylation in binding and subsequent steps of toxin action; 
(3) elucidation of the basis for differential acylation between wild-type toxin 
produced in B. pertussis and recombinant toxins expressed in different strains 
of E. coli; (4) examination of the mechanism by which the catalytic domain 
enters the cytoplasm and further characterization of the role of membrane 
potential in that process; and (5) elucidation of the structures formed by the 
glycine/aspartate-rich repeats when they bind calcium. In addition, continued 
use of AC toxin coupled with foreign peptides will provide novel approaches 
to examination of the consequences and localization of their delivery. 
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CHAPTER 21 

Helicobacter Pylori Vacuolating Cytotoxin 

w. FISCHER and R. HAAS 

A. Introduction 
Helicobacter pylori is a gram-negative, strongly motile and spiral-shaped bacte
rial pathogen found in the stomach mucosa of more than 50% of the world pop
ulation. The infection is usually acquired in childhood but persists for years and 
decades when untreated. A consequence of the infection is the induction of an 
inflammatory response, which is manifested histologically as chronic superficial 
gastritis. Although most infections remain asymptomatic, approximately 10% 
of infected people become sick, suffering from gastroduodenal ulcerations, 
gastric adenocarcinoma or mucosa-associated-lymphoid-tissue lymphoma. 

Several factors have been shown to be essential for bacterial colonisation 
of the stomach mucosa. These include a potent urease (LABIGNE ct al. 1991) 
allowing the pathogen to survive gastric acidity. By hydrolysing urea and 
producing ammonia, the bacteria are able to adapt their internal (cytoplas
mic/periplasmic) and/or the external pH to survive under varying gastric pH 
conditions (Scon et al. 1998). The flagella confer strong motility to the mucus
adapted bacteria, allowing them to spread in the gastric mucin layer and to 
reach the epithelial surface. Bacterial outer-membrane adhesins are involved 
in specific binding of the pathogen to cell-surface receptors. Cross-talk is 
induced by signal-transduction events (tyrosine phosphorylation) between 
bacteria and eucaryotic cells (BOREN et al. 1993; SEGAL et al. 1996; ILVER et al. 
1998). 

Like many bacterial pathogens, H. pylori produces and secretes a potent 
proteinaceous toxin, the vacuolating cytotoxin VacA. An immunodominant 
128-kDa protein is found either on the surface or in the bacterial supernatant, 
but its expression correlates with the vacuolating activity and, thus, was termed 
CagA (cytotoxin-associated antigen A). VacA induces the formation of acidic 
vacuoles (COVER and BLASER 1992), leading finally to destruction of epithelial 
cells, whereas the function of CagA is still unknown. Interestingly, cagA is 
located on the border of a pathogenicity island (PAl), a 40-kb DNA fragment 
only present in the genomes of a subset of H. pylori strains. H. pylori strains 
producing CagA and VacA have been termed type-I strains, whereas those 
lacking PAl and VacA activity are type-II strains (TELFORD et al. 1994a). Type
I strains are considered more pathogenic since they are associated with the 
severe diseases like ulcerations and adenocarcinoma. 
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The cag PAl apparently encodes a type-LV secretion system. Such a system 
for the export of macromolecules has been identified in the plant pathogen 
Agrobacterium Illmefaciens and the human pathogen Bordetel/a pertussis. A. 
tumefaciens exports its oncogenic T-DNA to plants, and B. pertussis uses the 
system for the export of its important virulence factor, pertussis toxin . The 
nature and functions of the molecules exported by cal{ PAloI' H pylori are 
still unknown. This review focuses on the vacuolating cytotoxin , a new repre
sentative of a bacte rial AB toxin , its clinical re levance, its gene structure, 
aspects of gene regulation , secretion, structural and functional aspects of the 
extracellular cytotoxin and its interaction with epithelial cells. 

B. Identification and Purification of H. pylori 
Vacuolating Cytotoxin 

Cytotoxic activity in broth-culture filtrates of H pylori was originally described 
by Leunk and co-workers (1988). They discovered that about 55'Yo of H pylori 
isolates from four geographic regions worldwide produced a proteinaceous 
cytotoxin that induced vacuolation in seven of nine eucaryotic cell lines tested. 
The effect of cytotoxin on He La cells in culture is shown in Fig. I. 1 n 1992, 

Fig.t. Effect of vacuolating cytotoxin on HeLa cells. The cells were incuha ted for :) h 
with a concentrated culture supernatant from H. pylori strain l S:)- 44, producing a 
slim I type o f cytotoxin. Large cytotoxin-induced vacuoles are seen 
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COVER and BLASER reported the biochemical purification of the vacuolating 
cytotoxin from a H. pylori-culture supernatant, using a procedure including 
ammonium sulphate precipitation, hydrophobic interactive chromatography 
and size-exclusion- and anion-exchange chromatography. The cytotoxin, which 
could be purified more than 5000-fold, showed a molecular mass of approxi
mately 90kDa under denaturing conditions, whereas the native toxin was an 
aggregate with a molecular mass of approximately 1000kDa (COVER and 
BLASER 1992). Antiserum raised against the purified, native cytotoxin and sera 
obtained from patients infected with cytotoxin-producing (tox+) but not from 
cytotoxin-negative (tox-) H. pylori strains neutralised the cytotoxic activity, 
indicating that the cytotoxin is produced in infected patients (LEUNK et al. 1990; 
COVER et al. 1993b). Furthermore, cytotoxin production by H. pylori isolates in 
vitro correlates with cytotoxin production in vivo (COVER et al. 1993a). Culture 
supernatants of the toxinogenic H. pylori strain 60190 induced the formation 
of vacuoles in primary epithelial cells prepared from normal human mucosa 
(HARRIS et al. 1996; SMOOT et al. 1996). 

C. Gene Structure and Mechanism of Secretion 

I. Cloning and Molecular Characterisation of vacA Encoding the 
Vacuolating Cytotoxin 

The gene encoding the vacuolating cytotoxin has been cloned from indepen
dent cytotoxin-producing H. pylori isolates and is termed vacA (COVER et al. 
1994; PHADNIS et al. 1994; SCHMITT and HAAS 1994; TELFORD et al. 1994b). The 
cloning was facilitated by screening of a H. pylori gene library, which was per
formed with a gene probe deduced from the N-terminal amino acid sequence 
of the purified cytotoxin. Insertional mutagenesis of vacA using the mini
transposon TnMax5 or a kanamycin resistance cassette in the chromosome of 
a cytotoxin-producing H. pylori strain abrogated the production of cytotoxin 
activity (COVER et al. 1994; SCHMITT and HAAS 1994), thus confirming that vacA 
is essential for the vacuolating activity. DNA sequencing of three vacA genes 
surprisingly revealed an open reading frame encoding a 139-kDa to 140-kDa 
protein; this was in contrast to the mature extracellular VacA protein, which 
was in the range of 87-95 kDa (in the following, we refer to the 87-kDa to 
95-kDa mature cytotoxin subunit as the 95-kDa protein). Thus, VacA was 
produced as a precursor molecule (Fig. 2). Primer extension located the 
transcriptional start site of vacA 114 bp upstream from the AUG start codon. 
All sequenced vacA genes contained a putative -10 box, but no -35 region 
was present (SCHMITT and HAAS 1994; FORSYTH et al. 1998). Such atypical pro
moter sequences are found for many H. pylori genes. Furthermore, the overall 
sequence of the deduced VacA precursor protein did not show striking 
primary sequence homology with any known bacterial toxin. 

The VacA precursor consists of several functional domains, which are 
cleaved during maturation to obtain an active cytotoxin. A 33-amino-acid 
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Fig.2. Structural organisation of the vacA gene, processing of the VacA precursor 
protein and mosaic structure. A The vacA gene encodes a precursor protein of 140 kDa 
(prepro-VacA) . The precursor consists of a cleavable signal sequence, the secreted 95-
kDa protein and the cell-associated outer-membrane transporter. Further cleavage of 
the 95-kDa secreted protein might occur in the N-terminal p37 and C-terminal p58 
fragments, which presumably corresponds to the A and B subunits of the toxin. respec
tively. B The degree of amino acid identity between sllml and s2/m2 vacA alleles is 
indicated below. sJ/s2, signal sequence type; mllm2, mid-region type: P. vacA pro
moter, cysS, gene for cysteinyl transfer RNA synthetase: fee E, iron (ITI) dici t rate aden 
sasine triphosphate-binding cassette transporter 

leader sequence is removed through the cytoplasmic membrane by the sec
dependent translocation of the precursor (Fig. 2) . The following 95-kDa 
domain constitutes the mature cytotoxin, which can be purified from the super
natant of H. pylori tox+ strains. In certain vacA alleles, the 95-k Da subunit is 
further proteolytically processed into an approximate 37-kDa N-terminal and 
an approximate 58-kDa C-terminal fragment (TELFORD et al. I 994b ). This 
latter cleavage occurs at a hydrophilic region between an alanine and a lysine 
within a short, almost perfect repeat of the sequence AKNDKXES. The repeat 
sequence is not present in all vacA sequences, and the cleavage of the 95-kDa 
protein is not observed in all VacA molecules studied (SCHMITT and HAAS 

1994). As a third domain, the VacA precursor carries an extension of about 
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50kDa not found in the mature, secreted and active 95-kDa protein (Fig. 2). 
This C-terminal domain of the VacA precursor, which we refer to as the outer
membrane transporter (OM transporter), is involved in the secretion process 
of VacA through the OM of the gram-negative bacterium. 

II. Autotransporter Organisation of the VacA Precursor 

To study the role of the OM transporter of the VacA precursor protein, various 
TnMax5 transposon insertions into the OM-transporter sequence were gen
erated. The resulting mutants failed to secrete any detectable 95-kDa protein, 
indicating that the C-terminal domain is essential for secretion of cytotoxin 
(SCHMITT and HAAS 1994). A secondary-structure prediction of the OM trans
porter revealed that this region contains a high proportion of amphipathic 13-
pleated sheets and terminates with a phenylalanine (STRUYVE et al. 1991), 
indicating that this part of the VacA precursor is inserted into the OM of 
H. pylori. Furthermore, antisera raised against peptides from the C-terminal 
region of the precursor protein recognised an approximate 33-kDa fragment 
in the membrane fraction but not in the supernatant of the bacteria (TELFORD 
et al. 1994b). 

Taken together, the structural organisation and the processing of VacA 
is characteristic of a family of surface-exposed or secreted proteins found in 
a number of diverse gram-negative pathogens (JOSE et al. 1995). These pro
teins are characterised by the autotransporter (AT) mechanism, originally 
described for IgA proteases of pathogenic Neisseria species (POHLNER et al. 
1987). AT proteins retain the ability to be translocated through both bacter
ial membranes without the help of separately encoded factors (JOSE et al. 
1995). The C-terminal portion of VacA shows only little primary-sequence 
homology with the IgAf3 core, the minimal structural unit required for translo
cation of the neisserial IgA protease, but it also folds into a so-called f3-barrel 
in the OM (KLAUSER et al.1993; SCHMITT and HAAS 1994). Thus, it seems likely 
that both proteins are secreted by similar mechanisms. 

A fundamental difference seems to exist, however, between the OM of H. 
pylori and other gram-negative bacteria, like Escherichia coli or Neisseria gon
orrhoeae. In contrast to the AT proteins of many bacteria, the VacA precur
sor cannot be functionally produced in E. coli. The insertion of the C-terminal 
domain into the OM seems to be lethal for E. coli, indicating that there are 
fundamental differences between the E. coli and H. pylori OMs. One known 
difference is that H. pylori OM contains cholesteryl glucosides (HIRAI et al. 
1995), which is very rare in the bacterial world. 

III. Mosaic Gene Structure of vacA Alleles in the 
H. pylori Population 

Approximately 50% of H. pylori isolates produce a vacuolating cytotoxin 
activity in vitro, as measured in a cell-culture assay based on the HeLa cell 
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line or other cell lines. Southern hybridisation and polymerase-chain-reaction 
amplification of vacA alleles from tox+ and tox- strains indicated that all H. 
pylori strains tested carried vacA gene sequences (COVER et al. 1994; PHADNIS 
et al. 1994; SCHMITT and HAAs 1994). An immunoreactive 95-kDa cytotoxin 
was present in the culture supernatants of some tox- strains (ATHERTON et al. 
1995), but other strains failed to show a cross-reactive band in the immunoblot 
(SCHMITT and HAAs, 1994; XIANG et al. 1995). The cloning and sequencing of a 
complete vacA gene from a tox- isolate showed, however, that a 142-kDa VacA 
protein is encoded by the corresponding vacA gene. The alignment between 
tox+ and tox- VacA amino acid sequences revealed major divergence in the 
signal sequence and the mid-region of vacA, whereas the C-terminal, mem
brane-associated portion and the N-terminal region were very conserved 
between the two sequences (ATHERTON et al. 1995). Two major types of signal 
sequences and mid-regions were detected, designated as sl and s2, and ml and 
m2, respectively (Fig. 2). The sl region was further divided into sla and sl b. 
The mid-region spans approximately 300 amino acids, and ml and m2 
sequences have only 55% amino acid identity in this region. The m2 mid
region contains a 20-amino-acid deletion and a 23-amino-acid insertion 
compared with the tox+ VacA sequence. The deletion covers the sequence 
duplication containing the exposed protease-cleavage site, which splits the 
95-kDa secreted cytotoxin molecule into 37-kDa and 58-kDa fragments. The 
23-amino-acid insertion carries a potential adenosine triphosphate/guanosine 
triphosphate (ATP/GTP)-binding motif (WALKER et al. 1982), which is not 
present in the ml sequence (ATHERTON et al. 1995). 

IV. Consequences of the vacA Mosaic Gene Structure 

The m2 allele located in the middle of the p58 fragment has generally been 
associated with an inactive cytotoxin associated with a tox strain. Surprisingly, 
PAGLlACCIA et al. reported recently that the vacAlm2 allele of strain 95-54 has 
a cell-type-specific vacuolating activity for primary gastric cells and other cell 
lines, such as RK-13, a rabbit kidney epithelial cell line (PAGLlACCIA et al. 1998). 
The 58-kDa fragment of VacA is believed to be involved in binding of the 
toxin to a specific receptor on epithelial cells. Thus, it seems that the active 
domain of VacA can be delivered by different receptor-binding domains into 
distinct types of cells. Assuming that all vacA/m2 genotypes are associated with 
cytotoxic activity towards gastric epithelium, the former distinction of H. 
pylori strains in tox+ and tox-, based on vacuolation assays using HeLa cells, 
would have to be reconsidered. Only the minority of isolates producing no 
VacA protein should be regarded as true tox- strains. 

V. Presence of vacA Homologues in the H. pylori Genome 

Recently, the complete genome sequence for H. pylori 26(i95 was puhlished 
(TOMB ct al. 1997). In addition to the vacA gene (Hp0887), three vacA-
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homologous genes encoding very large putative proteins with 1974 (Hp0619), 
2529 (Hp0922) and 2932 amino acids (Hp0289) were identified. The sequence 
similarity to VacA is between 26% and 31 % and is mainly concentrated on 
the C-terminal portion of the VacA precursor. A vacuolating activity was not 
attributed to these putative proteins, indicating that they might have a similar 
AT mechanism of export, rather than a functional homology like the vacuo
lating-cytotoxin activity. 

D. Regulation of vacA Gene Expression 
Only 50% of clinical isolates of H. pylori produce a cytotoxic activity in a HeLa 
cell vacuolation assay. As mentioned above, the vacAlm2 genotype is inactive 
in the HeLa vacuolation assay but gives active cell vacuolation in primary 
gastric cells and other cell lines. Forsyth and co-workers (1998) have shown 
that the level of transcription of the vacA gene from eight sllm1 genotypes 
was significantly higher than in nine s2/m2 H. pylori strains. A vacA::xyIE
reporter gene fusion coupled with the promoter of a tox+ strain resulted in an 
approximately 30-fold-higher XylE activity as compared with the same con
struct behind the vacA -promoter of a tox- strain. The different levels of VacA 
found extracellularly could, however, not solely be explained by different 
promoter strengths. The stability of vacA mRNA, depending on the 
signal-sequence type, the mid-region and the efficiency of secretion by 
the signal-sequence type, might play further crucial roles for the amount of 
active cytotoxin secreted extracellularly (FORSYTH et al. 1998). 

Of those strains which do not show vacuolating activity upon HeLa cells, 
some possibly produce a cytotoxin with different receptor specificity, and some 
strains do not produce a detectable VacA at all. With the exception of two H. 
pylori isolates (PHADNIS et al. 1994), all strains analysed so far contain a vacA 
gene. XIANG et al (1995) analysed 43 H. pylori isolates for the presence ofVacA 
protein (in a Western blot) and vacuolating activity. Fifteen strains did not 
produce detectable VacA protein. This fact suggests that other mechanisms of 
expression of vacA might exist. We have determined the complete sequence 
of a vacA gene that does not produce a VacA protein. That the 95-kDa protein 
was missing could be easily explained by a deletion of a single nucleotide 
corresponding to the beginning of the 37-kDa fragment in the vacA gene 
sequence, resulting in a premature termination of translation (FISCHER and 
HAAS, unpublished). Whether this mutation occurred in the H. pylori isolate 
in the patient or after cultivation and whether this is a general mechanism is 
not known yet. 
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E. Extracellular Structure and Activation of the 
Vacuolating Cytotoxin 

I. Processing and Quaternary Structure 

After secretion and processing to the mature 95-kDa cytotoxin, VacA might 
be processed further into two fragments of about 37 kDa and 58 kDa. This 
cleavage was especially observed upon prolonged storage (TELFORD et al. 
1994b), but it might be relevant in vivo as well. The processing site has been 
determined, in strain NCTC11638, to be in a hydrophilic loop region within 
a short, almost perfect repeat of the sequence AKNDKXES. This sequencc 
duplication is absent from all other vacA genes sequenced so far, but a similar 
proteolytic cleavage can be observed in the corresponding strains as well 
(GARNER and COVER 1996). The two VacA fragments are linked non-covalently 
and can be co-purified. Even in strain NCTC11638, cleavage does not seem to 
be necessary for vacuolating activity, since deletion of the hydrophilic loop had 
no influence on toxin activity (B URRONI et aI. 1998). 

These structural data suggest similarities with the AB family of dichain 
toxins. The 37-kDa fragment represents the enzymatically active A portion, 
and the 58-kDa fragment represents the receptor-binding B portion (LUPETTI 
et aI. 1996). However, other features of AB toxins, such as thc covalent linkage 
of A and B portions by a disulphide bridge, are not found for VacA. 

In solution, VacA forms oligomeric complexes with a molecular weight of 
at least 600kDa (MANETTI et aI. 1995) but possibly more than 1MDa (COVER 
and BLASER 1992; COVER et aI. 1997). The surface structure of these complexes 
has been determined in two studies by quick-freeze, deep-etch electron 
microscopy, revealing a 30-nm-diameter flower-like structure with six- or sev
enfold radial symmetry, in which a central ring is surrounded by petal-like 
extrusions (Fig. 3; LUPETTI et al. 1996; COVER et aI. 1997). The VacA molecule 
from strain NCTC11638 produced mainly structures with a sevenfold symme
try, which were interpreted as being VacA heptamers, but also produced struc
tures with a sixfold symmetry interpreted as hexamcrs (LUPETTI ct al. 1996; 
LANZAVECCHIA et al. 1998). Another study used VacA from strain 60190, yield
ing almost exclusively hexagonal structures, which were interpreted as dode
camers by determining their thickness and by using glycerol density-gradient 
centrifugation (COVER et al. 1997). Whether the difference bctween thesc 
VacA structures is due to the presence (NCTCl1638) or absence (60190) of 
the hydrophilic loop structure is unclear, but it has been reported that the 
VacA protein from strain NCTC11638 also forms predominantly hexagonal 
structures when its hydrophilic loop is deleted (BURRONI et al. 19(8). 

II. Activation by Acid 

A remarkable feature of VacA is its ability to become resistant against aeid 
and pepsin. This obviously makes scnse for a cytotoxin produced and sccreted 
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Fig.3. Three-dimensional reconstruction of a hexamer and a heptamer VacA mole
cule. Quick-freeze deep-etched preparations were reconstructed from a metal mold 
using a tomographic technique, as described in LANZAVECCHIA et al. (1998). Courtesy 
of S. LANZAVECCHIA and J. TELFORD 

in the gastric-mucus environment, where low pH and proteases are Ubiquitous. 
As shown by DE BERNARD et al. (1995), an activation by acid is even neces
sary to obtain fully active cytotoxin. The acid activation, which is induced in 
vitro by a 10-s exposure of the molecule to a pH of 2 at 37°C, is accompanied 
by a structural reorganisation of VacA, as suggested by altered circular
dichroism and fluorescence spectra. These conformational changes are not 
reversed upon reneutralisation, but they seem to proceed to a third confor
mational state of the molecule (DE BERNARD et aI.1995). When VacA adsorbed 
to mica flakes for quick-freeze, deep-etch microscopy is exposed to a pH of 
3.0, it changes its appearance to a loose, flower-like array of up to 12 petals 
(COVER et al. 1997). Pre-incubation at pH 3.0 results in a more or less com
plete dissociation of the oligomers. These changes in quaternary structure, 
however, can be reversed upon re-exposure to neutral solutions. A major 
determinant of conformational change upon acid activation might be expo
sure of hydrophobic stretches on the protein surface, which may be needed 
for penetration of lipid bilayers (MOLINARI et al. 1998a). 

F. Effects of VacA on Eucaryotic Cells 

I. Binding to Target Cells and Mechanism of Uptake 

For cell intoxication to occur, bacterial toxins have to bind fairly specifically 
to cell-surface receptors. Subsequently, most AB-type toxins are internalised 
by endocytosis before translocation of the enzymatically active A compound 
to the cell cytosol is achieved. The interaction of VacA cytotoxin with lipid 
membranes and with the surfaces of eukaryotic cells has been demonstrated. 
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Recombinant VacA fragments corresponding to the putative p37 and p58 
subunits produced in E. coli were able to induce a reversible aggregation of 
small unilamellar lipid vesicles at neutral pH and induced their fusion at a pH 
of 4.5 (MOLL et al. 1995). Moreover, p58 is able to cause potassium efflux 
from liposomes at a pH of 4.5 but not at a pH of 7.4, suggesting that the p58 
subunit is able to build up a transmembrane channel without a specific cellu
lar receptor. As shown by photolabelling experiments, acid-activated VacA 
penetrates more deeply into lipid bilayers, which might be a prerequisite for 
channel formation and toxin translocation (MOLINARI et al. 1998a). 

Cytotoxin binding to the surface of HeLa cells could be demonstrated by 
immunofluorescence (GARNER and COVER 1996). Binding can be saturated, 
with a dissociation constant in the nanomolar range, suggesting the existence 
of specific cellular receptors (MASSARI et al. 1998). A cellular receptor for VacA 
has not yet been characterised, but a biotinylated surface protein of 140kDa 
has been precipitated from lysates of VacA-susceptible cells (like human 
gastric-cancer cell lines AZ-521 and AGS), which might act as receptors 
(Y AHIRO et al. 1997). Vacuolation can be inhibited by pre-treatment of HeLa 
cells with an antibody reacting against epidermal-growth-factor receptor, 
suggesting an involvement of this receptor in VacA binding and/or uptake 
(SETO et al. 1998). 

The VacA domain responsible for receptor binding has not been clearly 
defined. Recombinant VacA fragments corresponding to the putative 37-kDa 
and 58-kDa subunits were both found to bind to the surface of HeLa cells 
(GARNER and COVER 1996). Binding of native VacA could be inhibited by pre
incubation of the culture supernatant with an anti-VacA antiserum. This 
was also possible using an antiserum against the recombinant 58-kDa frag
ment but not with an antiserum against the recombinant 37-kDa fragment, 
suggesting that binding is primarily achieved by regions in the p58 domain. 
However, since the native conformation of VacA may be necessary for the 
induction of neutralising antibodies (MANETI'I et al. 1995), this conclusion is 
uncertain. 

After 4 h of incubation at 37°C, the cytotoxin can be identified inside HeLa 
or AGS cells, where it seems to be located in a perinuclear region, but not 
inside the vacuoles (GARNER and COVER 1996). Various compounds known to 
inhibit cellular trafficking, such as brefeldin A or cytochalasin D, or to inhibit 
cytotoxin vacuolation, such as bafilomycin Al or monensin, did not influence 
VacA uptake. Whether endocytosis is necessary prior to translocation to the 
cell cytosol is not known. Exposure to an acidic intracellular compartment 
does not seem to be necessary, since the presence of ammonia increases rather 
than inhibits cell vacuolation (COVER et al. 1991). VacA does induce vacuole 
formation from the cell cytosol, as demonstrated by microinjection of purified 
VacA and by transfection of epithelial cells with a plasmid encoding the com
plete 95-kDa domain of VacA (DE BERNARD et al. 1997). However, neither the 
p37 fragment nor the p58 fragment nor both expressed together were able to 
induce vacuolating activity in transfected cells. Thus, it cannot be decided yet 
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whether or not p37 represents the enzymatically active A subunit and pS8 the 
receptor-binding and trans locating B subunit, as suggested. 

II. Vacuole Formation 

The formation of vacuoles is the most obvious effect of VacA on epithelial 
cells, although this might not be its sole in vivo function. Vacuolation is a rather 
slow process, being visible at about 90 min after VacA treatment (COVER et al. 
1992a). Vacuolated cells are able to exclude trypan blue for a considerable 
time, but prolonged exposure eventually leads to cell death. The size of the 
vacuoles reaches up to several micrometers, suggesting a fusion of smaller 
compartments and continuous addition of membranes. 

Vacuoles are readily stainable by lysosomotropic weak bases, such as 
neutral red or acridine orange, which indicates an acidic vacuolar lumen 
(COVER et al. 1991; CATRENICH and CHESTNUT 1992). Staining with neutral red 
has been widely used as a method for densitometric quantification of vacuo
lation (COVER et al. 1991). The vacuolating effect can be inhibited and even 
reversed by bafilomycin AI, suggesting that the activity of a vacuolar ATPase 
is essential (COVER et al. 1993c; PAPINI et al. 1993) and underlining the neces
sity of intracellular pH gradients. The ionophore monensin also inhibits vac
uolation, whereas ouabain and digoxin, inhibitors of the Na+-K+ ATPase, and 
nicotine potentiate the vacuolating activity (COVER et al. 1992b, 1993c). 

In early ultrastructural studies, vacuoles were suggested to originate from 
an autophagosomal compartment (CATRENICH and CHESTNUT, 1992; COVER 
et al. 1992a), but vacuole formation could not be inhibited by the autophagy 
inhibitor 3-methyladenine (PAPINI et al. 1994). In contrast, vacuolation is inhib
ited by the microtubule-depolymerising agents nocodazole and colchicine. 
Vacuolar membranes are enriched in the small GTP-binding protein rab7 
(PAPINI et al. 1994). Rab7 is involved in transport from early endosomes to 
late endosomes and from late endosomes to lysosomes, suggesting a late
endosomal origin ofVacA-induced vacuoles (Fig. 4A). In accordance with this 
observation, vacuoles contain fluid-phase markers, although, at early time 
points, they seem to be endocytically hypoactive, excluding the pinocytosis 
marker Lucifer yellow (CATRENICH and CHESTNUT, 1992; COVER et al. 1992a). 

Rab7 is not merely a marker for the vacuoles but is also necessary for 
vacuole formation. Wild-type cells or cells expressing constitutively active 
rab7, but not dominant-negative rab7 mutants can be vacuolated by VacA 
(PAPINI et al. 1997). RabS also seems to be involved to a certain extent, as cells 
expressing constitutively active rabS are protected from vacuolation. Cells 
constitutively expressing rab9, however, are vacuolated just as much as wild
type cells (PAPINI et al. 1997). These observations do not allow discrimination 
between effects on cytotoxin uptake and effects on cytosolic activity. However, 
with the demonstration that transfected cells expressing cytosolic VacA 
develop vacuoles (DE BERNARD et al. 1997), it could be shown that vacuola
tion is inhibited in dominant-negative rab7 mutants independent of toxin 
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uptake. Apart from rab7, VacA-induced vacuoles contain the lysosomal 
marker IgpllO, but not the late-endosomal marker cation-insensitive 
mannose-6-phosphate receptor (MOLINARI et al.1997), suggesting that they are 
intermediate compartments between late endosomes and lysosomes (Fig. 4B). 

The function of the excessive vacuolation exerted by VacA is not known. 
Upon prolonged exposure to VacA, the gastric epithelium may be eroded, and 
necrotic cells might release nutritional compounds beneficial to the bacterium, 
but there are no hints that VacA-producing strains have an advantage over 
VacA-negative strains regarding colonisation, although type I strains gener
ally reach a higher density (ATHERTON et al. 1996). In fact, in the gnotobiotic 
piglet model, expression of the vacuolating activity did not have any effect on 
colonisation (EATON et al. 1997). Another possibility might be a subtle devia
tion of specific cellular functions, leading to a more favourable environment. 

III. Other Effects of VacA 

Many bacterial toxins have been assigned modulatory effects at concentra
tions far lower than what is necessary for their (primary) toxic activity. Some 
have been shown to influence the production and homeostasis of various 
cytokines, which has led to the notion that some bacterial exotoxins should be 
regarded as potential modulins, just like endotoxin or other bacterial-surface 
components. 

At sublethal concentrations, VacA has an influence on cellular processes. 
The transport and proper processing of the lysosomal protease cathepsin D is 
precluded in VacA-treated cells, as is uptake and degradation of epidermal 
growth factor (EGF; SATIN et al. 1997; Fig. 4A). Cell-surface recycling of trans
ferrin and endocytosis and retrograde transport of diphtheria toxin and ricin 
was not altered. All these effects can be explained by supposing a block in 
late-endosomal-to-lysosomal trafficking, which would lead, in the end, to accu
mulation of the observed hybrid vesicles but which would, at an earlier stage, 
modify many cellular trafficking pathways. One possible function of such an 
intervention with vesicle trafficking was suggested recently when it was shown 
that VacA is able to inhibit the invariant-chain (Ii)-dependent antigen
presentation pathway by B cells but not the antigen presentation of recycling 
major histocompatibility complex class-II molecules (MOLINARI et al. 1998b). 
Whether this might result in differential stimulation of T helper cell subpop
ulations remains to be determined. 

VacA may not only damage gastric mucosal cells, it may also impair 
gastric-mucosal healing, thereby contributing to the development of ulcers. 
Indeed, VacA was shown to have an inhibitory effect on MKN28 cell prolif
eration (RICCI et al. 1996). An important factor in repair processes in the 
gastric mucosa is EGF. Kato-III cells respond to EGF by enhanced expression 
of the EGF receptor, increased receptor phosphorylation, activation of the 
extracellular-signal-regulated-kinase signalling cascade and an increased level 
of c-fos. All these effects can be inhibited by culture supernatants of the VacA-
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producing strain 60190 but not by an isogenic mutant (PAl (.::t al. 199K). 
However, Helicohaeter pylori-culture supernatants are able to induce upreg
ulation of the EGF-related pep tides amphiregulin and the heparin-binding 
EGF-like growth factor in MKN2K cells independently of VacA (ROMANO 
et al. 199K). This effect, however, is not able to overcome the proliferation 
inhibition. An explanation for the impairment of EGF function may be the 
recent finding that VacA seems to interact with the EGF receptor (Suo et al. 
1998). 

G. Clinical Relevance of the Vacuolating Cytotoxin 
In 1989, Figura and co-workers compared the cytotoxin production of H. pylori 
isolates from gastritis patients with those from ulcer patients in a small group 
of 77 patients. They found cytotoxin production in 66.6% of strains isolated 
from ulcer patients and 30.1 % in strains from gastritis patients. This significant 
difference prompted the authors to suggest that the cytotoxin could be 
involved in the development of peptic ulcers (FIGURA et al. 19K9). Later. 
Phadnis and co-workers noted that, in a small group of 27 H. pylori isolates. 
all patients infected with cytotoxin-producing strains had gastritis. and 78'Yo 
had polymorphonuclear infiltration of the gastric mucosa. In the cytotoxin
negative group. however. only 33% had polymorphonuclear infiltration of the 
gastric mucosa. and 22% were found to have normal mucosa (PIIADNIS et al. 
1994). Furthermore. cagA+lvacA/sl strains were found to colonise antral 
gastric mucosa at a fourfold-higher density compared with wgA IvacA/s2 
strains (ATHERTON et al. 1996). The same authors suggested a significant cor
relation betwecn the presence of the vacA/sl genotype and the presence of 
peptic ulcers (ATHERTON et al. 1995). A similar correlation was found recently 
between the infection with vaeAlsl strains and gastric cancer in Germany 
(MIEHLKE et al. 1998). 

In contrast to these results, other investigators did not find an association 
between different vacA genotypes and gastric or duodenal ulcer disease 
(KODAMA et al. 1996: Go et al. 199K). The data obtained from different animal 
models were also not able to solve this question. Thus. gnotobiotic piglets could 
be successfully colonised with either a toxigenic H. pylori or a non -toxigenic 
isogenic mutant. but no difference in gastroduodenal disease was observed 
between the groups (EATON et al. 1997). TELFORD et al. (1994b) and GHIARA 
et al. (1995) reported. however. that extracts from cytotoxic type-I strains. or 
purified cytotoxin. induced various epithelial lesions in the stomach mucosa 
of mice, like vacuolation, erosions and ulcerations. Non-cytotoxic strains 
induced mucin depletion but no other significant pathology. In thIS study. a 
considerable amount of extract or cytotoxin was given to the animals. 

In conclusion, a clear functional association between vacA expression and 
clinical outcome of any type of gastroduodenal disease cannot be drawn yet. 
More studies are necessary, and larger patient groups from different gco-
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graphical areas should be compared to obtain statistically significant data 
before clinical relevance can be determined. 

H. VacA as a Vaccine Candidate 
H. pylori can be adapted to colonise the stomachs of mice. Infections with type
I strains result in a gastric pathology similar to that seen in human disease 
(MARCHETTI et al. 1995), comprising a loss of gastric-gland architecture, ero
sions and ulcerations of the gastric epithelium and infiltration of the lamina 
propria with inflammatory cells, but with a lower degree of polymorphonu
clear granulocytes. Using this mouse model, it was shown that immunisation 
with purified VacA together with E. coli heat-labile enterotoxin as an adju
vant protected mice from infection with a type-I strain (MARCHETTI et al. 1995, 
1998). 

Development of an immune response against VacA seems to be depen
dent upon native conformation (MANETTI et al. 1995). Antisera developed 
against recombinant VacA are unable to neutralise the vacuolating activity 
and do not recognize native VacA in an enzyme-linked immunosorbent assay. 
Native VacA, however, can be detoxified by mild formaldehyde treatment 
(MANETTI et al. 1997). Formylated VacA is still able to bind to target cells but 
has no vacuolating activity. It was successfully used for protection experiments, 
although the induction of neutralising antibodies was somewhat impaired in 
comparison to the case when untreated VacA is used. 

Recombinant VacA in combination with LTK63, a non-toxic mutant of 
heat-labile enterotoxin, was used successfully for therapeutic vaccination 
(GHIARA et al. 1997) and for mucosal immunisation in the mouse model 
(MARCHETTI et al. 1998). LTK63 preferentially provokes a ThO and Th2 
response, which might be necessary for successful eradication, in contrast to 
the usually predominant Thl-type response observed in H. pylori infections. 
Antigen-specific protection was observed, but for type-I strains only. 

I. Concluding Remarks 
Ten years have passed since the first description of the H. pylori cytotoxin. 
Meanwhile, the structural and biological data suggest that the cytotoxin 
represents a new member of the bacterial AB type of toxins. The cytotoxin
encoding gene vacA has two remarkable features: its autotransporter struc
ture and its allelic variation or mosaicism. Thus, the amino acid sequence 
variations in the signal sequence (s1/s2) and mid-region (m 11m2) apparently 
determine the efficiency of secretion of VacA and the receptor specificity of 
the exported mature cytotoxin. The assembly into a supramolecular structure 
seems to be a prerequisite to obtain cytotoxic activity. The binding and inter
nalisation step is certainly not understood yet. Even less is known about the 
mechanism of vacuole formation and other effects of VacA. The specific target 
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molecule of the cytotoxin (in the eucaryotic cell) leading to the vacuolating 
phenotype is not known. New techniques have been developed recently, like 
the expression of active VacA domains inside the eucaryotic cell; these tech
niques make it possible to use (genetically) modified versions of VacA for the 
identification of the target molecule and the (enzymatic) activity associated 
with this extraordinary cytotoxin. 
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CHAPTER 22 

Staphylococcal a Toxin 

S. BHAKDI, I. WALEV, M. PALMER, and A. VALEVA 

A. Occurrence and Biological Significance 
Staphylococcal a toxin is a major pathogenicity determinant of Staphylococ
cus aureus (BHAKDI and TRANUM-JENSEN 1991). It is not produced by coagu
lase-negative staphylococci, and this is probably one reason for their reduced 
virulence compared with S. aureus. The toxin is secreted as a 293-residue water
soluble monomer of molecular weight 33000Da (GRAY and KEHOE 1984). 
Gene expression is subject to complex regulation (RECSEI et al. 1986). Anti
bodies against a toxin become detectable in sera of all young adults, indicat
ing that toxin production occurs in humans even in the absence of clinical 
disease. Similarly, antibodies can be found in sera of domestic animals, reflect
ing the fact that S. aureus is a most versatile pathogen that infects a broad 
spectrum of hosts. S. aureus infections range from self-limiting skin afflictions 
to life-threatening systemic diseases, and S. aureus is a major causative agent 
of hospital infections. Inasmuch as the pathogenesis of staphylococcal disease 
is multifactorial, a toxin probably assumes a dominant role in most cases. 
In animal models, purified toxin has been shown to be hemolytic, der
monecrotic, and lethal (MCCARTNEY and ARBUTHNOTl' 1978). The biological 
importance of toxin production has formally been shown by two approaches. 
First, the use of genetically deficient bacterial-mutant strains has proven a 
toxin to be a major cause of tissue destruction and abscess formation (JONSSON 
et al. 1985; PATEL et al. 1987; BRAMLEY et al. 1989; MENZIES and KERNODLE 
1994). Second, the application of mono- and polyclonal antibodies against a 
toxin has been found to protect against development of staphylococcal lesions. 
a Toxin is thus not only an archetype of a channel-forming bacterial toxin, 
it constitutes the best-studied example of how a pore-forming toxin can 
contribute to microbial virulence (BHAKDI and TRANUM-JENSEN 1991; BHAKDI 
et al. 1996). 

B. Purification and Properties of Monomeric Toxin 
a Toxin can be recovered in culture supernatants of S. aureus strains. The 
classic high-level-producing strain Wood 46 is generally used for purification 
purposes. Naturally occurring toxin mutants have not been detected to date, 
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so the toxin gene is highly conserved. Somewhat surprisingly, a toxin repre
sents a unique molecular entity, and no other molecule displaying extensive 
homology has yet been discovered. Restricted homologies do exist in the pore
forming domain, however; these have been noted in a family of bi-component. 
pore-forming leukocidins also produced by S. aurellS (SUPERSAC et al. 1993; 
GOUAUX et al. 1997) 

Under optimal culture conditions, a toxin comprises the major protein 
component in overnight bacterial supernatants. The bulk of the toxin is present 
in monomeric form. Purification is easy and can be achieved by single-step 
ion-exchange chromatography (VALEVA et al. 1996) or by fast protein liquid 
chromatography (LIND et al. 1987). Toxin preparations can be transferred to 
ammonium acetate and then lyophilized. In this form, the protein is stable for 
years at -20De and for weeks at room temperature. The A2xo of a I-mg/ml solu
tion is approximately 2.0. The toxin is soluble in water or any aqueous buffer 
at a pH of 5-9. Native toxin migrates as a single polypeptide band of molec
ular weight 33000 Da in sodium dodecyl sulfate (SDS) polyacrylamide-gel 
electrophoresis. The pI is approximately 8.6 (BHAKDI and TRANuM-JENSEN 
1991 ). 

The three-dimensional structure of monomeric a toxin has not yet been 
solved. Analyses of secondary structure have shown that native toxin harbors 
an abundance of f3-sheet structure (approximately 60%); approximately 10% 
is a-helical, and the rest consists of non-alnon-f3 elements (TOBKES et al. 1985). 
Rather unexpectedly, the membrane-inserting domain, which is located near 
the center of the polypeptide chain, is totally exposed to the hydrophilic envi
ronment (V ALEVA et a1. 1995, 1996, 1997a, 1997b). 

Monomeric a toxin is destroyed by proteases. Under controlled condi
tions, proteolytic cleavage first occurs in the pore-forming domain, generating 
a nicked molecule that still binds to form smaller pores in membranes of 
erythrocytes (PALMER et al. 1993b). 

Native a toxin can be radioiodinated without loss of function 
(HILDEBRAND et al. 1991), and cysteine substitution mutants can be site
specifically labeled with fluorescent molecules, with biotin, or with radiola
beled fluorescein (PALMER et a1. 1993a; V ALEVA et al. 1996, 1997a, 1997b). It is, 
therefore, easy to produce various probes for in vitro and in vivo studies. 

C. Mechanism of Action 

I. Binding 

The toxin binds as a monomer in the absence of any molecular modification 
(BHAKDI and TRANUM-JENSEN 1991; HILDEBRAND et al. 1991). Binding studies 
have revealed that interaction with red blood cells can occur via two distinct 
mechanisms (HILDEBRAND et a1. 1991). Highly susceptible cells, e.g. rabbit ery
throcytes, express a relatively small number (approximately 2000 per cell) of 
high-affinity binding sites, which are responsible for the interaction of toxin 
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with membranes at low concentrations (2nM; 60ng/ml). Binding is optimal at 
ambient temperature (22-25°C). Both rabbit erythrocytes and human ery
throcytes also display an un saturable number of low-affinity binding sites, 
which account for the hemolytic properties of a toxin on less susceptible red 
blood cells (human erythrocytes). Neither the low- nor the high-affinity 
binding sites have been molecularly identified. They are not destructible by 
the action of proteinase K, pronase, phospholipase A2, phospholipase C, phos
pholipase D or sphingomyelinase. 

High-affinity binding sites are believed to be present on highly suscepti
ble cells (keratinocytes, endothelial cells, lymphocytes, and monocytes) and on 
platelets, although this contention has not been proven experimentally. 
Current work indicates that the mode of toxin binding to nucleated cells is 
rather complex, and different susceptibilities are not explained on the basis of 
two binding sites alone. 

II. Oligomerization 

Toxin oligomers form as membrane-bound monomers diffuse laterally and 
collide with each other in the bilayer. Oligomerization occurs at O°C (V ALEVA 
et al. 1997b), so membrane fluidity is of negligible significance. Oligomeriza
tion also occurs spontaneously in solution (BHAKDI et al. 1981, 1996). We have 
postulated that the main effect of membrane binding is to uniformly orient 
toxin monomers so their contact surfaces are correctly positioned when colli
sion occurs (BHAKDI and TRANUM-JENSEN 1991). Non-circularized structures 
probably representing oligomeric intermediate stages have been detected by 
atomic-force microscopy on liposomes (CZAJKOWSKY et al.1998), but they have 
eluded biochemical characterization, possibly because they dissociate in 
detergents. Two different oligomers that successively assemble to form pre
pores before membrane-insertion occurs have been clearly defined. The first 
is an oligomer that is stable in non-denaturing detergents, such as deoxy
cholate, but dissociates in SDS. This early pre-pore complex forms on ery
throcytes at 4°C. Pre-pores with similar properties can be generated at ambient 
temperature through the use of a substitution mutant in which His-35 is 
replaced by arginine. This substitution causes oligomer assembly to be blocked 
at this pre-pore stage. Application of H35R a toxin to cells consequently leads 
to blockade of high-affinity binding sites and to the generation of SDS-Iabile, 
non-functional oligomers (JURSCH et al. 1994). 

The first pre-pore stage is succeeded by a second stage resulting from 
cooperative effects within the oligomer complexes. Hydrophobic protein
protein interactions gain dominance, and an SDS-stable oligomer whose 
pore-forming domain is still located outside the bilayer is generated (WALKER 
et al. 1992; VALEVA et al. 1997b). Such late pre-pore complexes can form on 
certain cells that display a natural resistance towards toxin attack, e.g. on 
human granulocytes. These cells then carry large numbers of SDS-stable 
oligomers without becoming permeabilized (VALEVA et al. 1997a). 
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III. Pore Formation 

In a final step, assembled oligomers insert their pore-forming sequences into 
the bilayer, and a channel is formed (Fig. 1). There is evidence that this step 
is governed not by cooperative effects but primarily through conformational 
changes occurring within each of the protomers (V ALEVA et al. 1997c). 

The diameters of channels created by a toxin have been measured as 
approximately 1 nm in planar lipid bilayers (MENESTRINA 1986; BELMONTE et 
al. 1987) and in cell membranes (KASIANOWICZ and BEzRuKov 1995). However, 
it seems that pore diameters are slightly smaller when susceptible cells (ker
atinocytes) are exposed to low toxin concentrations, because the cells then leak 
K+ without permitting influx of Ca2+ (W ALEV et al. 1993). At higher toxin con
centrations, slightly larger pores appear to be created, and rapid Ca2+ influx is 
noted (W ALEV et al. 1993; JONAS et al. 1994). The cause of this small hetero
geneity in pore size has remained enigmatic. Initially, cytoplasmic proteins do 
not leak out of toxin-damaged cells. 

D. Structure of Oligomeric Pores 

I. Structure of the Heptameric Pore Formed in Detergent Solution 

The key finding that ultimately led to crystallographic studies of the a toxin 
oligomer was made in 1981, when it was found that oligomerization of a toxin 
could be induced simply through the addition of certain detergents, such as 
deoxycholate (BHAKDI et aI., 1991). Until today, the reason for this phenome
non has not been clarified. Since the ultrastructural appearance of detergent
induced oligomers did not noticeably differ from those forming on target 
membranes, it was assumed that the structures were identical. 

Crystallization of the detergent-induced oligomer was achieved a decade 
later (GOUAUX et al. 1994), and its three-dimensional structure was solved at 
1.9-A resolution (SONG et al. 1996). The oligomer measures 10 nm in height 
and 10nm in diameter and has the shape of a mushroom, with a I-nm pore 
running through its center (Fig. 2). Each oligomer is composed of seven a
toxin molecules. The heptamer has cap, rim, and stem domains. The last of 
these is a 14 strand anti-parallel f3-barrel which forms the wall of the putative 
transmembrane pore. The cap domain represents approximately 70% of the 
total mass of the oligomer and resides outside the bilayer. The rim domain 
underlies the cap and is probably in close contact with the outer-membrane 
leaflet. 

The putative membrane-spanning stem domain measures 52 A in height 
and 26A in diameter. Therefore, each protomer contributes two anti-parallel 
f3-strands formed from the amino acid sequence 118-140. The side chains of 
the even residues in this sequence should contact lipid, whereas the side chains 
of the uneven residues would be located in the pore lumen. Residue 129 
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Fig.1. A Assembly model for a toxin in lipid bilayers. Water-soluble native monomers 
(a) bind to and orient themselves on lipid bilayers (b). Membrane-bound monomers 
collide via lateral diffusion in the membrane plane to form pre-pore complexes (c). 
Oligomerization provides the diving force for insertion of the central molecular domain 
into the bilayer; a hydrophilic transmembrane pore traverses the center of the circu
larized, heptameric protein complex (d). B Isolated toxin heptamers in detergent solu
tion. C Lecithin liposomes carrying reincorporated a-toxin heptamers. The heptamers 
are seen as stubs along the edge of the Iiposomal membrane and as rings over the mem
brane (arrows). Bar lOOnm (in Band C) 
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Fig.2. Ribbon representations of the a-hemolysin heptamer. A View perpendicu lar 
to the sevenfo ld axis and approximately parallel too the putative membr~ ne plane. The 
mushroom-shaped complex is approxima!ely LOO A tall and oup to 100 A ill diameter. 
and the stem domain measures about 52 A in height and 26 A in diameter from Cn to 
Ca. Approximate locations of the cap, rim and stem domains are shown. Thr"') is located 
at the base of the stem domain. B View from the top of the structure and parallel to 
the sevenfold axis. The amino latch of one protomer makes extensive interactions with 
its clockwise-related immediate neighbor, and residues in each glycine-rich region wrap 
aro und the sevenfold axis approximately 180". Protomer- protomer contacts consist 
a lmost exclusively of side-chain- side-chain in terac tions in the cap domain wh il e, in the 
stem domain , main-chain- main-chain contacts predominate as the f3 strands form a 
continuous f3 sheet. Reproduced from SONG et a l. 1996 with pe rmission 

represents the turning point of each f3 sheet at the cytoplasmic face of the 
bilayer (SONG et a!. 1996). 

II. Structure of the Membrane-Bound Oligomer 

Given the clarity and beauty of the crystallographic studies, there appears to 
be little reason to question whether the structure is identical to that of pores 
forming on target membranes. In fairness, however, it must be conceded that 
this has not yet been rigorously proven . From earlier data , many groups had 
concluded that the oligomer form ing on biological membranes was a hexamer 
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(FREER et al. 1968; BERNHEIMER 1974; FOssLE et al. 1981; TOBKEs et al. 1985). 
Analyses of two-dimensional crystals on Iiposomes strengthened this con
tention (WARD and LEONARD 1992) and, recently, atomic-force microscopy 
seemed to clearly reveal that this conclusion was correct (CZA.JKOWSKY et al. 
1998). Thus, we may still be faced with an open question regarding the com
position and molecular organization of a toxin in biological membranes. 

Regardless of the true stoichiometry, however, spectroscopic s.tudies 
strongly support the basic model emerging from the crystallographic analyses. 
In particular, there can be little doubt that the pore is indeed formed through 
insertion of a single amino acid sequence encompassing residues 118-140. The 
novel experimental strategy leading to in situ identification of this domain 
involved production of single cysteine substitution mutants that were deriva
tized with acrylodan, a sulfhydryl-specific, polarity-sensitive fluorescent dye. 
The emission spectrum of acrylodan depends on the polarity of its environ
ment: the probe fluoresces green in water and blue in a hydrophobic envi-
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Fig. 3. Fluorescence-emission maxima of acrylodan-labeled a-toxin cysteine mutants 
in solution and after heptamer assembly on rabbit erythrocytes. An emission blue shift 
indicates movement of the fluorescence label to a more hydrophobic environment. Sig
nificant blue shifts were observed exclusively in the central region spanning residues 
118-140 

ronment. Analyses of 50 labeled toxin mutants revealed that, in emission 
spectra, only acrylodan attached to residues 118-140 exhibited a marked 
blue shift coincident with oligomer formation in lipid bilayers (Fig. 3). By 
employing mutant toxins exhibiting defects at defined stages of assembly, 
insertion of the pore-forming sequence could be shown to correlate with func
tion. When susceptible cells were examined, periodicity in side-chain environ
mental polarity was detected; thus, every even residue in the sequence entered 
a nonpolar environment in a striking display of an amphipathic transmem
brane f3 barrel. These data have resolved the molecular organization of the 
a-toxin channel in living cells, and they are in superb accord with the 
crystallographic data (WARD et al. 1994; SONG et al. 1996; V ALEVA et al. 1997a, 
1997b). 

Should it be true that hexamers rather than heptamers assemble on bio
logical membranes, the present crystallographic model would, of course, have 
to be modified somewhat. Necessarily, the central channel would also be 
slightly smaller. In fact, there have been many indications that membrane
bound a-toxin pores may display some small variation in size. When applied 
at low concentrations to susceptible celis, the pores appear to be slightly 
smaller than those generated at high toxin concentrations. The possibility 
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exists that pore heterogeneity reflects structural heterogeneity, with heptamers 
and hexamers forming alongside each other. 

E. Biological Effects 
I. Cytocidal Action 

Cell death is the most obvious and inevitable consequence of pore formation 
if a lesion is not removed or repaired. Cell death can have immediate detri
mental consequences. Tissue necrosis generates niches for bacterial survival 
and multiplication. The deaths of phagocytes and lymphocytes foster micro
bial persistence and invasion. Monocytes (BHAKDI et al. 1989) and lympho
cytes (JONAS et al. 1994) are, indeed, prime targets for a-toxin attack. 
Endothelial cells are also highly susceptible (SUTTORP et al. 1985; SEEGER et al. 
1990), and their deaths can lead to major perturbations in the microcircula
tion. Further, a toxin exerts potent cytocidal action on keratinocytes (W ALEV 
1993), which coincides with the known relevance of S. aureus as a major cause 
of skin infections. 

II. Secondary Cellular Reactions 

Secondary reactions mounted by cells under attack by any pore-forming toxin 
are of prime importance, and they can explain the long-range effects of these 
toxins. The reactions provoked by a toxin may conveniently be grouped into 
two major categories. 

1. Reactions Provoked by Transmembrane Flux of Monovalent Ions 

Pores that allow passage of K+ and Na+ but that restrict passage of Ca2+ and 
larger molecules elicit unexpected effects. When a toxin is applied to activated 
T lymphocytes at low concentrations, such that Ca2+ flux is restricted, pro
grammed cell death is triggered, and DNA fragmentation occurs after 2-4h 
(JONAS et al: 1994). When applied at similarly low concentrations to mono
cytes, a toxin provokes the processing and transport of interleukin (IL)-1f3 
(BHAKDI et al. 1989; WALEV et al. 1995). The latter phenomenon is due to rapid 
cleavage of intracellular pro-IL-1 f3 precursor by the membrane-bound IL-con
verting enzyme (ICE) caspase 1. Since ICE-related proteases are also involved 
in the apoptosis pathway, these two findings may be linked to one another. 
How monovalent ion flux is linked to caspase activity is not yet known. Recent 
data suggest that K+ efflux enhances the autocatalytic activation of pro-caspase 
1 (CHENEVAL et al. 1998). The intriguing concept emerging from these studies 
is that K+ directly or indirectly controls the function of vitally important pro
teolytic enzymes in the cell. Both programmed cell death and IL-1f3 con
version were inhibited by high extracellular concentrations of K+ in 
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Fig.4. Extracellular K+ inhibits interleukin (IL)-l,6 maturation in a-toxin
permeabilized monocytes. Cells were stimulated with lipopolysaccharide for 90 min and 
then transferred either to Na+ buffer, 20mM 4-(2-hydroxyethyl)-I-piperazineethane
sulfonic acid/260mM sucrose, Na+ buffer without Ca"+ with 2mM ethylene diamine 
tetraacetic acid or K+ buffer, and permeabilized with 1pg/ml a toxin. After 60 min, the 
supernatants were assayed for extracellular IL-l,6. Neither Na+ nor Ca"" influx was 
required for triggering IL-l,6 maturation. No maturation occurred in the presence of 
KCI in the medium 

a-toxin-permeabilized cells (Fig. 4), and recent work emphasizes that K+ efflux 
is an early event occurring in apoptotic cells (BORTNER et al. 1997; HUGHES 
et al. 1997). 

2. Ca2+-Dependent Reactions 

a Toxin generates Ca2+-permissive pores when applied to certain cells, such as 
endothelial cells (SUTTORP et a1. 1985) and platelets (BHAKDI et a1. 1988). [n 

other cells, such as monocytes and keratinocytes, low toxin concentrations 
generate smaller pores that are not Ca2+ -permissive. At higher doses, however, 
Ca2+-influx also occurs, In no instance are large membrane defects created such 
that cytoplasmic proteins egress from the cells. Therefore, Ca"+-dependent 
machineries remain intact and are vulnerable to flooding by extracellular Ca"+. 
Various consequences, including secretion, activation of phospholipases 
(SEEGER et a1. 1984; SUTTORP et a1. 1985), contraction of cytoskeletal elements 
(SUTTORP et a1.1988), and the stimulation of constitutive nitric-oxide (NO) syn
thase follow (SUTTORP et a1. 1993). By stimulating secretion of pro-coagulatory 
substances from platelets, a toxin exerts potent pro-coagulatory effects 
(Fig. 5; BHAKDI et a1. 1988). By activating the calcium-dependent phospholi
pase A2, a toxin provokes generation of biologically active lipid mediators, 
which could contribute to inflammatory responses (Fig. 6; SEEGER et al. 1984; 
SUTTORP et a1. 1985). Calcium-influx into endothelial cells provokes cytoskele
tal contraction, and this leads to rounding up of the cells and formation of 
intercellular gaps that permit rapid leakage of macromolecules across a con-
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Fig. 5. Release of PF-4 from platelets in whole 
human blood anticoagulated with heparin 
(3 U/ml), citrate (10mM), or ethylene diamine 
tetraacetic acid (10 mM) upon treatment with 
subhemolytic doses of staphylococcal ex toxin. 
PF-4 was quantified in the supernatants after a 
20-min incubation with the toxin. Massive secre
tion of PF-4 occurred in a calcium-dependent 
fashion 
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Fig.6. A staphylococcal ex-toxin-created transmembrane pore serves as a nonphysio
logical calcium channel. Incoming calcium, possibly after binding to calmodulin, acti
vates phospholipases, with subsequent cleavage of arachidonic acid and formation of 
tissue-specific arachidonic-acid metabolites. TXA h thromboxane A2; PGI2, prostacyclin 

fluent monolayer (SUTTORP et al. 1988). This could be a significant event under
lying development of pulmonary edema during staphylococcal pneumonia. 
Detrimental effects on the microcirculation could also be provoked by uncon
trolled production of NO in endothelial cells, caused by Ca2+-dependent trig
gering of constitutive NO synthase. 
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In addition to these secondary effects, liberation of biologically active sub
stances from dead or dying cells may also have long-term effects. For example. 
keratinocytes killed by a toxin would release their content of intracellularly 
stored IL-la, which would trigger and sustain inflammatory reactions. 

3. Long-Range Efl'ects of a Toxin 

a Toxin can provoke acute organ dysfunction and is lethal in experimental 
animals (MCCARTNEY and ARBUTHNOTT 1979). In this regard, a toxin is not less 
potent than endotoxins. When applied intravascularly. a toxin provokes pro
found pathophysiological alterations in the pulmonary microvasculature. sub
nanomolar concentrations leading to the development of lethal pulmonary 
edema (SEEGER et al. 1984, 1990). The underlying mechanisms are complex and 
encompass the direct toxic action on endothelial cells and the production of 
mediators that, in turn, promote pulmonary arterial hypertension. Systemic 
application of a toxin in monkeys causes the animal to succumb, with symp
toms that may be explained from the in vitro observations. In addition to 
development of pulmonary edema, a profound thrombocytopenia is observed. 
caused by the action of a toxin on platelets (BHAKDI et al. 1999a). Human 
patients suffering from severe staphylococcal infections (septicemia. burn
wound infections, pneumonia) all present with symptoms that can be partially 
explained by the local and systemic action of a toxin. 

4. Synergism Between a Toxin and Other Toxins 

An important recognition emerging in recent years is that different toxins can 
synergize with each other to enhance their detrimental effects in the host 
macro-organism. For example, priming of pulmonary cells in isolated lungs 
with endotoxin potentiates the vascular abnormalities in response to a toxin 
(WALMRATH et aI.1994). Such synergism and the resulting vascular abnormal
ities are probably relevant to the pathogenesis of organ failure in systemic 
infections. 

F. Resistance and Repair Mechanisms 
Resistance to toxin attack may be due to various causes. The first is the absence 
of high-affinity binding sites. This is exemplified by human erythrocytes. which 
escape attack when a toxin is present even at comparatively high concentra
tions (10 ,ug/ml). This type of resistance can be overcome by increasing 
toxin doses to 30-100 ,ug/ml, since non-specific, absorptive binding occurs 
(HILDEBRAND et al. 1991). It is notable that no marked differences have yet 
been observed between pores formed at low and high toxin concentrations. 
although, as alluded to above. it is possible that small variations do exist 
regarding stoichiometry and pore size. 
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A second cause of resistance is that insertion of the pore-forming 
sequence may be inhibited despite assembly of oligomers. This is the case with 
human granulocytes. Thus, a toxin binds to these cells as efficiently as it does 
to highly susceptible lymphocytes. Granulocyte-bound toxin oligomers form 
SDS-stable pre-pores that remain associated at the cell surface for surprisingly 
long periods (21 h). It is intriguing that very little endocytosis or shedding 
occurs. However, membrane permeabilization does not take place (Fig. 7), and 
this has been related by spectroscopic studies to the inability of the oligomers 
to insert their pore-forming sequences into the membrane (Fig. 8; V ALEVA et 
al. 1997b). The mechanisms underlying inhibition of membrane insertion have 
not been clarified. 

A third reason for relative resistance of cells to the lethal action of a toxin 
is their capacity to repair the lesions. This is exemplified by the reaction of 
fibroblasts. Here, a toxin binds efficiently to and permeabilizes the cells, pro
voking initial K+ efflux and depletion of cellular adenosine triphosphate (ATP; 
WALEV et aI.1994). The latter may be due to consumption rather than to direct 
egress of the nucleotide through the toxin pores. After approximately 2 h, 
the cells start to recuperate and replenish their K+ and ATP content. After 
overnight culture, no residual signs of toxin attack remain, although approxi
mately 50% of the toxin oligomers remain detectable at the cell surface. 
Utilization of labeled cysteine substitution a-toxin mutants has generated 
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Fig.7. Granulocytes are resistant to the permeabilizing effects of a toxin. Measure
ment of cellular adenosine triphosphate (ATP) depletion and K+ efflux in a-toxin
treated cells. Lymphocytes (open symbols) or granulocytes (filled symbols) were treated 
with a toxin for 60min at 37°C. The K+ concentrations (squares) of supernatants were 
determined. Cells were lysed with Triton-X-lOO, and ATP concentrations in the Iysates 
(circles) were determined. Data represent means±standard deviations (error bars) for 
three independent experiments 
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Fig.S. Emission maxima of acrylodan-Iabeled a toxin cysteine mutants measured on 
human granulocytes and human T-Iymphocytes, showing lack of lipid contact of the 
pore-forming domain in the toxin-resistant granulocytes 

information on the conformation of the a-toxin oligomers in the repaired 
lesions. After repair, the amino acid side chains originally in contact with lipid 
continue to display blue fluorescence, indicative of their retention within the 
membrane. Remarkably, fluorescence of acrylodan attached to side chains 
in the pore lumen shifts from green to blue fluorescence. This would best 
be explained by exclusion of water from the pore, and a speculative model 
emerges in which the channel is closed through constriction. Pore closure is 
likely to be a process of widespread relevance in the context of attack by and 
defense against pore-forming proteins. The underlying molecular mechanism 
remains to be elucidated. 

G. Use of a Toxin as a Tool in Cell Biology 
aToxin was the first pore-forming cytolysin to be exploited as a tool for selec
tive permeabilization of plasma cell membranes (AHNERT-HILGER et al. 1985). 
Permeabilized chromaffin cells were shown to retain the capacity to secrete 
granular constituents upon stimulation with low concentrations of Ca2+. Since 
then, an ever-increasing number of investigators are confirming that pore
forming toxins are superior tools for membrane permeabilization to conven
tional agents, such as digitonin or saponin. The assets of pore-forming toxins 
are multiple (BHAKDl et al. 1993). The actions of these agents are well
characterized and easy to control. Since a-toxin pores do not permit passage 
of proteins, guarantee is given that channels are exclusively formed in the 
plasma membrane. a-Toxin pores are quite well-defined in size, so that stable 
membrane lesions of approximately 1 nm diameter can be produced . It is pos
sible to manipulate the intracellular ionic milieu and to introduce Ca1+ and 
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small molecules, such as nucleotides, into the cells. Since pure preparations of 
a toxin contain no enzymatic activity, there will be no proteolytic alterations 
of cell constituents. 

Native a toxin contains no cysteines, and single-cysteine substitution 
mutants can be produced that usually remain functional. These substitution 
mutants have played a major role as tools for the elucidation of 
structure-function relationships during pore assembly (V ALEVA et al. 1995, 
1996, 1997a, 1997b). Mutants containing histidine replacements (JURSCH et al. 
1994; MENZIES and KERNODLE 1994) or with nicks and overlaps in the pore
forming domain (WALKER et al. 1993, 1994,1995; WALKER and BAYLEY 1994) 
have also proved valuable and harbor the potential of becoming useful tools 
in cell biology (BHAKDI et al. 1993; BAYLEY 1994). The utility of a toxin may 
be broadened through the availability of manipulatable toxin derivatives. 
Thus, it is now possible to assemble oligomers that can be opened and closed 
(BAYLEY 1994; WALKER et al. 1994a, 1994b, 1995; CHANG et al. 1995; V ALEVA et 
al. 1996; Russo et al. 1997). In addition to its application as a penneabilizing 
agent, a toxin may also become useful for the study of the turnover and 
dynamics of membrane microdomains, since it can be derivatized and stably 
labeled for use as a non-toxic membrane marker. 

H. Medical Relevance of a Toxin 
Although it is presently not possible to unequivocally prove that a toxin rep
resents a microbial virulence factor in humans, all available data do clearly 
support this contention. The major arguments are: (1) many human cells, 
including monocytes, lymphocytes, endothelial cells, keratinocytes, and 
platelets, are effectively attacked by the toxin under physiological conditions; 
and (2) damage to these cells triggers pathological sequelae. These processes 
have been studied in detail in vitro and are mirrored by characteristic clinical 
presentations. Thus, homeostasis disturbances, thrombocytopenia, and pul
monary lesions are frequently encountered in patients during severe staphy
lococcal infections. The clinical presentation of patients with S aureus skin 
infections can also be easily explained by the actions of a toxin on ker
atinocytes, macrophages, and fibroblasts. In all instances, the possibility that a 
toxin synergizes with other virulence factors is imminent. 

A theoretical approach to relate toxin production to clinical relevance is 
to quantify the level of a toxin in tissues or body fluids and attempt to make 
a correlation with disease. Unfortunately, a toxin avidly binds to target cells, 
antibodies, and lipoproteins, and quantification methods must, therefore, first 
solve the task of liberating the toxin from these binders. Consequently, a sen
sitive immunoassay for quantifying a toxin in tissues and body fluids is not yet 
available. 

Indirect demonstration of a significant role for a toxin as a virulence factor 
would be possible if application of specific high-titered antibodies were found 
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to be therapeutically effective. Polyclonal and monoclonal human hyperim
mune globulins against a toxin have been prepared, and they are able to sup
press all experimental toxic effects in vitro and in vivo. Patients with early 
diagnosis of severe S. aureus infections are candidates for therapy with such 
hyperimmune globulins, but clinical trials with these antibodies have not yet 
been conducted. Construction and production of a-toxin vaccines are very 
simple. A single-substitution mutant has been found to be devoid of all toxic 
effects in experimental animals and to induce high protective-antibody levels. 
The feasibility of using such vaccines in veterinary medicine is presently being 
explored. 
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CHAPTER 23 

Bacterial Phospholipases 

RW. TITBALL and 1.1. ROOD 

A. Introduction 
Pioneering work by MACFARLANE and KNIGHT showed for the first time that 
a bacterial toxin - the a-toxin of Clostridium perfringens - also had enzymatic 
activity as a phospholipase C (PLC; MACFARLANE and KNIGHT 1941). This 
finding stimulated great interest not only in the a-toxin but also in the poten
tially toxic activity of PLC enzymes produced by other bacteria and in the 
mechanisms that control the production of these proteins. In addition to the 
PLCs, bacteria have been shown to produce other phospholipases, such as 
phospholipase Ds (PLDs) and phospholipase As (PLAs), which differ in the 
site of phospholipid cleavage (Fig. 1). Today, many phospholipases, produced 
by both pathogenic and non-pathogenic bacteria, have been described and 
characterised, but only a few of these enzymes have been shown to be lethal 
toxins. Nevertheless, some of the enzymes considered to be non-toxic have 
been shown to play important roles in the pathogenesis of disease. Recent 
studies have suggested that lethality is a rather crude indicator of the poten
tial roles of these enzymes in disease and that many of these phospholipases 
appear to exert their effects by allowing the bacteria to colonise the host or 
by perturbing the metabolism of host cells rather than by directly damaging 
the host (TITBALL 1993; SONGER 1997). These findings have challenged the con
ventional criteria by which a bacterial product is considered to be a toxin. The 
aim of this chapter is to review the broad spectrum of bacterial phospholi
pases, to discuss the mechanisms by which the expression of phospholipase
encoding genes are regulated, to examine the ways in which these enzymes 
interact with host cells at a molecular level and to illustrate the ways in which 
bacterial phospholipases contribute to the pathogenesis of disease. 

B. Related Groups of Phospholipases 
Prior to the availability of amino-acid-sequence data, the bacterial phospho
lipases were grouped according to the site of cleavage of phospholipids - i.e. 
as PLAs, PLCs or PLDs (Fig. 1). However, there were indications that some 
of the bacterial enzymes within these groups are related. For example, antis
era against the C. perfringens a-toxin was shown to cross-react with the C. 
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hifermentans enzyme and with the C. novyi y-toxin. Over the past decade, our 
increased knowledge of the molecular biology of the bacterial phospholipases 
has allowed this structural relationship to be explored and has revealed that 
many of the bacterial enzymes are related and can be grouped according to 
both the site of phospholipid cleavage and the amino-acid-sequence homol
ogy (Table 1). Not all of these groups of phospholipases will be covered in this 
chapter; rather, we have selected the best-characterised groups of enzymes for 
further discussion. 

I. Zinc Metallophospholipase Cs 

The zinc metallophospholipase Cs are typified by the C. perfringens £x-toxin 
and the Bacillus cereus phosphatidylcholine-preferring PLC (PC-PLC). Crys
tallographic studies (HOUGH et al. 1989; NAYLOR et al. 1998) indicate that these 
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Table2. Biological activities of site-directed mutants of C. perfringens a-toxin 

Mutation Domain Proposed function Activity Bound 
of target amino zinc (mol) 
acid pc sph hly let 

Wild type + + + + 2 
EDTA-treated ND ND ND 2 

wild type 
Zn2+ binding WISa N ND 

Hllsa N Zn2+ binding ND ND 
H68Sa N Zn2+ binding ND ND 
H68Gb N Zn2+ binding 2 
H126Sa N Zn2+ binding ND ND 
H126Gb N Zn2+ binding 2 
H136Sa N Zn2+ binding ND ND 
H136Gb N Zn2+ binding 2 
H136Ab N Zn2+ binding ND 
H148Sa N Zn2+ binding ND ND 
H148Gb N Zn2+ binding 1 
H148Lb N Zn2+ binding ND 
EI52Dc N Zn2+ binding ND 1.5 
E152Qc N Zn2+ binding ND 1 
E152Gc N Zn2+ binding ND 1 

+, greater than 85% retention of the activity of the wild-type toxin; -, less than 3% 
retention of activity of the wild type toxin; EDTA, ethylene diamine tetra acetic acid; 
ND, not determined. 
aGuILLOuARD et al. 1996. 
bNAGAHAMA et al. 1995. 
cNAGAHAMA et al. 1997. 

proteins contain three zinc ions which form part of the putative active sites. 
However, one of these ions is relatively loosely bound, which might explain 
why atomic-absorption spectroscopy indicates that the a-toxin contains only 
two zinc ions (Table 2). It is likely that treatment of the proteins with chelat
ing agents, such as ethylenediaminetetraacetic acid and o-phenanthroline, 
with the resultant PLC inactivation, also removes this zinc ion (KRUG and 
KENT 1984; HOUGH et aI. 1989; TITBALL and RUBIDGE 1990). Crystallographic 
data indicate that the zinc ions are coordinated by histidine, tryptophan and 
glutamic acid side chains in an a-helical domain (HOUGH et aI. 1989; NAYLOR 
et aI. 1998). Confirmation ofthe roles ofthese amino acid side chains has been 
obtained by using site-directed mutagenesis to construct mutant forms of the 
C. perfringens a-toxin (Table 2). These mutants were all devoid of PLC activ
ity toward PC and sphingomyelin, were devoid of haemolytic activity and, for 
those mutants which were evaluated, were non-toxic. This finding suggests that 
all of these activities are dependent on a single active site. The amino acids 
that are involved in zinc-ion coordination are conserved in the C. novyi y-toxin 
(TsursUl et aI. 1995) and in the C. bifermentans PLC (Tso and SIEBEL 1989), 
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N-domain 

Flexible linker 

Fig.2. Cartoon trace of the Clostridium perfringens a -toxin , showing the locations of 
zinc ions, calcium ions and exposed hydrophobic amino acids. which might playa role 
in membrane insertion 

suggesting that the active sites of these enzymes also contain three zinc ions. 
The other members of the zinc-metallophospholipase-C group (c. (f/Jsonllm 
PLC and C. barati PLC; NAKAM URA et al. 1973) have been assigned on the basis 
of immunological cross-reactivity with the C. perfringens a-toxin and/or the 
ability of zinc-chelating compounds to inactivate these enzymes. 

Although the active-site regions of the different zinc metallophospholi 
pase Cs may be similar, these enzymes differ in that some are single-domain 
proteins whilst others possess an additional C-te rminal domain (TITBALL 1993; 
TITBALL et al. 1993). This difference in molecular organisation has been inves
tigated by comparing the crystal structure of C. perfringens a-toxin (Fig. 2) 
with that of the B. cereus PC-PLC (NAYLOR et al. \998). The N-terminal domain 
(the active-site domain) of the a-toxin shows an ove rall structural similarity 
to the entire B. cereus PC-PLC (TITBALL et al. 1991 ; NAYLOR et al. \998). The 
additional domain of the C. perfringens a-toxin is in a f)-sheet conformation 
and lies adjacent to the active site. One key biological difference between the 
C. perfringens a-toxin and the B. cereus PC-PLC is that the C. perfringens 
enzyme is toxic and is able to lyse erythrocytes, suggesting that the C-domain 
plays a key role in this process. In this context , it should be noted that the 
other zinc metallophospholipase Cs that have a C-domain (c. novyi y-toxin 
and C. bifermentans PLC) are also haemolytic. 
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II. Gram-Negative PLCs 

Most studies with enzymes in the gram-negative-PLC group have been carried 
out with PLCs from P aeruginosa. Two related enzymes (PLC-N and PLC-H; 
OSTROFF et al. 1990) are produced by this bacterium. Both are able to hydrol
yse PC, but only PLC-H is able to hydrolyse sphingomyelin and is haemolytic 
(OSTROFF et al. 1990). Little is known about the molecular organisation of 
these enzymes, although it appears that the PLC-H protein is post
translationally modified to form the active enzyme by another P aeruginosa 
protein, PieR, which is encoded downstream of plcH (SHEN et al. 1987) 

The enzymes produced by P aeruginosa are now known to be closely 
related to the PLCs produced by a number of other bacteria. including 
Mycobacterium tuberculosis (JOHANSEN et al. 1996; LEAO et al. 1995), Burk
holderia pseudomallei (Mack, personal communication) and B. cepacia (VASIL 
et al. ] 990). Although the Burholderia enzymes are similar in both size and 
amino acid sequence to the Pseudomonas enzymes, the mycobacterial 
enzymes (MpcA and MpcB) lack a 20-kDa C-terminal region. Another major 
difference between these enzymes is that the Pseudomonas and Burkholderia 
enzymes are exported from the cell, whilst the mycobacterial enzymes appear 
to be cell associated, which might explain why M. tuberculosis has a contact
dependent haemolytic activity (LEAO et al. 1995). The reason for the differ
ence in cellular location of the mycobacterial enzymes has yet to be explained, 
but it is worth noting that this bacterium is an intracellular pathogen, whilst 
the other bacteria in this group are extracellular pathogens. 

III. Phosphatidylinositol PLCs 

The PLCs that are able to specifically hydrolyse phosphatidylinositol (PI) and 
glycerophosphatidylinositol (GPI) are related and are produced by gram
positive bacteria. Although the proteins in this group show limited amino
acid-sequence identity (the B. cereus PI-PLC and the Listeria moncytogenes 
PleA are 24% identical), the crystal structures of these enzymes are similar 
(MOSER et al. 1997; HEINZ et al. 1998), suggesting that all of the PI -PLCs have 
a similar architecture. The B. cereus PI-PLC and the L. monocytogenes PleA 
are single-domain proteins, folded as a (f3ah-barrel, where the a-helices are 
located outside of an inner f3-barrel (MOSER et al. 1997; HEINZ et al. 1998). The 
active sites of the enzymes are located at the C-terminal ends of the f3-barrel 
regions. 

The ability of these enzymes to hydrolyse GPI is of particular interest, 
since many eukaryotic cell-surface proteins are linked to GPI phospholipids, 
and cleavage of the PI-glycan-ethanolamine anchor results in the release of 
the protein from the cell surface. The treatment of various eukaryotic cells 
with bacterial PI-PLCs has been shown to release alkaline phosphatase, 5' 
nucleotidase, alkaline phosphodiesterase and acetycholinesterase from the cell 
surface (IKEZAWA 1986). This significance of these findings has not been fully 
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explored, but it seems possible that some of these enzymes might be exploited 
by the bacterium - for example, as components of a phosphate-scavenging 
pathway. 

IV. Phospholipase Ds 

Whilst a number of bacteria have been shown to produce PLDs, the group of 
enzymes that has been investigated in the most detail includes Corynebac
terium pseudotuberculosis, C. ulcerans and Arcanobacterium haemolyticwn 
PLDs (McNAMARA et a1. 1995). The bacterial enzymes are 64-97% identical, 
and antibodies against the individual proteins show some cross-neutralisation 
activity against the other enzymes. Intriguingly, these proteins show amino
acid-sequence homology with the PLD in brown-recluse-spider venom, espe
cially at the N-terminus (TRUETT and KING 1993; SONGER 1997). The bacterial 
enzymes preferentially hydrolyse sphingomyelin and lysophosphatidylcholine 
and cause haemolysis of erythrocytes only in the presence of the Rhodococ
cus equi cholesterol oxidase. In contrast, treatment of erythrocytes with C 
pseudotuberculosis PLD renders them resistant to lysis with Staphylococcus 
aureus sphingomyelinase (f3-toxin). Not all bacterial PLDs behave in this way. 
The enzyme produced by Vibrio vulnificus is able to hydrolyse sphingomyelin 
and PC and is haemolytic (KOTHARY and KREGER 19R5; KREGER et al. 19R7), 
and it seems likely that this enzyme is a member of a distinct group of bacte
rial PLDs. 

c. Functional and Biological Properties of Phospholipases 
By definition, phospholipases are able to hydrolyse phospholipids, with two 
main types of phospholipid able to serve as substrates. All phospholipids 
possess a water-soluble head group linked to a phosphate group and to 
hydrophobic fatty-acyl tails. The nature of the head group can be quite vari
able, ranging from charged groups, such as choline, to inositol sugars (Fig. 3). 
Glycerophospholipids, such as PC, phosphatidylserine, PI and phosphatidyl
glycerol, contain a glycerol backbone linking the fatty-acyl tails to the head 
group. Sphingolipids (sphingomyelins) contain a ceramide moiety (the back
bone and fatty-acyl tail) linked to the head group. 

The mechanisms by which phospholipases recognise their substrates are 
not well understood. However, the crystal structures of the B. cereus PC-PLC 
(HOUGH et a1.1989) and PI-PLC (HEINZ et a\. 199R), the C.perfringens IX-toxin 
(NAYLOR et al. 199R) and the L. monocytogenes PIcA (MOSER et al. 1997) all 
reveal an active-site cleft, which is thought to accommodate the head group 
of the phospholipid. The variations in the size and charge of the head group 
might, therefore, be important in determining the specificity of the different 
enzymes. The active site of the B. cereus PI-PLC and the L. monocytogenes 
PIcA forms a wide cleft, into which the inositol head group binds in an edge-
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Fig. 3. Examples of phospholipid-head groups 

on mode (MOSER et al. 1997; HEINZ et al. 1998). A number of hydrogen bonds 
are formed between the inositol head group and the side chains of amino 
acids lining the active site. As might be expected, the hydroxyl groups at 
positions 1 and 6 of the inositol ring are accessible to the solvent, and these 
groups are linked to other groups in the natural phospholipid substrate. 

For the B. cereus PC-PLC and the C. perfringens a-toxin, the active-site 
cleft is much narrower (HOUGH et al. 1989; NAYLOR et al. 1998), which is in 
accordance with the ability of these enzymes to hydrolyse phospholipids with 
less bulky head groups; indeed, these enzymes are unable to hydrolyse PI sub
strates. However, in spite of this constraint on the size of the head group, these 
enzymes are able to hydrolyse a remarkably wide range of substrates. For 
example, the B. cereus PC-PLC is reported to be able to hydrolyse PC, phos
phatidylserine and phosphatidylethanolamine, which suggests that only 
conserved regions of the different head groups are recognised by these 
phospholipases. This suggestion is, to some extent, supported by experimental 
findings that the phosphate moiety of the substrate forms a strong network of 
hydrogen bonds with the three zinc ions, which are found in the active site of 
the protein (HANSEN et al. 1993a, 1993b). The head group also forms hydro
gen bonds with the side chains of amino acids lining the active site, and this 
might explain why the enzyme has subtly different activities towards different 
substrates. 
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In eukaryotes, most of the phospholipid is found in cell membranes. where 
it forms a water-impermeable bilayer, with the hydrophobic tail groups 
embedded within the membrane. The phospholipid bilayer also provides a 
matrix for the display of various biologically active proteins and carbohy
drates. However, membrane phospholipids perform more than a passive role 
in the maintenance of cell function. The products of phospholipid hydrolysis. 
especially the fatty-acyl tail groups, are key signalling molecules that modu
late cellular metabolism. Perhaps it is not surprising that many bacterial ph os
pholipases are thought to modulate cell metabolism via the hydrolysis of 
phospholipids and the generation of secondary messenger molecules. These 
effects are discussed in more detail below. 

D. Modulation of Eukaryotic Cell Metabolism 

I. Hydrolysis of Membrane Phospholipids 

Many of the bacterial phospholipases that play important roles in the patho
genesis of disease are active towards eukaryotic cells. Erythrocytes are often 
used for these studies, because the effect of the enzyme can easily be mea
sured in the laboratory as haemolysis. The lysis of these cells is thought to be 
due to the degradation of membrane phospholipids. which leads to weaken
ing of the cell membrane and eventual lysis (TrfBALL et al. 1993). Although 
phospholipids in erythrocyte membranes are degraded after treatment with 
phospholipases (COLLEY et al. 1973: SAKURAI et al. 1993. 1(94). it not certain 
that the direct action of the bacterial enzyme on membrane phospholipids is 
responsible for cell lysis. One possibility is that the action of the bacterial 
enzyme is to cause activation of endogenous membrane phospholipases. which 
are then responsible for much of the membrane damage. Evidence support
ing this suggestion has been provided by SAKURAI et a!. (199;\. 1(94) 
who showed that membrane phospholipases C and 0 are activated in 
rabbit erythrocyte membranes treated with a-toxin and that inhibitors of 
the PLC activity of a-toxin (neomycin and 2-nitroA-carboxyphenyl
N,N-diphenylcarbamate) do not inhibit haemolytic activity of the a-toxin. 
Another suggestion is that the limited hydrolysis of the membrane phospho
lipids leads to the accumulation of the hydrophobic fatty-acyl groups within 
the central region of the membrane bilayer, and that the resultant stresses in 
the membrane result in cell lysis (BOWMAN et a!. 197 L COLLEY et al. 1(73). 

Several workers have suggested that the haemolytic activity of phospho
Iipases indicates their toxicity and their likely role in the pathogenesis of 
disease (MACFARLANE 1955; OSTROFF et a!. L 990; TITBALL 1993: SONGER 19(7). 
However, it is difficult to define what is meant by a non-haemolytic phospho
lipase, since the activity of haemolytic enzymes towards erythrocytes from dif
ferent species (JOLlVET-REYNAUD et a!. 1(88), towards erythrocytes suspended 
in different buffers and even towards erythrocytes of different ages (LITtLE 
et al. 1981) varies. However. it is generally accepted that phospholipases. which 



Bacterial Phospholipases 539 

Table 3. The relationship between haemolytic activity and the lateral pressure at which 
the hydrolysis of phospholipids ceases in a phospholipid monolayer (M611by et at. 1978) 

Source of enzyme 

Pig pancreas 
Cabbage 
Crotalus adamanteus venom 
Bacillus cerellS PC-PLC 
Naja naja venom 
Bee venom 
Staphylococcus aureus 
Clostridium perfringens 

Type 

A2 
0 
A2 
C 
A2 
A2 
C 
C 

Haemolysis 
of human 
erythrocytes 

+ 
+ 
+ 
+ 

PC-PLC, phosphatidylcholine phospholipase C. 

Maximum lateral pressure 
at which hydrolysis ceases 
(dyne/cm) 

16.5 
20.5 
23 
31 
34.8 
35.3 

>40 
>40 

play important roles in disease, are able to interact with membrane phospho
lipids, and this might cause lysis of cells. 

The insertion of phospholipases into lipid mono layers was studied by V AN 

DEENEN et al. (1976), who showed that, by increasing the lateral pressure 
within a phospholipid monolayer, it was possible to identify two groups of 
enzymes (Table 3). The enzymes in one group were able to hydrolyse the phos
pholipid in the monolayer at lateral pressures above those found in typical 
membranes (31-35dyne/cm; Mollby 1978), and enzymes in this group were 
also haemolytic - perhaps a reflection of their ability to be inserted into mem
brane bilayers. 

Only recently have we gained some insight into the molecular mechanisms 
by which these enzymes interact with membranes. In the case of the C. per
fringens a-toxin, the crystal structure of the protein has revealed that the 
protein possesses surface-exposed hydrophobic amino acid side chains (Trp2l4' 
Tyrl:ll and Phe334) that are positioned on the active-site faces of the N- and 
C-domains of the protein in a way that enables them to interact with the 
hydrophobic tail groups of membrane phospholipids (NAYLOR et al. 1998). In 
addition, the C-domain contains a partial calcium-binding site (GUILLOUARD 

et al. 1997), and a model of the a-toxin docked with a membrane suggests that 
the phosphate head groups of membrane phospholipids provide the additional 
calcium-coordinating ligands (NAYLOR et al. 1998). The C-domain of the a
toxin shows significant structural homology with calcium-dependent phos
pholipid-binding domains from mammalian enzymes (Fig. 4), such as PI-PLC, 
arachidonate-5-lipoxygenase and synaptotagmin (GUILLOUARD et al. 1997; 
NAYLOR et al. 1998). This model is supported by the long-standing observation 
that calcium ions are absolutely required for the activity of the a-toxin (KRUG 

and KENT 1984; MOREAU et al. 1988; NAGAHAMA et al. ] 996) and that calcium 
ions have not been detected in purified preparations of the a-toxin (KRUG and 
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b 

d 

. 

~ 
N 

Fig.4. Structural similarity of the C-terminal domain of a-toxin (a) with the lipid
binding domains of soybean lipoxygenase 1 (b), synaptotagmin (c) and mammalian 
phosphoinositide-specific phospholipase C Col (d). NAYLOR et al. (1998) 

KENT 1984), probably because of the low affinity of the a-toxin for calcium 
ions in the absence of phospholipid (GUILLOUARD et al. 1997). The model is 
also supported by a comparison with the crystal structure of the non
haemolytic B. cereus PC-PLC, which lacks a C-domain (and, therefore, the 
calcium-binding site) and also has amino acids without hydrophohic side 
chains at comparable positions in the a-toxin (NAYLOR et al. 1998: HOUGH 

et al. 1989). 
The mechanism by which other phospholipases interact with memhrane 

phospholipids are less well understood, and many of these enzymes do not 
require divalent cations, such as calcium, to facilitate the interaction. :"Jever
theless, it seems likely that at least partial insertion of the enzyme into the 
phospholipid bilayer is required. The active site of the B. cerellS PI-PLC is sur
rounded by a ridge of hydrophobic amino acids, and it is proposed that this 
hydrophobic surface (which has an area of -350A2) becomes inserted into the 
membrane (HEINZ et al. 1998). 
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II. Hydrolysis of Membrane Phospholipids Modulates 
Cell Metabolism 

541 

Many of the early studies with bacterial phospholipases considered that 
haemolysis was the key indicator of activity, and it was suggested that the 
haemolytic enzymes produced by pathogens might function by causing lysis of 
host cells. In fact widespread haemolysis is rarely, if ever, encountered in cases 
of disease caused by pathogens that produce phospholipases (HuBL et al. 
] 993). Nevertheless, phospholipases do play important and, in some cases, key 
roles in the pathogenesis of disease, and recent studies suggest that these 
enzymes function not by causing wide-scale cell lysis but by causing limited 
hydrolysis of membrane phospholipids, the products of which modulate cell 
metabolism to the detriment of the host and to the benefit of the pathogen. 

Central to this process is the generation of diacylglycerol from glyc
erophospholipids and ceramide from sphingolipids. Diacylglycerol affects cell 
metabolism in several ways. First, it is able to serve as a substrate for diacyl
glycerol lipase, and the product of this enzyme (arachidonic acid) can, in turn, 
serve as a substrate for the arachidonic-acid pathway (SAMUELSSON 1993). The 
activation of the arachidonic-acid pathway has been reported in cells exposed 
to a variety of phospholipases, including the C. per/ringens a-toxin (FUJI[ and 
SAKURAI 1989; GUSTAFSON et al. ] 990; BUNTING et al. 1997), the P aeruginosa 
PLC-H (KONIG et al. ] 997) and the B. cereus PC-PLC (LEVINE et al. 1988). The 
products of the arachidonic-acid pathway include pro-inflammatory mole
cules, such as the prostaglandins, thromboxanes and leukotrienes, which cause 
vasodilation and bronchonstriction and cause mucus secretion (SAMUELSSON 
] 983). A more detailed analysis of the roles of these molecules is beyond the 
scope of this review. However, it is worth pointing out that these molecules 
are also central to the platelet-aggregation pathway, which might explain the 
long-standing observations that some phospholipases cause platelet aggrega
tion (SUGAHARA et al. 1976; OHSAKA et al. ] 978; COUTINHO et al. 1988). 

Second, diaycylglycerol can activate protein kinase C (PKC) within cells, 
and the activated PKC is thought to activate eukaryotic membrane-bound 
phospholipases (WAITE 1987; EXTON 1990; NISHIZUKA ] 992). These activated 
phospholipases would lead to further hydrolysis of membrane phospholipids, 
and this has lead to the suggestion that haemolysis might actually be an indi
cation of self-degradation of membrane phospholipids rather than a direct 
effect of the bacterial enzyme on the membrane (SAKURAI et al. 1993, 1994; 
OCHI et a!. 1996). 

Of equal significance is the ability of the activated eukaryotic phospholi
pases to generate further substrates for the arachidonic-acid cascade and to 
further activate PKC. Hence, the initial interaction of the bacterial enzyme 
with the host cell membrane might trigger a positive-feedback loop, which 
leads to the eventual self-destruction of the cell. Of the eukaryotic phospho
Iipases that might be activated, the PI-PLCs merit special consideration, 
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because the inositol triphosphate (IP,) generated by hydrolysis of inositol 
diphosphate would act as a secondary messenger within the cell. One effect 
of IP3 would be to cause the release of calcium from the endoplasmic reticu
lum, and this would, in turn, cause both the opening of calcium gates in the 
membrane and the contraction of muscle tissues (SAKURAI et a1. 1990). 

E. Regulation 

1. Regulation of the C. peifringens pic Gene 

The C. perfringens a-toxin is encoded by the pIc gene, which is sometimes 
referred to as the cpa gene and is located in a hyper-variable region of the C. 
perfringens chromosome (COLE and CANARD 1997). Immediately upstream of 
the pic promoter, there is a series of poly-A repeat sequences that appear to 
affect the ability of the DNA to bend (TOYONAGA et a1. 1992). Deletion of this 
77-bp AT-rich region increases the expression of the pIc gene in Escherichia 
coli, suggesting that this region of DNA curvature has a negative regulatory 
role in a-toxin production. However, in C. perfringens, deletion of one or more 
of the dA5-6 tracts located within the 77-bp region leads to decreased a-toxin 
production (MATSUSHITA et a1. 1996). These results imply that host factors are 
important in pic gene regulation, a conclusion supported by gel-retardation 
studies, which have shown that, in C. perfringens, there is an uncharacterised 
factor that binds within the pic gene (KATAYAMA et a1. 1993). 

Other studies have identified a two-component signal-transduction system 
which globally regulates extracellular toxin production in C. perfringem' 
(LYRISTIS et a1. 1994; SHIMIZU et a1. 1994). Mutation of either the virS or virR 
genes, which encode a sensor histidine kinase and a response regulator, respec
tively, leads to the complete loss of O-toxin production and reduced produc
tion of a-toxin, l(-toxin, and other extracellular enzymes. Regulation of this 
system occurs at the transcriptional level (BA-THEIN et a1. 1996), but the 
precise mechanism by which the activated VirR protein controls a-toxin pro
duction is not known. The environmental factors that stimulate the VirSIVirR 
regulatory cascade are also unknown (ROOD and LYRISTIS 1995). 

II. Environmental Control of PLC Production in P. aeruginosa 

The PLC-N and PLC-H PLC enzymes from P. aerllginasa are encoded by the 
plcN and plcH (or plcS) genes, respectively. Both genes are induced by phos
phate starvation, choline or glycine betaine (VASIL et a1. 1994). Activation of 
both plcH and plcN in an environment low in inorganic phosphate (Pi) is 
dependent upon a homologue of the E. coli PhoB protein, a response regula
tor which activates the transcription of the Pi regulon in E. coli. In P. aerugi
nasa, this phoB (or picA) regulon includes the gene encoding alkaline 
phosphatase and the two phospholipases (SHORTRIDGE et a1. 1992; V ASll. et a1. 
1994). 
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The plcH gene is the first gene in an operon that also includes two in
phase overlapping genes, plcRI and plcR2, which encode proteins that appear 
to be required for the secretion of PIcH (but not PIcN) from P aeruginosa cells 
(COTA-GOMEZ et al. 1997). The plcHR operon has both PhoB-dependent and 
PhoB-independent promoters, the latter being involved in plcH activation 
by the PLC end-product, phosphorylcholine, as well as choline and glycine 
betaine. Choline and glycine betaine are breakdown products of phosphoryl
choline and act as osmoprotectants and potential carbon, nitrogen and energy 
sources. A novel catabolite-repression system appears to be involved in the 
osmoprotectant-dependent regulation of plcH transcription (SAGE and VASIL 
1997). These compounds also activate plcN which, since it only has one PhoB
dependent promoter, requires both PhoB and Pi starvation for choline- and 
glycine-betaine-mediated activation (SHORTRIDGE et al. 1992; VASIL et al. 1994). 
Choline-induced activation of plcH requires the orp gene, which encodes a 
putative regulatory protein, and betB, which encodes a betaine-aldehyde dehy
drogenase, an enzyme involved in the synthesis of glycine betaine from choline 
(SAGE et al. 1997). 

III. Regulation of the Listeria Phospholipases by PrfA 

The Listeria phospholipases PI-PLC and PC-PLC are encoded by the picA 
and plcB genes, respectively. These genes are located within a cluster of viru
lence genes on the L. monocytogenes chromosome but are encoded on diver
gently transcribed operons (Fig. 5). The plcB gene is the third gene in an 
operon that includes the mpl gene, the product of which is a zinc metallopro
tease involved in the post-translational activation of PC-PLC (RAVENEAU et 
al. 1992; POYART et al. 1993), and the actA gene, which encodes a protein 
involved in host actin polymerisation (SMITH and PORTNOY 1997). Proximal to 
this operon is the Iisteriolysin-O gene, hly, followed by the divergently 
expressed picA and prfA genes (Fig. 5). The pfrA gene is expressed both from 

1-
prfA pIcA hly mpl actA plcB arfX arfZ 

artY 

Fig.5. Genetic organisation of the Lisleria monocytogenes toxin gene locus. The 
respective genes and their transcriptional orientations are shown by the Ihick arrows. 
The major transcripts are shown by the Ihin arrows 
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its own promoter and from the pLcA promoter (MENGAUD et al. 1991). It 
encodes a regulatory protein that activates the transcription of all of these 
genes, including picA and picB (MENGAUD et a1. 1991; CHAKRABORTY et al. 
1992). It is also autoregulatory, activating its own expression from the picA 
promoter and repressing transcription from the monocistronic prfA promoter 
(FREITAG et a1. 1993; FREITAG and PORTNOY 1994). Other pfrA-regulated genes 
include the intemalin operon, inLAB (DRAMS! et al. 1993), iniC (ENGELBRECHT 
et al. 1996) and genes encoding several surface proteins (SOKOLOVIC et al. 
1993). 

Expression of the prfA regulon is temperature- and growth-phase
dependent and is activated in minimal essential medium (MENGAUD et al. 1991; 
LEIMEISTER-WACHTER et a1. 1992; SOKOLOVIC et a1. 1993). Higher levels of 
expression of PrfA-regulated genes are observed at 37°C (compared with 
25°C, as expected for an opportunistic pathogen whose virulence genes do not 
need to be expressed in the normal saprophytic environment; LEI MEISTER
WACHTER et a1. 1992). The PrfA protein has sequence similarity to the Crp/Fnr 
family of transcriptional activators (LAMPIDIS et a1. 1994). It contains a 
helix-tum-helix motif, which is commonly found in DNA binding proteins, 
such as the cyclic adenosine monophosphate receptor protein, Cap or Crp, and 
which has been shown to be functionally significant in PrfA-mediated viru
lence-gene activation (SHEEHAN et a1. 1996). PrfA binds to 14-bp regions of 
dyad symmetry, variants of which are found in the promoter regions of all of 
its target genes (FREITAG et al. 1993; DICKNEITE et a1. 1998). Differences in the 
regulation of the various PrfA-induced genes probably reflect differences in 
the PrfA-binding sites, which are located at a position 40-41 bases upstream 
of the transcriptional start site (FREITAG et a1. 1993; BOHNE et al. 1994; 
DICKNEITE et a1. 1998). Binding of PrfA to this PrfA box occurs independently 
of other factors but is more efficient in the presence of Paf (PfrA-activating 
factor; BOCKMANN et a1. 1996; DICKNEITE et al. 1998). Enhanced Paf synthesis 
or activity occurs in low-iron medium. Note that, independent of any effects 
on the transcription of prfA, expression of the hLy and picA genes is repressed 
in the presence of cellobiose, a plant-cellulose-derived disaccharide (PARK and 
KROLL 1993; KLARSFELD et a1. 1994; RENZONI et a1. 1997). It has been postu
lated that repression occurs because the presence of cellobiose signifies that 
the bacterial cells are in a saprophytic environment and do not need to 
produce listeriolysin 0 or PI-PLC (PARK and KROLL 1993). 

F. Role in Disease 

I. Gas Gangrene 

Definitive evidence for the essential role of C. perfringens a-toxin in clostridial 
myonecrosis or gas gangrene has come from independent studies in each of 
our laboratories (WILLIAMSON and TITBALL 1993; AWAD et al. 1995). Immu
nization of mice with a recombinant protein which consisted of the C-
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terminal portion (amino acids 247-370) of the a-toxin protected mice against 
at least ten LDlOo doses of C. perfringens cells (WILLIAMSON and TITBALL 1993). 
Although this truncated protein was non-functional, antibodies prepared 
against it neutralised both the PLC and haemolytic activity of a-toxin. 
Immunoprotection was dependent upon the C-terminal component of the a
toxin, since immunization against an N-terminal derivative did not protect 
against the disease. Definitive genetic proof of the essential role of a-toxin in 
gas gangrene has come from studies that involved the construction of an inser
tionally inactivated chromosomal pic gene (AwAD et al. 1995). Virulence 
studies carried out in mice showed that isogenic mutants that were unable to 
produce a-toxin were avirulent; virulence could be restored by providing a 
wild-type copy of the pic gene on a multicopy plasmid. Mice infected with the 
a-toxin-deficient mutants had minimal swelling, muscle destruction, inflam
mation or necrosis; by contrast, infection with the wild-type or complemented 
strains led to extensive muscle destruction and severe necrosis. Other workers 
have also constructed a chromosomal pic mutant and shown that it had sig
nificantly reduced virulence in mice (NINOMIYA et al. 1994). 

More recent studies have shown that a-toxin is an important modulator 
of neutrophil migration into infected muscle tissue (STEVENS et al. 1997). One 
of the characteristic and unusual features of C. perfringens-mediated gas gan
grene is the almost complete absence of polymorphonuclear leucocytes 
(PMNLs) in the infected lesion. Comparative histological examination of 
tissues derived from mice infected with either the wild-type or pic-mutant 
strains has shown that a-toxin prevents the efflux of PMNLs from the blood 
vessels into the muscle tissue, probably by stimulating the production of spe
cific cell-surface adhesins in the endothelial cells. The net effect is to promote 
the adherence of PMNLs to the vascular endothelium, thereby facilitating the 
spread of the infection by preventing the influx of phagocytic cells into the 
infected tissues. These conclusions are supported by studies which show that 
purified a-toxin positively regulates the expression of the adhesins endothe
lialleucocyte adehesion molecule 1 and intercellular adhesion molecule 1 on 
the surface of endothelial cells (BRYANT and STEVENS 1996). Studies on cul
tured human endothelial cells have also revealed enhanced Paf and prostacy
clin synthesis and P-selectin-mediated neutrophil adhesion in response to 
treatment with purified a-toxin (BUNTING et al. 1997). The C. perfringens ()
toxin also appears to playa role in preventing PMNL influx into the lesion, 
perhaps in synergy with the a-toxin (AwAD et al. 1995; STEVENS et al. 1997). 

The precise molecular pathways by which a-toxin mediates both its toxic 
effects and its effects on the migration of phagocytic cells are not known. 
However, as already discussed, they are likely to involve the stimulation of 
target cell regulatory cascades by the products of phospholipid hydrolysis, such 
as diacylglycerol. Other studies have shown that Chinese-hamster cell lines 
with a deficiency in their ability to produce uridine diphosphate-glucose 
pyrophosphorylase are hypersensitive to the cytotoxic effects of a-toxin 
although, again, the precise mechanism is not known (FLORES-DIAZ et al. 1997, 
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1998). Finally, studies using purified toxins in rabbits have shown that a-toxin 
causes systemic haemodynamic effects, probably by direct myocardial toxic
ity, and stimulates endogenous mediators of systemic shock, such as tumour 
necrosis factor (STEVENS and BRYANT 1997). 

II. P. aeruginosa Infections 

P. aeruginosa is the aetiological agent of a variety of opportunistic infections 
of man and is frequently isolated from the lungs of cystic-fibrosis patients and 
from burn tissues. The bacterium is also a pathogen of animals, causing dis
eases such as fleece rot in sheep, and is a pathogen of plants, causing soft rot 
disease. The bacterium produces a wide variety of exotoxins, including the PLC 
enzymes PLC-H and PLC-N (OSTROFF et a1. 1990). These phospholipases show 
differences in substrate specificity, and only PLC-H is haemolytic. Therefore, 
considerable attention has been focused on PLC-H as the phospholipase most 
likely to playa key role in disease. Antibodies against PLC-H have been 
detected in sera from cystic-fibrosis patients (GRANSTROM et a!. 1984) and from 
sheep suffering from fleece rot (CHIN and WATTS 1988), indicating that this 
enzyme is produced in vivo. 

The precise roles of the P. aeruginosa phospholipases in the pathogenesis 
of disease have not been determined. The LDso of PLC-H (pleH) mutants 
grown under phosphate-limited conditions in a mouse burn model is 2.4 logs 
greater than that of the wild-type strain (OSTROFF et a1. 1989). However, this 
result is difficult to interpret, because mutation of the pIeR regulatory gene. 
which is located downstream of pIeR, was equally attenuating, even though 
the bacteria produced higher levels of PLC-H. Therefore. it is possible that the 
attenuation seen with the pIeR mutant was due to a polar effect on pIeR. Sim
ilarly, the finding that pleH mutants caused less severe disease in Arabidopsis 
thaliana plants (RAHME et a1. 1995) might be due to polar effects on pieR. 

Notwithstanding these results, there are several lines of evidence that 
suggest that the P. aeruginosa phospholipases do playa role in disease. Puri
fied PLC-H administered intravenously or intraperitoneally caused necrosis 
of liver and kidney tissues, similar to the effects caused by crude culture fil
trates, a finding which prompted the suggestion that PLC-H was the main exo
toxin produced by the bacterium (MEYERS et a1. 1992). PLC-H administered 
intradermally into sheep has been shown to cause dermal necrosis. with the 
infiltration of leukocytes; this resembled the lesions seen in cases of fleece rot 
(CHIN and WATTS 1988). Pro-inflammatory compounds, such as leukotriene B4 
and histamine, could be responsible for some of these effects, and these com
pounds are released from human granulocytes treated with PLC-H (KONIG 
et a1. 1996). The effects were further potentiated by the lipase produced by 
P. aeruginosa, suggesting that these enzymes might act synergistically in vivo 
(KONIG et a1. 1996). 

What role might the PLCs play in disease? One possibility is that the phos
pholipases form part of a phosphate-retrieval system, which might be impor-
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tant because the level of free phosphate in sera is sub-optimal for the growth 
of Gram-negative pathogens (WEINBERG 1974). The finding that PLC produc
tion is induced under low-phosphate conditions (PRITCHARD and VASIL 1986; 
OSTROFF et al. 1990; SHORTRIDGE et al. 1992) supports this suggestion. In res
piratory-tract infections, the enzymes might play additional roles by degrad
ing lung surfactant (HOLM et al. 1991), which is rich in PC, to allow the 
bacterium to gain access to underlying tissues. Another intriguing possibility 
is that the phospholipases may play a role in the accumulation of choline, 
which then accumulates within the bacterial cell and acts as an osmoprotec
tant in the lung (LANDFELD and STROM 1986; SAGE et al. 1997). 

III. The Pathogenesis of Listeriosis 

L. monocytogenes is a food-borne pathogen that causes severe meningitis and 
septicaemia, particularly in elderly or immunocompromised patients, the new 
born and in pregnant women, where it may cause abortion. Pathogenesis is 
primarily dependent on the ability of the organism to survive and replicate in 
macrophages (SHEEHAN et al. 1994). L. monocytogenes is an invasive intracel
lular pathogen that avoids the host immune system by transferring directly 
from one cell to the adjoining cell. This process involves the ActA-mediated 
movement of listerial cells within and between the mammalian host cells by a 
process of actin polymerisation (TILNEY and PORTNOY 1989; SHEEHAN et al. 
1994). After initial entry of L. monocytogenes into the macrophage by phago
cytosis, the organism escapes the resultant primary phagocytic vacuole, mainly 
because of its ability to produce the pore-forming cytolysin, listeriolysin 0. PI
PLC also plays a role in the escape of the cells from phagosomes of the 
macrophage, enabling the organism to grow in the cytoplasm of the host cell 
(CAMILLI et al.1993).ActA enables the bacteria to move through the host cells 
and into neighbouring cells, forming a membrane-bound protrusion. PC-PLC 
is believed to be important in cell-to-cell spread, probably by hydrolysing 
phospholipids in the cell membrane and enabling the bacteria to escape these 
membrane-bound protrusions (V AZQUEZ-BOLAND et al. 1992). A mutant that 
was unable to produce PC-PLC has been shown to be defective in cell-to-cell 
spread (but not in escape from the primary phagocytic vacuole) and was 20 
times less virulent in mice (SMITH et al. 1995). An equivalent PI-PLC mutant 
had only a twofold reduction in virulence and was not affected in its ability to 
spread directly from one cell to another, although delayed escape from the 
primary vacuole was observed. Double pic mutants unable to produce either 
enzyme are more than 500 times less virulent than the isogenic wild-type strain 
and are severely affected in both intracellular spread and vacuolar escape 
(SMITH et al.1995). 

Recent virulence studies have also shown that PC-PLC is important in 
cerebral listeriosis in the mouse; when mice are infected with a picE mutant, 
death is significantly delayed compared with that in wild-type mice (SCHLUTER 
et al. 1998). In summary, both phospholipases are important in virulence, with 
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PI-PLC required for efficient escape from the primary vacuole and PC-PLC 
required for cell-to-cell spread. In epithelial cells, PC-PLC also appears to be 
involved in escape from the phagosome, at least in the absence of listeriolysin 
0, since mutants lacking listeriolysin 0 and PC-PLC are unable to grow intra
cellularly, unlike mutants lacking listeriolysin 0 and PI-PLC (MARQUIS et al. 
1995). Neither phospholipase appears to be involved on its own in the stimu
lation of neutrophil adhesion to endothelial cells, a process that is presumably 
important in the systemic spread of L. monocytogenes cells (DREVETS 1998). 
However, even in the absence of cell invasion, PI-PLC and listeriolysin 0 act 
synergistically to induce endothelial cell signalling and inflammatory events 
(SIBELIUS et al. 1996). It is proposed that pore formation by listeriolysin 0 is 
required for the uptake of PI-PLC and its subsequent stimulation of signal
transduction pathways in the endothelial cell. 

IV. Caseous Lymphadenitis in Ruminants 

Caseous lymphadenitis is a disease of the lymphoid tissues of ruminants, par
ticularly sheep and goats, and is caused by C. pseudotuberculosis. Virulent 
biovars of C. pseudotuberculosis produce a PLD that has been shown to be 
essential for virulence in sheep and goats (HODGSON et al. 1992; McNAMARA 
et al. 1994). The organism appears to be an intracellular pathogen that multi
plies in the phagolysosomes of neutrophils and macrophages and produces 
abscesses, primarily at the site of infection and in the regional lymph nodes. 
Infection of goats with a C. pseudotuberculosis strain carrying a chromosomal 
pld mutation led to a markedly reduced disease pathology, with minimal dis
semination of the organism from the primary site of infection and little evi
dence of abscessation (McNAMARA et aI.1994). Using a different chromosomal 
pld mutant, similar results have been obtained in sheep (HODGSON et al. 1992). 
Despite numerous studies on the use of rationally attenuated C. pseudotuber
culosis strains as vaccines (HODGSON et al. 1992; SIMMONS et ai. 1997. 1998), 
very little is known about the role of PLD in the disease process. 

G. Conclusions 
Work with bacterial PLCs during the 1940s founded many principles that were 
then subsequently applied to the study of other bacterial toxins. Perhaps 
because of these early studies, interest in bacterial phosphoJipases waned 
during subsequent decades, and it was not until the 1990s that there was a 
resurgence of interest in this group of bacterial toxins. Today, a wide variety 
of pathogenic bacteria are known to produce phospholipases and, from the 
early findings that some of these enzymes were toxins, we have developed an 
appreciation of the diversity of roles that these enzymes play in the patho
genesis of disease. In spite of this knowledge, there are many questions yet to 
be answered. Do these enzymes play a role in the colonisation of phospho-
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lipid-rich mucosal surfaces? Why do some pathogens produce several enzymes 
with different properties? What roles do these enzymes play in the role of dis
eases caused by M. tuberculosis, B. pseudomallei and Helicobacter pylori? At 
a molecular level, we know little about the mechanisms of action of these 
enzymes. How do these enzymes interact with membrane phospholipids, and 
what is the molecular basis of the subtle but important differences in substrate 
specificity? Do phospholipases produced by intracellular pathogens playa role 
in modulating cell metabolism to the advantage of the pathogen? How is the 
expression of bacterial phospholipases regulated in the infected tissues? 

Many of the techniques and tools required to answer these questions are 
now available and are being applied to the study of this group of enzymes. 
These studies are of more then academic interest. Enzymes that play key roles 
in the pathogenesis of disease might be modified to provide vaccines, and 
inhibitors of these enzymes might find places as new anti-bacterial drugs to 
deal with antibiotic-resistant strains of bacterial pathogens. These enzymes 
might also find applications in novel drug-delivery systems, such as that 
described by CARTER et al. (1998). This is a truly exciting time to be working 
in this field. 
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CHAPTER 24 

Pore-Forming Toxins as Cell-Biological and 
Pharmacological Tools 

G. AHNERT-HILGER, I. PAHNER, and M. HOLTJE 

A. Permeabilized Cells: an Approach to the Study of 
Intracellular Processes 

Using permeabilized cells, intracellular processes can be studied under condi
tions that are believed to resemble closely the physiological ones in intact cells. 
In the past, various experimental approaches have been developed, including 
electropermeabilization (KNIGHT and BAKER 1982; BARTELS et al. 1994), appli
cation of digitonin (BITTNER et al. 1986), mechanical shearing of cells by a cell 
cracker (MARTIN 1989) and use of bacterial pore-forming toxins. Actually, elec
tropermeabilization was the first approach to gain access to the cell interior 
and resulted in a number of data concerning the minimal requirements for 
exocytosis in chromaffin cells (KNIGHT and BAKER 1982). Recent investigations 
used this method in studies of signal transduction events (for example, in 
adipocytes; KOKKALIARI et al. 1994) and intracellular Ca2+ mobilization in neu
roblastoma cells (WOOD et al. 1994). However, electropermeabilization is often 
transient, and the cells may repair the holes, which limits its application during 
an experiment. The transient stage of the holes may, however, be an advan
tage in introducing low- and high-molecular-weight substances into cells, 
where they persist for long times. This approach has been elegantly used for 
the introduction of clostridial neurotoxins into chromaffin cells, allowing long
term incubations and giving information on how these toxins are handled by 
the cells (BARTELS and BIGALKE 1992; BARTELS et al. 1994; BINSCHECK et al. 
1995; ERDAL et al. 1995). For short-term permeabilization, which allows imme
diate dissection of intracellular events, electropermeabilization can be used 
mainly for cells in suspension and is difficult to apply to a great number of 
probes with attached cells. 

Using PC12 cells, cell cracking has led to many exciting data concerning 
the events during exocytosis, where a priming step and a fusion step could be 
distinguished (HAY and MARTIN 1993; HAY et al. 1995), and on the biogenesis 
of secretory granules (TOOZE et al. 1991; DITTIE et al. 1996; 1997). Similar to 
electropermeabilization, cell cracking requires cells in suspension at a high 
density and cannot be applied to attached cells. 

Permeabilization by bacterial pore-forming toxins like a-toxin from 
Staphylococcus aureus (strain Wood 46) and streptolysin 0 (SLO) from group 
A ,B-hemolytic streptococci is now a widely accepted approach in the func-
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tional analysis of intracellular organelles. In contrast to the methods of cell 
cracking and electropermeabilization, pore-forming toxin can be applied to 
various preparations, including cells in suspension, attached cells, neurons and 
synaptosomes (DEKKER et al. 1989; STECHER et al. 1992; BOBICH and ZHENG 
1995; AHNERT-HILGER and WELLER 1997). 

Storage and release of neurotransmitters by secretory vesicles are our 
main interest. For example, the regulation of exocytotic membrane-fusion 
processes involves the concerted interaction of two membranes: that of the 
secretory vesicle and the plasma membrane. Permeabilized cells are ideally 
suited for these studies, since they allow the manipulation of the intracellular 
environment without affecting membrane function. In recent years, perme
abilized preparations have been used to study regulated (i.e .. Ca2>-dependent) 
membrane fusion from a great variety of secretory cells, including the rat 
pheochromocytoma cell line PC 12 (AHNERT-HILGER et al. 1985), bovine 
chromaffin cells in primary culture, mast cells, cytotoxic T-lymphocytes, 
gonadotropic cells of the adenohypophysis, insulin- secreting cells (LANG et al. 
1995,1997), isolated exocrine pancreatic cells (STECHER et al. 1992) and synap
tosomes (BHAKDI et al. 1993; AHNERT-HILGER and WELLER 1997). In addition 
to regulated exocytosis, which depends on an increase in the intracellular Ca2+ 

concentration, other regulated fusion processes were successfully studied 
using either SLO- or a-toxin-permeabilized cells. Regulations underlying the 
translocation of the glucose transporter in adipocytes and cardiomyocytes 
were successfully analyzed after permeabilization by either pore-forming 
toxin. In addition, the analysis of intracellular Ca2+ regulation (FbHR et al. 
1991), glucose and arachidonic acid metabolism, stimulus-contraction cou
pling (KlTATAWA et al. 1989), intracellular membrane trafficking and Ca2c_ 

regulated fusion of lysosomes in fibroblasts and epithelial cells (RODRIGUEZ 
et al. 1997) were also addressed by this approach (BHAKDI et al. 1993; 
AHNERT-HILGER and WELLER 1997 and references cited therein). Permeabi
lized preparations are also suitable for study of Golgi-membrane dynamics 
(JAMORA et al. 1997; MIRONOV et al. 1997). Very recently, the regulation of vesic
ular transporters, especially the monoamine transporter, by heterotrimeric 
G-proteins (AHNERT-HILGER et al. 1998) was analyzed in permeabilized 
preparations. 

The native forms of the toxins assemble into amphiphilic polymers in the 
target lipid bilayers, where they generate stable transmembrane pores. a-Toxin 
pores comprise a homogenous population of ring-structured heptamers 
(GOUAUX et al. 1994) that allow for the free passage of low-molecular-mass 
solutes (BHAKDI and TRANUM-J ENSEN 1987; BHAKDI et al. 1993). SLO pores are 
heterogeneous, with larger diameters, which permits the exchange of proteins 
(BHAKDI and TRANUM-JENSEN 1987; AHNERT-HILGER et al. 1989b; BHAKDI et al. 
1993). 
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B. a-Toxin and SLO as Tools with which to Study 
Functional Aspects of Intracellular Organelles 

The characteristic features of both toxins can be used to address various prob
lems concerning the regulation of intracellular organelles. a-Toxin permeabi
lizes cells for small molecules (:s3kDa). a-Toxin monomers bind to as yet 
unidentified cell-surface acceptor sites that are present (in varying amounts) 
on most nucleated cells. When applied at high concentrations (50-200,ug/ml), 
a non-specific adsorption of lipids in almost any cell type occurs, resulting in 
pore formation and permeability to small molecules (BHAKDI et al. 1993). SLO 
monomers bind to cholesterol. After oligomerization and pore-formation, cells 
are permeable to both small and large (~150kDa) molecules. In this respect, 
SLO resembles digitonin, whose membrane-permeabilizing effects are, 
however, more difficult to handle (AHNERT-HILGER et al. 1989b; BHAKDI et al. 
1993; AHNERT-HILGER and WELLER 1997). 

I. Biological Activity and Cell Permeability 

a-Toxin from S. aureus (strain Wood 46, ATCC 10832, DSM 20491) can be 
purified easily from the culture supernatant (LIND et al. 1987; PALMER et al. 
1993). The purified toxin can be lyophylized or, if necessary, dialyzed against 
an intracellular buffer (see below). Dissolved a-toxin can be stored in aliquots 
at -20°C for many months without loss of activity. 

SLO is purified from the culture supernatant of group-A f3-hemolytic 
streptococci (S. pyogenes; PINKNEY et al. 1995). The excellent final product 
(kindly provided by U. WELLER, Institute Rai, Roecky, WELLER, Baden-Baden, 
Germany) can be stored in aliquots at -20°C for many years. SLO is only active 
in the reduced form; thus, addition of 1 mM dithiothreitol (DTT) is recom
mended (PINKNEY et aI.1995;WELLER et al.1996;AHNERT-HILGER and WELLER 
1997). 

Native SLO and a-toxin are commercially available. Crude a-toxin prepa
rations with low titer can be concentrated by fractionated ammonium-sulfate 
precipitations (first precipitation with 55%, and supernatant subjected to a 
second precipitation with 65 %) followed by dialysis against any suitable buffer 
(SCHREZENMEIER et al. 1988). The biological activity of some SLO preparations 
(Institut Pasteur, Paris, France; Well come Diagnostics, Dartford, UK) is given 
in international units. These apply when determining the anti-SLO titer and 
cannot be compared directly with the hemolytic units (HU) mentioned below. 
These materials, however, represent freeze-dried preparations of partially 
purified culture filtrates contaminated with large amounts of reducing cysteine 
and, when used without further purification, may affect the processes under 
study. For other commercially available products, see Sect. C. 
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1. Protocol 1: Permeabilization of Attached Cells by a-Toxin or SLO 

1. Cultivate cells on an appropriate plastic dish, i.e., a 24-multi-well dish. Cell 
density may be variable and depends on cell type and the problems under 
study. Best results will probably be obtained with semiconftuent cells. 
However, the amount of a-toxin or SLO has to be increased when increas
ing the number of cells. 

2. Wash cells with an extracellular buffer, i.e., phosphate-buffered saline (PBS~ 
see protocol 3.2) or Krebs' buffer (see protocol 7.7). 

3. Wash cells with an intracellular buffer consisting mainly of potassium. i.e .. 
KG III buffer (see protocol 7.5). 

4. Incubate cells in intracellular buffer with a-toxin for 10-30min at 25-37"C 
or SLO for 2-10 min at 4°C. 

5. Remove toxin solution. 
6. Incubate cells with substances to be tested dissolved in an intracellular 

buffer at 25-37°C, depending on the experimental conditions. 

a) Alternate Protocol 1 

1. As above 
2. As above 
3. As above 
4. Incubate for 10 min at 30°C or 37°C with 20.uM digitonin dissolved in intra

cellular buffer 
5. As above 
6. As above 

2. Protocol 2: Permeabilization of Cells in Suspension 

1. Cells cultivated either attached or in suspension may be used. For some 
protocols, i.e., secretion studies, cells may be preloaded with radioactive 
neurotransmitter before being detached and permeabilized. The decision 
to use cells in suspension depends on whether attached cells will detach 
during permeabilization or when using Ca2+-free buffers. 

2. Wash cells with an extracellular buffer, i.e., PBS (see protocol 3.2) or 
Krebs' buffer (see protocol 7.7). This step can be performed before 
detaching. 

3. Wash cells with an intracellular buffer consisting mainly of potassium, i.e., 
KG buffer. This step can be performed before detaching. 

4. Detach cells by gently pi petting. Try to get a single cell suspension. This 
will decrease variations in your results. The use of trypsin may be 
required. 

5. Incubate cells in intracellular buffer with a-toxin for 10-30 min at 25-37°C 
or SLO for 2-lOmin at 4°C. This step can be performed in batch or after 
having distributed cells to individual samples. 

6. Remove the toxin solution by low-speed centrifugation 1-2min at 4"(' and 
2000-5000 x g. 
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7. Incubate cells with substances to be tested at 25-37°C, depending on the 
experimental conditions. Add test solution to each sample and gently re
suspend by pipetting. If permeabilization has been performed in batch, dis
tribute cells to individual samples and then add test solution. 

a) Commentary for Protocols 1 and 2 

The protocols given above have been worked out for PC12 cells either 
attached to culture plates or re-suspended. For primary cultures of bovine 
chromaffin cells, only protocol 1 has been performed (AHNERT-HILGER et al. 
1989). Protocol 2 also works for freshly prepared pancreatic acinar cells 
(STECHER et al. 1992). The protocols may be applied to any other cell type. 
However, concentrations of all three permeabilizing agents have to be deter
mined individually for each cell type. Depending on the function under study, 
permeabilized cell preparations have to be used in minutes or can be kept 
on ice for hours (FoHR et al. 1991; AHNERT-HILGER and WELLER 1997). For 
intermediate incubations, a representative experiment will last between 2h 
and 4h. 

In contrast to digitonin, a general advantage of both pore-forming toxins 
is that their damaging effects can be restricted to the plasma membrane. In 
the case of a-toxin, this is due to the fact that the a-toxin monomers are too 
large (34kDa) to pass the pores generated by the heptamer (BHAKDI and 
TRANUM-JENSEN 1987; BHAKDI et al. 1993). Accordingly, proteins are not lost 
during permeabilization. The large pores generated by the SLO monomers 
after oligomerization also let proteins pass. To avoid damage of intracellular 
membranes by SLO monomers, the cells are incubated for a very short period 
of time or at ODe. Under the latter conditions, the SLO monomers just bind to 
the plasma membrane. After washing, pore formation is initiated by warming 
the preparation. In contrast to SLO, membrane permeabilization with digi
tonin is insensitive to temperature and, therefore, is more difficult to control 
(AHNERT-HILGER et al. 1989b). 

The biological activity of various preparations of both toxins can be 
checked easily using rabbit red blood cells. Usually, a red blood cell suspen
sion (2.5% final concentration) in PBS (see protocol 3.2) supplemented with 
4 % sodium citrate is mixed with various toxin dilutions (final volume 55 JII). 
Samples are incubated at 37°C for 40 min, after which hemolysis is monitored 
spectrophotometric ally at 412nm using 30JII of the supernatant diluted with 
1 ml of distilled water. Total hemolysis is determined after the addition of 
sodium dodecylsulfate (SDS, 0.2 %), which gives an extinction of about 1.2. 

3. Protocol 3: Assay to Compare Biological Activity of Various Pore
Forming Toxins Using Rabbit Erythrocytes 

Solutions 
1. 4 % sodium citrate. To make 100 ml, solubilize 4 g of sodium citrate in dis

tilled water and adjust to a total volume of 100mI. 
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2. PBS. To make 11, dissolve 6.9g NaH2P04.2H20 and 7.6g NaCI in about 
600ml of distilled water, titrate to pH 7.2 with NaOH and adjust to a total 
volume of 11. Store at 4°C. 

3. 2% SDS. To make lOOml, dissolve 2g SDS in lOOml of distilled water. 
Steps 

1. Mix nine volumes of fresh rabbit blood with one volume of 4 % sodium 
citrate 

2. Wash three times with PBS by a S-min centrifugation at 3000 x g 
3. Dilute the erythrocyte pellet 1: 40 in PBS, which gives an approximately 

2.S % erythrocyte suspension 
4. Mix S pI of toxin (diluted in PBS, in the case of SLO in PBS supplemented 

with 1 mM DTT) either with S pI PBS alone for control or with S pI 2 % 
SDS with SOpl of the 2.S% erythrocyte suspension 

S. Incubate, with constant shaking, in a water bath for 40 min at 3TC 
6. Centrifuge for 2 min at 12000 x g 
7. Remove 30pl of the supernatant and dilute with 1 ml of water 
8. Estimate the hemoglobin content spectrophotometrically at 412 nm 

a) Commentary for Protocol 3 

The reciprocal dilution of the toxin hemolyzing SO% of the erythrocyte sus
pension at 37°C within 40min is taken as the number of hemolytic units per 
milliliter of the undiluted toxin solution (LIND et a1. 1987; AHNERT-HILGER et 
a1. 1989b). The red blood cell test allows comparison of various toxin prepa
rations of a-toxin or SLo. Rabbit erythrocytes are the most sensitive ones. The 
test takes about 2h, starting with bleeding the animal. A rabbit red cell sus
pension can be stored in PBS for a few days at 4°C. 

Individual permeability of a given cell population can be easily checked 
with membrane-impermeable dyes that stain either various components of the 
cell body (trypan blue or eosin) or only the nucleus (azur A). Toxin-treated 
cells are dyed in an isotonic medium containing a final dye concentration of 
0.2%. 

4. Protocol 4: Trypan-Blue Exclusion Test 

Solutions 
1. PBS (see protocol 3) 
2. Trypan blue 

Steps 
1. Suspend about 3-S x 10' cells in SOpl PBS (see hemolytic assay support 

protocol 1) and add S pI of toxin dilution containing between 10 HU and 
1000HU. 

2. Incubate the mixture for S min at 36°C, then store on ice. 
3. Mix 10 pI of this suspension with 10 pI of trypan blue solution on a glass 

slide and immediately check the staining of the cells under a light 
microscope. 
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Fig.l. Trypan-blue exclusion test in PC12 cells. A complete staining of the cells with 
trypan blue is only observed in streptolysin-O-treated cells (right panel) but not in 
control cells (left panel) . Bar 10 .urn. 

4. For control, mix 50 pi of cell suspension with 5 pi of PBS. The control cell 
suspension should exclude the dye. Use the toxin dilution that leads to a 
staining of about 90-95% of the treated cells (Fig. 1). 

a) Commentary for Protocol 4 

The percentage of stained cells should immediately be determined under the 
light microscope, since prolonged incubation may lead to staining of intact 
cells. Fig. L gives an example of the trypan-blue exclusion test using the rat 
pheochromocytoma cell line PC] 2 after applying 100 HU of SLO to the cells. 
The trypan-blue test is the easiest way to rapidly check the biological activity 
of a new batch of toxin or the conditions for permeabilization of a certain cell 
type. It is the first step when trying to address a special experimental question 
about permeabilized cells (AHNERT-HILGER et al. 1985). It may also be used to 
check permeability during an experiment. It uses only minimal amounts of 
cells and takes about 1 h or less. The test, however, does not allow one to dis
tinguish whether the process under study is still functioning. 

II. Introduction of Membrane-Impermeable Proteins 

Permeabilization with SLO allows the introduction of antibodies directed 
against intracellular proteins (AHNERT-HILGER et al. 1989b). The principle is 
outlined in Fig. 2. 
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Fig.2. Immunofluorescence microscopic detection of synaptophysin in streptolysi n 0 
(SLO)- or a-toxin-permeabilized PC 12 ce lls. The polyclonal ant iserum aga inst synap
tophysin only gains access to the intracellular vesicle protein when ce lls have been per
meabilized with SLO (lipper panels) . In a- toxin-permeabi lized (middle panels) or 
non-permeabilized (lower panels) cells, the anti se rum stains only sma ll patches on the 
cell surface, presumably due to sites of spontaneous exocytotic eve nts. The left panels 
show the immunofluorescence, the right panels the respective phase contrast. Bar 
lOpm. HU, hemolytic units . 
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1. Protocol 5: Introduction of Membrane-Impermeable Proteins. 
Immunofluorescence for Synaptophysin 

Solutions 
1. 4% formalin. Solution A: 0.2M NaH2P04-2H20 (31.2g/1 H20). Solution 

B: 0.2M Na2HP04. Mix 19m1 A and 81 ml B. Adjust to 200ml with H20. 
Weigh 8g paraformaldehyde and dissolve in 100mi at 60°e. Add 10N 
NaOH and stir until a clear solution is obtained. Cool down. Adjust pH 
to 7.4 by adding HCl and add 100mi of the 0.2M phosphate buffer. Store 
in aliquots at -20°e. 

2. Bovine serum albumin (BSA) fraction V, pH 7.0, Serva. 
3. Normal goat serum (NGS), PAN Systems GmbH. 
4. Goat-anti-antiserum Cy3-labeled, Jackson Dianova. 

Steps 
1. Cultivate cells on glass cover slides. 
2. Rinse once with PBS. 
3. Incubate cells with either a-toxin or SLO dissolved in PBS supple

mented with 1 mM DTT. Permeabilization by a-toxin is achieved by 
incubating the cells for 30min at 3TC, whereas SLO treatment is per
formed for IOmin on ice. 

4. Rinse twice with PBS. 
5. Incubate for lOmin at room temperature with PBS supplemented 

with 5% NGS and 2% BSA. Under these conditions, the bound SLO 
monomers polymerize and form stable transmembrane pores. 

6. Incubate cells for 2h at 3TC with antibodies diluted in PBS/NGS/BSA. 
Here, a polyclonal antiserum against synaptophysin (kindly provided by 
Dr. R. JAHN, MPI flir biophysikalische Chemie, G6ttingen, Germany) 
was used. 

7. Remove the primary antibody by rinsing the cells three times with PBS. 
8. Fix cells in 4% formalin for 10 min at 4°e. 
9. Rinse fixed cells five times with PBS and incubate them with a sec

ondary antibody (here an anti-rabbit antiserum coupled to Cy3 was 
used) dissolved in PBS containing 2% BSA for 2h at room 
temperature. 

10. Remove the solution and rinse cells three times with PBS. 
11. Mount coverslips on glass slides and analyze the fluorescence signal with 

a fluorescence microscope. 

a) Commentary for Protocol 5 

The whole experiment takes about 6h. Incubation with the secondary anti
body after fixation can also be performed overnight. As expected, the anti
serum against synaptophysin gives a broad intracellular fluorescence only after 
permeabilization with SLo. Digitonin can also be used for this purpose and, 
for some cell-types, may be even superior to SLO. Due to the pore size gen
erated by a-toxin, the antibodies do not get access to intracellular antigens 
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Fig. 3. Cleavage of synaptobrevin by tetanus-toxin light chain (TeNtlLC) in stn.:p
tolysin-O-permeabilized PC12 cells. The position of molecular-weight markers in kilo
Daltons is given on the left. Cleavage of synaptobrevin by TeNt/LC is achieved only in 
the permeabilized cells. Non-permeabilized cells (righr fanes) cannot tak e up TeNt/LC: 
therefore, synaptobrevin remains uncleaved. Note that th e synaptophysin content did 
not change under either condition. 

(AHNERT-HILGER et al. J 989). This protocol may be applied to any other cell 
type, using antibodies to various kinds of intracellular antigens. 

SLO-permeabilized cells may also be used when one wants to knock out 
intracellular proteins biochemically. This approach was first used to study the 
intracellular effects of clostridial neurotoxins, e.g. , tetanus toxin (TeNt), in 
secretory cells which , if untreated, are insensitive to the holotoxins. Using 
various permeabilized neuroendocrine cells, the biological effects of the TeNt 
heavy and light chains could be studied separately. Once inside the cell. the 
light chain of TeNt (TeNtlLC) proteolytically cleaves the vesicular protein 
synaptobrevin (AHNERT-HILGER and BIGALKE J (95) . Cleavage of synapto
brevin in PC12 cells by TeNtiLC (Fig. 3) is described here as an example of 
the introduction of biologically active proteins into permeabilized cells. 

2. Protocol 6: Introduction of Membrane-Impermeable Proteins. TeNT/LC 

Solutions 
1. KG buffer III (see protocol 7). 

Steps 
1. Suspend PC12 cells (about 5 x JO' ) in 25,u1 KG buffer (Sect. B.J [I) in an 

Eppendorf cup and mix with 25,u1 SLO (diluted to 200HU/mi in KG 
buffer). 

2. Incubate the mixture for lOmin at 4"C followed by centrifugation for I 
min at 2000 x g. 
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3. Remove the supernatant and re-suspend the cell pellet in KG buffer sup
plemented with either l,uM or 200nM TeNt/LC. SLO-treated controls 
receive only KG buffer. Non-permeabilized cells are subjected to the 
same procedure, receiving either no toxin or 1,uM TeNt/LC. 

4. Incubate samples at 36°C for 20 min. After centrifugation at 14000 x g for 
1 min, the supernatant is removed and the pellet dissolved in 30,ul 0.2% 
SDS (protocol 7). 

5. Use about 5,ul to determine protein content by the bicinchoninic-acid 
(BCA) method. Dilute the rest 3:1 with Laemmli buffer and subject to 
SDS polyacrylamide-gel electrophoresis followed by transfer to 
nitrocellulose. 

6. Cut nitrocellulose into strips incubated with antibodies against synapto
brevin (18kDa) or synaptophysin (38kDa). Analyze by standard tech
niques (enhanced chemiluminescence or alkaline phosphatase). 

a) Commentary for Protocol 6 

Since intact PC12 cells are insensitive to TeNt/LC, synaptobrevin is not 
cleaved. After permeabilization with SLO, TeNT/LC (200nM or 1,uM) almost 
completely cleaves synaptobrevin, whereas the amount of synaptophysin 
tested for comparison remains unchanged. If the test does not work, check 
permeability with the trypan-blue exclusion test. The enzymatic activity of the 
clostridial neurotoxin light chain may be tested with recombinant synapto
brevin (AHNERT-HILGER and BIGALKE 1995). 

III. Assay for Exocytosis in Permeabilized Cells 

Permeabilized secretory cells are widely used to study the final events that 
occur during secretion by exocytosis. Cellular models include bovine adrenal 
chromaffin cells in short-time culture and the rat pheochromocytoma cell line 
PC12. Both cell types take up labeled catecholamines and store them within 
secretory vesicles, from which they can be released upon stimulation. The 
released catecholamines can be detected in the supernatant. After permeabi
lization of the plasma membrane, release of catecholamines can be triggered 
by micromolar concentrations of Ca2+. 

In most of the studies dealing with exocytosis by permeabilized cells, the 
medium used reflects intracellular conditions, containing potassium as a main 
cation and glutamate as an anion. Since the free-Ca2+ concentration within the 
cell is in the micromolar range under resting conditions and during stimula
tion, this ion must be carefully controlled in the buffers used. A combination 
of chelators for divalent cations is suitable to buffer the free-Ca2+ concentra
tion between O.l,uM and 100,uM under the experimental conditions. Added 
Mg2+ and adenosine triphosphate (ATP) and the pH of the medium must be 
considered, because they alter the equilibrium between Ca2+ and the chelators 
present. The free Ca2+ and Mg2+ concentrations are calculated using a com-
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puter program and controlled by Caz+- and Mgz+-specific elcctrodes (FC)HR et 
al. 1993). Each Caz+ buffer is prepared separately from stock solutions, with a 
final check of pH, pCa and pMg. If no Caz+ electrode is available, the calcu
lated total amount of Caz+ (as CaCh) and Mgz+ [as Mg( CH3COJ2] must be 
added before the pH adjustment. Buffers can be stored at _20DC but should 
be thawed only once, mainly because of decomposition of ATP. 

The experimental procedures using a-toxin or SLO to permeabilize the 
plasma membranes of both PC12 and adrenal chromaffin cells are given below. 
The secretory response decreases with time after permeabilization. The 
decrease varies between different cell types and preparations. In SLO
permeabilized PC12 cells, exocytosis can be restored using cytosolic fractions. 
The free-Ca 2+ concentration necessary to elicit exocytosis varies between 1,uM 
and 10 ,uM, depending on the cell preparations, but is always three- to fivefold 
higher in a-toxin-permeabilized cells. Since the permeability to Ca2+ is the 
same irrespective of whether the cells are treated with a toxin, SLO or digi
tonin (FoHR et al. 1991), buffering by intracellular proteins may be the reason 
for the observed differences in Caz+ sensitivity. 

1. Protocol 7: Measuring Exocytosis in Permeabilized Suspension Cells 

Solutions (examples of KG buffers used in the analysis of exocytosis from per
meabilized chromaffin or PC12 cells) 

1. Prepare 1 M Mg(CH3COO)z stock solution by dissolving 2.l4Sg 
Mg(CH1COO)z.4HzO in 10ml of distilled water. 

2. Prepare 1 M CaCh stock solution by dissolving 1.47 g CaClz.2HzO in 
lOml of distilled water. 

3. KG buffer I with Mgz+jATP for permeabilization and incubation before 
the stimulation [lS0mM K+-glutamate, 2 mM ethylene glycol tetraacetic 
acid (EGTA), 2mM ethylene diamine tetraacetic acid (EDTA), 20mM 
piperazine-N,N' -bis(2-ethanesulfonic acid; Pipes), 2 mM N a"j ATP, 1 mM 
free Mg2+]. For SOOml, dissolve 13.9g K+-glutamate, 0.38g EGTA (free 
acid), 0.2 g EDTA (free acid), 3.02 g Pipes (free acid) and 0.61 g Na "jATP 
in about 300ml of water. add KOH to a pH of 7.0 and stir at room tem
perature. Add 2.4ml of 1 M Mg(CH3COO)z, which will give a final free
Mgz+ concentration of 1 mM, and adjust the pH to exactly 7.0 with KOH. 
Adjust to SOOml. 

4. KG buffer II with Mgz+jATP and Caz+ (IS,uM, free) for stimulation. For 
lOOml, dissolve one-fifth of the amount of the salts listed for KG buffer 
I in about 60ml. Add 370,u1 of 1 M Mg(CH3COO)2 and 31O,u1 of 1 M 
CaClz, which will give a final free-Mgz+ concentration of 1 mM and a 
final free-Caz+ concentration of 15 ,uM. Adjust the pH to exactly 7.0 with 
KOH. Adjust to 100m!. 

5. KG buffer III without ATP and Ca2+. For SOOml, the procedure is the 
same as described above, except that Na+j ATP is left out. Add 1.55 ml 
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of Mg(CH3COO)2, which will give a final free-Mg2+ concentration of 
1 mM, and adjust the pH to exactly 7.0 with KOH. Adjust to 500mI. 

6. KG buffer IV without ATP but with Ca2+ (15.£1M, free). For 100ml, the 
procedure is the same as for KG buffer II except that Na+/ATP is left 
out. Add 190.£11 of 1 M Mg( CH3COO)2 and 310.£11 of 1 M CaCI2, which 
will give a final free-Mg2+ concentration of 1 mM and a final free-Ca2+ 
concentration of 15.£1M. Adjust the pH to 7.0 and adjust to 100mI. 

7. Ca2+-free Krebs' buffer (140mM NaCl, 4.7mM KCl, 1.2mM KH2P04, 

1.2mM MgS04, 20mM Pipes, 11 mM glucose, pH 7.0). For 11, weigh the 
following substances: 8.2g NaCl, 0.35g KCI, 0.16g KH2P04 , 0.3g 
MgS04-7H20 and 4.8g HEPES (free acid). Dissolve in 800ml of dis
tilled water, adjust the pH to 7.0 with NaOH and adjust to 11. Store in 
appropriate aliquots at -20°e. Add glucose (0.218g per 100ml) freshly 
before use. 

8. 100mM ascorbic acid. For lOml, weigh 0.176g and dissolve in distilled 
water. Store in aliquots at -20°e. 

9. I-[7,8-3H] Noradrenaline (3H-NE, 15Ci/mmol; Cat No. TRA.584, 
Amersham Buchler, Braunschweig, Germany). 

10. To load one 100-mm culture dish, mix 100.£1ll00mM ascorbic acid with 
10.£11 3H-NE and lOml of Dulbecco's modified essential medium 
(DMEM). For one multi-plate with 24 wells, mix 66.£11 of 100mM ascor
bic acid with 7.£11 3H-NE and 6.6ml DMEM. Load each well with 
250.£11. 

Steps (assay for exocytosis using PC12 cells in suspension) 
l. Label one 100-mm dish with lOml 3H-NE solution for 2h in the cell 

incubator. 
2. Aspirate the labeling medium and chase cells for 1-2h in DMEM. 
3. Aspirate DMEM and wash cells with Krebs' buffer four times for 5 min. 
4. Wash cells once with lOml KG buffer I or III. 
5. Suspend cells in 0.6-0.9ml KG buffer I or III and divide into 12-18 vials 

(50.£11 each), corresponding to about 2-3 x 105 cells/sample already con
taining 50.£11 of 100 HU/ml a-toxin or SLO corresponding to about 
300-500HU/107 cells. Incubate for 20-30min at 25,30 or 37°C with a
toxin or 5 min on ice with SLO. 

6. Centrifuge each sample at 3000 x g for 20s and remove supernatant. 
7. Resuspend pellet in 100.£11 of KG buffer I or III containing the sub

stances to be tested, and incubate for 5-40 min at 25, 30 or 37°e. 
8. Repeat step 6. 
9. Stimulation; re-suspend in 100.£11 KG-buffer II or IV and incubate for 

3-lOmin at 25, 30 or 37°e. This step may be performed immediately 
after step 6, adding the substances under investigation directly to the 
stimulation buffer. 

10. Remove supernatant and determine the amount of released cate
cholamines by liquid-scintillation counting. 
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11. Add 200 pI/well of 0.2°;\) SDS to solubilize the cells and to determine 
the remaining amount of catecholamines. 

2. Protocol 8: Measuring Exocytosis in Permeabilized Attached Cells 

Solutions: see basic protocol 7 
Steps (assay for exocytosis in chromaffin cells attached to culture plates) 

1. Label cells (250 pI/well with a diameter of 20 mm) with radioactive nora-
drenaline for 2 h in the cell incubator. 

2. Aspirate the labeling medium and chase cells for 1-2 h in DMEM. 
3. Aspirate DMEM and wash cells with Krehs' huffer four times for 5 min. 
4. Wash cells once with 200 pi KG huffer I or II I. 
5. Aspirate supernatant and add 200 pi of a-toxin or SLO dissolved in KG 

huffer I or Ill. Incubate with pore-forming toxins: a-toxin 20-30min at 
25, 30 or 37°C, SLO 5 min at O°C or hetween 1 min and 2 min at 25. 30 
or 37°C About 30 HU/ml a-toxin or SLC). corresponding to 300 H U/l 07 

cells is used. 
6. Aspirate solution. 
7. Incubate with substances to he tested dissolved in KG buffer I or III for 

5-40min at 25,30 or 37°C 
8. Same procedure as in step 6. 
9. Stimulation; add 200pl KG buffer II and incubate for 3-10min at 25.30 

or 37"C 
1 O. Remove supernatant and determine amount of released catccholamines 

by liquid-scintillation counting. 
11. Add 200 pI/well of 0.2 'Yo SDS to solubilize the cells and to determine 

the amount of remaining catecholamines. 

a) Commentary for Basic Protocols 7 and 8 

Figure 4 gives representative experiments for Ca2+-induced exocytosis from 
PC12 cells in suspension permeabilized either with various concentrations of 
a-toxin (left) or SLO (right). Steps 7 and 8 of basic protocol 5 were left out. 

Depending on the types of experiments. ATP may he omitted during steps 
5,7 or 9. If the experiment does not work. check permeability with the trypan
blue test and Ca2+-buffers with a Ca2+-sensitive electrode (AIINERT-HILGER et 
al. 1989b: FOHR et al. 1991). 

IV. Regulation of Vesicular Transmitter Transporters in 
Permeabilized Cells 

Transmitter uptake into secretory vesicles is an ATP-dependent process. So 
far, these studies are restricted to isolated secretory vesicles where intracellu
lar substances necessary for regulation may he lost during purification. Neu
roendocrine cells, such as PC12 cells, permeabi1ized with either pore-forming 
toxin can be used to study the regulation of transmitter storage without the 
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Fig.4. Ca2+-stimulated noradrenaline release from permeabilized PC12 cells. The 
experiment was performed as outlined in Sect. B. III. The free Ca2+ -concentration was 
15,LiM. Release in the absence of Ca2+ was subtracted. Values represent the means of 
three determinations ± the standard deviations. 

need to purify secretory vesicles. Catecholamine uptake is driven by an ATP
dependent pH gradient across the vesicle membrane. The transporter is com
pletely blocked by the addition of micromolar to nanomolar concentrations 
of reserpine. Two vesicular monoamine transporters have been cloned 
recently. In the rat, the vesicular monoamine transporter 1 (VMAT 1) is 
restricted to the adrenal medulla and, thus, is the transporter responsible for 
vesicular catecholamine storage in PC12 cells (LIU and EDWARDS 1997). 

1. Protocol 9: Regulation of Vesicular Transmitter Transporters in 
Permeabilized Cells 

Solutions 
1. Buffer I. For 500 ml, dissolve 34.23 g sucrose (200 mM), 1.S6 g KCI 

(50mM), 3.024g PIPES (20mM), 0.760Sg EGTA free acid (4mM) and 
0.1017g MgCh (lmM) and adjust to pH 7.0 using KOH 

2. Buffer II. Use the same constituents as for buffer I. Add 2.S7 g Mg2+j ATP 
(2mM) per 50ml and adjust to pH 7.0 with KOH 

Steps (assay of ATP-dependent uptake of catecholamines) 
1. Grow cells on culture dishes. For PC12 cells, the best results were per

formed with one confluent 100-mm dish per 9-12 samples. 
2. Remove medium from the cells. Re-suspend cells in Krebs' -4-(2-

hydroxyethyl)-l-piperazine ethanesulfonic acid (Hepes) and wash them 
twice with Krebs'-Hepes buffer by centrifugation (1 min at 2000 x g and 
4°C). 

3. Re-suspend pellet in ice-cold buffer I containing SLO or a-toxin. 
4. Incubate samples with SLO for 5 min on ice, a-toxin samples for lOmin 

at 37°C (incubation time may be increased). 
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5. Centrifuge at 4°C and re-suspend in ice-cold buffer I. 
6. Incubate for 20min at 37°C to remove soluble cytosolic components. 
7. Centrifuge 1 min at 2000 x g and 4°C and aspirate supernatant. 
8. Re-suspend in buffer II containing 3H-Iabeled transmitters, such as y

aminobutyric acid or noradrenaline, and incubate for 20min at 36"('. 
9. Stop the reaction by diluting with] ml ice-cold buffer I followed by cen

trifugation for 1 min at 12000 x g at 4°C. 
10. Remove supernatant and dissolve pellet in 0.2% SOS. 
11. Use one aliquot to count radioactivity, the other for the determination 

of protein content. 

a) Commentary for Basic Protocol 9 

A representative experiment using varying a-toxin or SLO concentrations is 
given in Fig. 5. The assay is performed in suspension; however, as with exocy
tosis, an attached protocol may be also applied. In case the experiment does 
not work, check the permeability with the trypan-blue exclusion test, ATP
containing buffers or 'H-labeled catecholamines, which may have been oxi
dized upon long storage. Using this approach, we recently showed that 
VMATI is regulated by the heterotrimeric G-protein subunit Gao2 (AHNERT
HILGER et al. 1998). 

C. Chemicals Used in the Protocols 
ATP (sodium salt), Sigma, A3377 
BCA (disodium salt), Sigma, D-8284 
BSA fraction V (pH 7.0), Serva 
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Fig. 5. Reserpine-dependent uptake of noradrenaline into permeabilized PCl2 cells. 
The experiment was performed as given in Sect. B.IY. Uptake in the presence of 2,LiM 
reserpine was regarded as unspeciflc and was subtracted. Values represent the means 
of three samples ± the standard deviations. 
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Digitonin, Sigma, D-1407 
Goat-anti-antiserum Cy3-labeled, JACKSON DIANOVA 
NGS, PAN Systems GmbH 
3H Noradrenaline, Amersham, TRA.584 
Reserpine, Sigma, R-0875 
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Staphylococcus a-toxin (a-hemolysin) Sigma, H-9395 (not tested in the 
authors' lab) 

SLO, Sigma, S-0149 (not tested in the authors' lab) 
Trypan blue, Sigma, T-8154 

D. Concluding Remarks 
Pore-forming toxins like a-toxin and SLO are now established as cell
biological tools for the selective permeabilization of cells and cellular prepara
tions. Using both a-toxin and SLO, it is possible to differentially permeabilize 
the plasma membrane by generating small or large holes, which allows study of 
intracellular processes either in the presence or absence of cytosolic proteins. 
In comparison with other permeabilization techniques, pore-forming toxins 
appear to be superior, at least for cells attached to culture dishes (including 
neurons in primary culture and cellular preparations like synaptosomes). 
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CHAPTER 25 

Heat-Stable Enterotoxin of Escherichia Coli 

T. HIRAYAMA and A. WADA 

A. Introduction 

It is well known that certain strains of gram-negative bacteria Escherichia coli 
can cause intestinal and extraintestinal infections. Intestinal infection of E. coli 
leads to a variety of clinical syndromes, including watery and bloody diarrhea, 
hemorrhagic colitis, and hemolytic uremic syndrome. LEVIN (1987) described 
several categories [enterotoxigenic E. coli. (ETEC), enteropathogenic E. coli 
(EPEC), enteroinvasive E. coli (EIEC), enterohemorrhagic E. coli. (EHEC), 
and enteroadherent E. coli (EAEC)] of diarrheagenic E. coli, and an addi
tional category of enteroaggregative E. coli. (EAggEC) has been added. 
Among the most important diarrheagenic E. coli recognized is ETEC, a major 
cause of diarrhea in travelers, infant humans and animals in developed 
countries. 

ETEC establishes its infection in the small intestine when the host ingests 
contaminated food or water. During its colonization, ETEC elaborates heat
labile enterotoxin (LT) or heat-stable-enterotoxin (ST). ETEC strains, when 
injected into ligated intestinal loops, behave like Vibrio cholera, causing fluid 
secretion and dehydrating diarrhea. Although the diarrhea caused by ETEC 
is typically milder than the diarrhea of cholera, the clinical features of ETEC 
infection are: watery diarrhea, nausea, abdominal cramps, and low-grade fever. 
LT and/or ST are known to be required for the virulence of ETEC in humans. 

There are two serotypes of LT, LT-I and LT-II, on the basis of neutraliza
tion tests (HOLMES et al. 1986). Genes for LT-I and LT-II are located in plas
mids (GLEYS et al. 1974) and in chromosomes (GREEN et al. 1983) of ETEC, 
respectively. LT-I shares a high amino acid sequence identity with cholera 
toxin (CT), and the three-dimensional structures of both toxins were shown 
to be very similar by X-ray crystallography (GIBBONS 1991; SIXMA et al. 1991). 
LT-I and CT bind strongly to ganglioside GM, and weakly to GDlb on the 
cell membranes of intestinal cells (FUKUTA et al. 1988). LT-I, but not CT, also 
binds to specific intestinal glycoproteins (HOLMGREN et al. 1982). In contrast, 
LT-II binds GDla and GDlb (FUKUTA et al. 1988). Both LTs and CT exert 
their effects, at least in part, through the adenosine diphosphate ribosylation 
of a guanine-nucleotide-binding protein involved in the regulation of adeny
lyl cyclase. This covalent modification results in prolonged accumulation of 
intracellular cyclic adenosine monophosphate (cAMP) in intestinal tissue 
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(Moss and VAUGHAN 1989), leading to diarrhea through activation of various 
cAMP-dependent cellular functions. Of note, no definite role has been estab
lished for LT-II in diarrheal diseases. 

ST is distinguished from LT because of its resistance to boiling at lOO"C 
for 30 min. ST is excreted into the medium following a series of processing 
events that alter the length of the precursor; in contrast, LT remains in the 
peri plasm. ST toxins have been classified into two structurally, functionally and 
immunologically unrelated types. One, STa or STI, is methanol soluble and 
active in suckling mice and piglets. The other, STb or STII, is methanol insol
uble and was assumed, until recently, to be specifically active in weaned pigs. 
Recent work demonstrated STb enterotoxicity in mice, rats, rabbits and calves; 
STb uses a trypsin inhibitor to protect it from proteolysis in the intestine 
(WHIPP 1990). Both STa and STb are low-molecular-weight enterotoxins. 
Genes for STa and STb are carried on ETEC plasmids, having transposable 
elements Tn1681 (So and MCCARTHY 1980) and Tn4521 (LEE et al. 1985), 
respectively. STa activates the membrane-bound form of intestinal guanylate 
cyclase and stimulates a secretory response by increasing the concentration of 
cyclic guanosine monophosphate (cGMP) within intestinal epithelial cells 
(FIELD et al. 1978; GUERRANT et al. 1980; RAo et al. 1980). STb has recently 
been purified, thus enabling researchers to define its structure and function 
(FUJII et al. 1991, 1994). 

B. Heat-Stable Enterotoxin STa 

I. Structure and Biological Properties of STa 

STIa and STIb, which are genetically distinct, have also been named STp and 
STh, respectively, because they were originally found in E. coli isolated from 
pigs (and cows) and humans, respectively. STh and STp have been purified 
from the culture supernatants of human and porcine ETEC, respectively. Their 
primary sequences of 19 and 18 amino acids (Table 1: AIMOTO et al. 1982; 
TAKAO et al. 1983) have been determined with calculated molecular weights 
of 2048Da and 1978Da, respectively. Gene cloning also helped elucidate the 
molecular characteristics of STa (So et al. 1980; MOSELEY et al. 1983). Produc
tion of STa is mediated by transmissible plasmids. Similar heat-stable entero
toxins are produced by other enteric pathogens, such as Yersinia enterocolitica 
(TAKAO et al. 1985b; YOSHINO et al. 1994), V cholera non-01 (TAKAO et al. 
1985a), V cholerae non-01 Hakata (ARITA et al. 1991a), V cholerae 01 
(YOSHINO et al.1993), V mimicus (ARITA et al.1991b) and Citrobacterfreundii 
(GUARINO et al. 1989). 

All heat-stable enterotoxins share the highly homologous sequence of 13 
amino acid residues from Cys-6 to Cys-18 in the case of STh in Table I. This 
conserved sequence of 13 amino acid residues in STa constitutes the active 
domain essential for full enterotoxicity (YOSHIMURA et al. 1985). 
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Table 1. Amino acid sequence of STa toxins from enteropathogens and disulfide-bond 
structures of STh. Note the conserved amino acids in all STa toxins 
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The crystallization of synthetic fully toxic analog of STp, Mpr5_STp[S-17], 
where Mpr was [3-mercaptopropionic acid and which consists of 13 amino acid 
residues from Cys-S to Cys 17 in STp but is de aminated at its N-terminus 
(KUBOTA et al. 1989), was carried out (OZAKI et al. 1991). As revealed by x
ray crystallography, STa exhibits a right-hand-spiral structure with three [3-
turns fixed by three disulfide bonds. The second [3-turn at residues Asn-11 to 
Cys-14 of STp or Asn-12 to Cys-IS of STh was amphiphilic and important for 
interaction with its receptor on intestinal epithelial cells. These four amino 
acids are conserved not only in all STs but also in guanylin (PNTCE
ICAYAACTGC; CURRIE et al. 1992), a mammalian analogue of STa. Disulfide 
bonds may playa critical role in determining the tertiary structure of these 
heat-stable enterotoxins. Analysis of nuclear magnetic resonance spectra of 
synthetic STa and native STa showed that synthetic STa had the same three 
dimensional structure as native toxin, including the disulfide-bond positions. 

The biological activities of synthesized STa and its analogs were examined 
by the fluid-accumulation test in suckling mice. The core sequences (STh[6-18] 
and STp[S-17]) have the same toxic activities as the entire sequences of STh 
and STp, respectively, and are more stable to heat treatment than native toxins. 
The minimum effective doses of the synthetic peptides were OApmol for 
STh[6-18] and O.Spmol for STp[S-17J, which corresponded to those of native 
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Fig.I. Binding and cell signaling of STa on its receptor. STaR 

STh and STp, respectively. These results imply that the core sequences with l3 
amino acid residues, linked intramolecularly by three disulfide bonds from the 
cysteine residue near the N-terminus to the cysteine residue near the C
terminus, are responsible for the enterotoxigenic activity of STa and form spa
tially compact and very stable structures. Moreover, when these synthetic pep
tides were treated with antiserum raised against purified native STh. their 
biological activities were neutralized in a manner similar to that for native STh 
and STp. 

A Corey-Pauling-Koltun model and schematic ribbon drawing (Fig. I) of 
a short analog of STh with 13 amino acid residues (YAMASAKI et al. 1999) 
exhibited a twisted "8" structure of the main chain, which seems to be impor
tant for expression of the enterotoxigenic activity of STh and for stabilization 
of spatial structure of the peptide chain from Cys-7 to Cys-15. 

II. Receptor for STa 

Analysis of the receptor for STa will help determine the early events involved 
in intoxication of target cells and lead to better understanding of the mecha
nism of cellular intoxication by STa. Immunohistochemical study has shown 
that specific high-affinity STa receptors (STaR/GC-C) are concentrated in 
villus enterocytes but not in crypts (ALMENOFF et al. ] (93). As shown in Fig. I. 
the binding of STa to STaR activates the intracellular guanylyl-cyclase (GC) 
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domain of the receptor, causing substantial increases in the intracellular cGMP 
content (FIELD et a1. 1978; HUGHES et a1.1978; NEWSOME et al. 1978). The result
ing increase in cGMP stimulates net fluid secretion through activation of apical 
Cl- channels in parallel with inhibition of coupled NaCI transporters (FIELD et 
al. 1989). The cystic fibrosis (CF) transmembrane-conductance regulator, an 
epithelial Ct channel mutated in CF patients (COLLINS 1992; WELSH and SMITH 
1993), appears to be involved in the Cl- secretory response to STa and cGMP 
analogues acting through the cGMP-dependent protein kinase II (cGKII; 
PFEIFER et al. 1996; V AANDRAGER et al. 1997), as evidenced by the absence of this 
response in CF intestine (BAXTER et al. 1988). 

STaR has been reported to be a distinctly different protein from Gc. STa
binding activity of STaR was separated chromatographically from GC activ
ity (KUNO et al. 1986). Using low-stringency polymerase chain reaction (PCR) 
with degenerate oligonucleotides based on a highly conserved region within 
the GC domains, however, SCHULZ et al. cloned a novel GC (STaR/GC-C) in 
rat intestine, which possessed STa-binding activity (SCHULZ et al. 1990). To 
date, rat, pig and human STaRs have been reported (DE SAUVAGE et al. 1991; 
SINGH et al. 1991; WADA et al. 1994). The deduced sequence of the pig STaR 
has 1073 amino acids. Based on hydrophobicity analysis, the N-terminal 23 
amino acid residues represent a signal peptide, with the mature protein con
taining 1050 amino acid residues (approximately 121kDa). The deduced 
amino acid sequence of the pig STaR shows overall sequence similarities of 
87% and 82% with those of the human and rat receptors, respectively. Its 
sequence has 76% and 71 % identity in the extracellular region (amino acids 
1-410) and 95% and 90% identity in the intracellular region (amino acids 
432-1050) with the human and rat receptors, respectively. These results imply 
that intracellular amino acids are conserved to a greater extent than extracel
lular amino acids; further, pig STaR is more closely related to the human recep
tor than to the rat receptor. 

Expression of the STaR gene in COS-7 cells resulted in elevated GC activ
ity. Moreover, following transfection of cells with the STaR gene, STa, but not 
other GC-activating peptides (natriuretic peptides), caused marked elevations 
of cG MP levels through its specific binding to the transfected cells. STa failed 
to elevate cGMP in non-transfected cells or in cells transfected with natriuretic 
peptide receptor (NPR)-A (GC-A), another membrane-associated GC 
(SCHULZ et al. 1990). These results show that STaR is an STa receptor. 

To examine the role of STaR in acute diarrhea, several synthetic STa 
analogs from human and porcine strains of E. coli, V. cholerae non-Ol, and Y. 
enterocolitica were examined for both elevation in GC activity in CHO cells 
transfected with STaR gene and effects on fluid secretion in a suckling-mouse 
model. The effects on cGMP in STa-exposed recombinant cells correlated well 
with increase in fluid secretion (W ADA et al. 1994). Accordingly, STaR was a 
functional receptor for STa-mediated diarrhea. 

Northern-blot analysis demonstrated that the small and large intestine are 
the primary sites of transcription of the 4-kb mRNA encoding STaR. In the 
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small intestine, binding of radiolabeled STa was maximal in the villus prepa
rations and gradually decreased along the villus-to-crypt axis. In situ hybridiza
tion also demonstrated a clear signal in the villus cells with no apparent signal 
in the crypt cells, lamina propria or muscularis. Expression of STaR was great
est after enterocytes leave the proliferative cycle and enter villi (COHEN et al. 
1992; ALMENOFF et al. ] 993). This topological arrangement suggests that there 
are autocrine or paracrine pathways by which STaR interacts with endogenous 
ligands. Expression of STaR mRNA in other than intestinal cells, was detected 
in mouse liver (SWENSON et al. 1996), rat adrenal gland, and bovine trancheal 
mucosa (SCHULZ et al. ] 992). PCR amplified STaR gene from rat olfactory 
mucosa and human airway epithelial cells. Although STaR was not detected 
in rat brain by PCR methods, in the process of cloning membrane-associated 
GC, STaR complementary DNA (cDNA) clones were obtained from a brain 
cDNA library (SCHULZ et a1. ] 992). Thus, very small amounts of STaR mRNA 
are expressed in several mammalian cell types. LANEY et al. found that, in the 
regenerating liver of the hepatectomized rat, STaR mRNA at 24 h after partial 
hepatectomy increased 30-40-fold, attaining intestinal levels. and radiolabeled 
STa binding to cells membranes also increased over normal levels at 24 h but 
fell to near normal levels by 31 h (LANEY et al. ] 994). Similarly. high levels of 
STaR expression were detected in the rapidly growing liver of the newborn 
rat (LANEY et al. ] 992). Cell-separation experiments revealed that the non
parenchymal cell fractions of regenerating liver contained four times as much 
STaR as purified hepatocytes. Immunohistochemistry confirmed these findings 
(SCHEVING and RUSSELL 1996). Thus, STaR may have an important role during 
liver generation; at the molecular level, the functional role in the liver is still 
not clear. 

Recently, MANN et a1. and SCHULZ et al. generated STaR-knockout mice 
(MANN et al. 1997; SCHULZ et al. 1997). Intestinal mucosa GC activity was 
about 16-fold higher in wild-type than in STaR-null mice. suggesting that STaR 
is the major cause of GC activity in intestine. In agreement with this hypoth
esis, radiolabeled STa did not bind to intestinal membranes from null mice. In 
heterozygous mice, radiolabe1ed STa binding and STa-mediated GC activity 
were about one-half those found in wild-type mice; they were absent in STaR
null mice. These results suggest that STaR completely accounts for the STa
induced elevations of cGMP, although there is evidence (including kinetic 
analysis of STa-binding and receptor cross-linking studies) for the existence 
of other STa receptors (HIRAYAMA et a1. 1992). 

The response of the STaR-null mice was assessed in the suckling-mouse 
assay. While exposure to STa caused significant intestinal secretion in wild-type 
and heterozygous mice, no secretory response was seen in STaR-null mice. 
Challenge with permeable analogs of either cGMP (the second messenger for 
STa) or cAMP, another potent secretagogue, resulted in secretion in all mice, 
indicating that the downstream secretory pathway was intact. Accordingly, 
these results showed that STaR is necessary for the diarrheal response induced 
by STa. 
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STaR has structural features in common with other members of mam
malian membrane-associated GCs, including an extracellular peptide
hormone- or toxin-binding domain, a single transmembrane domain and an 
intracellular signaling domain comprised of a kinase-homology domain and a 
GC-catalytic domain. As for the role of the kinase-homology domain, RUNDER 
et al. demonstrated that its deletion produces a constitutively active mutant, 
suggesting that this domain serves an autoinhibitory function (RUNDER et al. 
1995). They proposed that binding STa to STaR promotes a conformational 
change across the cell membrane, which removes the inhibitory effects of the 
kinase-homology domain and promotes an interaction between cyclase 
domains, leading to receptor activation. In agreement with this hypothesis, the 
kinase-homology domain of another membrane-bound GC, NPR-A also acts 
as a negative regulator of signaling (CHINKERS and GARBERS 1989). Thus, 
kinase-homology domains of membrane-associated GCs might function in 
regulation of the GC domain. However, the kinase-homology domain of STaR 
cannot effectively regulate ligand activation of NPR-A (KOLLER et al. 1992). 
Therefore, based on this finding and on the limited homology of the kinase
homology domains (-35%) of STaR and NPR-A, it was proposed that there 
may be differences in the signaling mechanisms between these two receptors. 

The extracellular domain of STaR has multiple N-linked carbohydrates. 
Antibodies raised against the C-terminal sequence of STaR identified two 
major proteins (140kDa and 160kDa) in 293 cells expressing STaR; these pro
teins bound to wheat-germ lectin-Sepharose. N-glycosidase-F treatment con
verted both forms to a single 120-kDa protein, the same size predicted from 
the deduced amino acid sequence (HIRAYAMA et al. 1993; V AANDRAGER et al. 
1993). These N-linked carbohydrates in the extracellular domain of STaR may 
serve to enhance protease resistance in intestine and/or ensure the proper con
formation for STa binding. 

DESHMANE et al. examined equilibrium- and kinetic-binding characteris
tics of STaR expressed in COS-7 cells to determine if this receptor exhibited 
multiple affinities for STa. Scatchard analysis of equilibrium binding yielded 
curvilinear isotherms consistent with the presence of high (RH, pM)- and low 
(RL, nM)-affinity sites, and a ligand-induced conversion from a higher (RLl)
to a lower (RL2)-affinity state. Occupancy of the low-affinity sites was coupled 
to ligand-induced catalytic activation (DESHMANE et al. 1995). The ligand
binding and catalytic-activation properties of a series of intracellular deletion 
mutants of STaR were examined to identify the structural domains responsi
ble for high- and low-affinity sites and the mechanism of the ligand-induced 
shift to low-affinity sites. These studies demonstrated that the extracellular and 
transmembrane domains are sufficient for expression of high-affinity binding 
sites, and cytoplasmic domains of STaR were not required. In addition, the 
cytoplasmic juxtamembrane and kinase-homology domains were required for 
the ligand-induced shift to low-affinity sites (DESHMANE et al. 1997). 

To define the domain of STaR responsible for binding to STa, the extra
cellular region of STaR was examined by site-directed mutational analysis 
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(WADA et al. 1996a). A series of mutations was generated at two regions in the 
extracellular domain of STaR: (1) the HC region, which is highly conserved 
among rats, humans and pigs, and (2) the ENTM region, which corresponds 
to a region in the extracellular domain near the transmembrane region. The 
first region, encompassing residues from Arg-91 to Asn-155, has 92 % and 91 % 
identity in the human and rat STaRs, respectively, whereas the predicted amino 
acid sequence of the complete extracellular domain of pig STaR shows 76°/') 
and 71 % identity, respectively. The second region, from Leu-274 to Leu-409 of 
the extracellular domain, is near the transmembrane domain and has 136 
amino acid residues. In most STaR mutants, charged amino acids (especially 
Asp and Glu) were replaced by neutral residues (Ala or Gly), since charged 
residues are generally located on the molecular surfaces of proteins and, there
fore, may interact with ligands. Eighteen STaR mutant proteins were exam
ined for binding affinity to STa, GC activity and expression on 293 T cell 
surfaces. The results show that mutation of Arg-136-Leu137-Met-138 to Gly
Leu-Val in the HC region and of Asp-347-Asn348 to Ala-Ser in the ENTM 
region had significant effects on both binding to STa and GC activity (W ADA 
et al. 1996b). 

In the membrane-associated GC family, adenine nucleotides appear to be 
important in coupling ligand-receptor interactions to enzyme activation. Using 
magnesium as the cation cofactor in the presence of 111M STa adenine 
nucleotides that were not substituted at the 2 position activated GC with the 
following rank order of potency: adenosine triphosphate (ATP)rS > ATP > 
adenosine monophosphorothioate. STaR was maximally activated two- to 
threefold by ATPrS in the presence of STa in a concentration-dependent 
fashion (GAZZANO et al. 1991). In contrast, under identical conditions, the 2-
position-substituted adenine nucleotide analogues 2MeSATP and 2ClATP 
inhibited GC activity. However, when manganese was used as the substrate 
cofactor, adenine-nucleotide-dependent inhibition of STaR was preferentially 
observed with all ATP analogues inhibiting GC activity of STaR. Considering 
that the GC activity of STaR was inhibited in a non-competitive manner, these 
activating and inhibitory effects of adenine nucleotides on STaR may be medi
ated by separate pathways (PARKINSON et al. 1994). 

[n the T84 colonic carcinoma intestinal cell line, phorbol esters have an 
additive effect on STa-mediated GC activity, consistent with a possible role for 
phosphorylation by protein kinase C (PKC; WEIKEL et al. 1990). It is notable 
that the activation effect of phorbol myristate acetate (PMA) on STa
mediated GC activity of STaR is the opposite of the inhibitory effects of PMA 
on NPR-A-stimulated GC activity. CRANE et al. demonstrated that phospho
rylation of STaR was blocked by a synthetic peptide, KPRRVASYKKG, 
corresponding to the sequence around Ser-1029 in the C-tenninal tail of STaR, 
suggesting that the putative phosphorylation site is Ser-1029 (CRANE and 
SHANKS 1996). To characterize Ser-1029 in STaR as a consensus sequence of 
phosphorylation site by PKC, two mutants, mSl029A (with replacement of 
Ser-1029 with Ala-1029) and C6.1029 (which lacks 22 amino acids, including 
Ser-1029) were generated. Preincubation of the wild-type STaR transfectant 
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with 1 mM PMA caused additional STa-mediated GC activation compared 
with control, whereas the mS1029A- and CM029-transfected cells did not 
show a similarly enhanced GC activation by PMA. Using 32P-orthophosphate 
metabolic labeling to look at phosphorylation, the immunoprecipitated wild
type STaR (but not mS1029A and CM029) incorporated significant radioac
tivity. These results suggest that the effect of PMA on wild-type STaR 
transfectants might be caused by phosphorylation of Ser-1029 (W ADA et al. 
1996a). 

c. STa-like Heat-Stable Enterotoxin 
Another ST, EASTl, which is genetically and immunologically distinct from 
STa and STb, was elaborated by an EAggEC strain (SAVARINO et al.1991, 1993). 
EAST1, encoded by the astA plasmid-associated gene, consists of 38 amino 
acids (molecular weight 4100 Da), including four Cys residues (Fig. 2). EAST1 
shows significant homology (TACASC in the EASTl sequence) with the 
enterotoxic domain of STa and with guanylin; it exhibited enterotoxigenic 
activity and increased ileal-tissue cGMP levels. A synthetic peptide composed 
of residues 8-29 of EAST 1 also showed enterotoxic activity. Based on the 
cGMP data and the sequence homology to STa and guanylin, it is predicted 
that EASTl stimulates the particulate form of GC through the same recep
tor-binding region as STa and guanylin. Little is known about either the con
tribution of EAST1 to diarrheal disease caused by EAggEC infection or the 
structure-function relationship. The distribution and prevalence of the EAST1 
gene in selected groups of bacterial enteropathogens were determined by 
colony hybridization; 100% of 75 0157:H7 EHEC, 41 % of 227 EAggEC, 41 % 
of 149 ETEC, 22% of 65 EPEC and 38% of 47 E. coli stool isolates from 
asymptomatic children hybridized with an EASTl DNA probe. None of 55 
EIEC, 12 of Y. enterocolitica and 20 of V. cholerae non-01 strains were EAST1-
probe-positive. The gene encoding EASTl is broadly distributed among diar
rheogenic E. coli, suggesting that EASTl is not restricted to EAggEC 
(SAVARINO et al. 1996). 

D. Heat-Stable Enterotoxin STb 

I. Structure of STb 

The genes encoding STb were cloned, and the nucleotide sequences were 
determined (LEE et al. 1983; PICKEN et al. 1983). In 1991, FUJII et al. (1991) 

10 20 30 38 

MPSTQYIRRPASSYASCIWCTTACASCHGRTTKPSLAT 

Fig.2. Predicted amino acid sequence of EASTl expressed by astA gene in enteroag
gregative Escherichia coli. (EAggEC) 
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Fig.3. Amino acid sequence and disulfide-bond structures of STb of enterotoxigenic 
Escherichia coli (ETEC) 

established the purification procedure for STb and examined its chemical and 
biological properties. There is no amino acid sequence homology between STa 
and STb. It was found that STb consists of 48 amino acid residues with an iso
electric point of 9.7 and a molecular weight of 5104 Da (Fig. 3). The amino acid 
sequence of STb corresponds to the inferred C-terminal amino acid sequence 
of STb predicted from the DNA sequence, which encodes a 71-amino acid pre
cursor protein (LEE et al. 1983). The precursor protein is cleaved by a signal 
peptidase to remove a 23-amino-acid signal peptide and is then translocated 
to the periplasm where, prior to secretion, two intramolecular disulfide bonds 
between Cys-10 and Cys-48 and between Cys-21 and Cys-36 are formed by an 
action of DsbA, the dsbA (PpfA) gene product (a periplasmic protein respon
sible for disulfide-bond formation in some periplasmic and outer membrane 
proteins of E. coli; BARDWELL et al. 1991: AKIYAMA et al. 1992), resulting in 
resistance to proteolysis (OKAMOTO et al. 1995). Treatment of STb with reduc
tant abolishes the enterotoxicity of STb, suggesting that disulfide bonds play 
a critical role in its tertiary structure and are essential for signal transduction. 
Substitution of nine basic amino acid residues (including one histidine, two 
arginine, and six lysines) by site-directed mutagenesis caused a marked reduc
tion in enterotoxicity, especially when Lys-22, Lys-23, Arg-29 and Asp-30, 
which are in a loop defined by Cys-21 and Cys-36, are replaced (DREFUS et al. 
1992; FUJII et al.1994). 

II. Biological Function of STb 

Crude toxin preparations of STb induced fluid secretion within 30 min, with a 
maximal response between 3h and 6h (KENEDY et al. 1984). The only animal 
responsive to STb is the pig. However, in the presence of protease inhibitors, 
STb was found to induce intestinal fluid secretion in rats and infant-mouse 
intestinal loops (WHIPP 1987, 1990), indicating that the host-response speci
ficity of STb is not dependent on special properties of pig intestinal cells. 

To achieve its enterotoxigenic effect on intestinal cells, STb binds to 
intestinal epithelial cells through its receptor(s). Using cross-linking studies 
with 125I-labeled STb, HITOTSUBASHI et al. reported that STb specifically binds 
to a 25-kDa protein of mouse intestinal cell membranes (HrroTsuBASHI et al. 
1994). However, 125I-STb-binding and immunofluorescence studies show that 
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STb binds with relatively low affinity (10-5 M) to membrane lipids of cultured 
intestinal epithelial cells and becomes stably associated with the lipid bilayer, 
enhancing its ability to traverse the membrane bilayer and enter into the cyto
plasm (CHAO and DREYFUS 1997). Binding and subsequent internalization of 
125I_STb were not affected by treatment of the cells with trypsin, endoglycosi
dase F/peptide N-glycosidase F, V cholerae neuraminidase, tunicamycin, or 
5 mM sodium chlorate, which blocks sulfation of surface proteoglycans, indi
cating that cell-surface proteins or carbohydrates did not function as STb 
receptors. Using biotinylated STb, ROUSSET et al. demonstrated its binding to 
jejunum, duodenum, ileum, cecum, colon, liver, lung, spleen and kidney of 
piglets (ROUSSET et al. 1998). Metaperiodate treatment of jejunal sections 
diminished STb binding; protease treatment did not affect the toxin binding. 
Reduced STb binding was observed following treatments with cerami de gly
canase, a-glucosidase and neuraminidase, but not with N- and O-glycosidases 
and several exoglycosidases. STb binding to pig intestinal cells appears to 
involve a molecule consisting of a cerami de moiety, a terminal neuraminic acid 
and/or a-linked terminal glucose residues(s). The structure and function of 
receptor molecule(s) for STb are still unknown. 

WEIKEL and GUERRANT (1985) indicated that STb induced no change in 
Cl- or Na+ fluxes, as judged by use of labeled 22Na and 36Cl. The removal of 
Ca2+ and the addition of lanthanum did not inhibit fluid secretion due to STb, 
suggesting that this secretion is calcium independent. However, STb increased 
in the concentration of free Ca2+ found in the cytoplasm in renal and intesti
nal epithelial cultured cells. It was caused by influx of extracellular Ca2+, not 
by Ca2+ release from intracellular Ca2+ stores. Dreyfus et al. showed that STb
induced intracellular Ca2+ concentration was not inhibited by drugs that 
blocked voltage-gated Ca2+ channels, including nitrendipine, verapamil (L
type), (()-conotoxin (N-type) and Ni2+ (T-type) or by prior treatment of the cells 
with thapsigargin or cyclopiazonic acid, which block internal Ca2+ stores 
(DREYFUS et al. 1993). Somatostatin and pertussis toxin inhibited the STb
induced increase in intracellular Ca2+ concentration. STb-induced increases in 
Ca2+ levels in the cytoplasm appear to be due to opening of a G-protein-linked 
receptor-operated Ca2+ channel in the plasma membrane. STb induced the 
contraction of the mouse ileum and increased the amount of prostaglandin E2 
(PGE2) in the ileum without affecting the intracellular concentration of cyclic 
nucleotides (HITOTSUBASHI et al. 1992). Prostaglandin-synthesis inhibitors, such 
as aspirin and indomethacin, significantly reduced the enterotoxicity of 
STb. STb stimulated the release of both PGE2 and serotonin (5-
hydroxytryptamine, 5-HT) from the pig intestinal mucosa, suggesting an effect 
on the enteric nervous system (PETERSON and WHIPP 1995). The release of sero
tonin from rat basophilic leukemic cells, induced by STb, is independent of 
extracellular Ca2+ and is completely blocked by pretreatment of the cells with 
pertussis toxin, indicating a role for a pertussis-toxin-sensitive G protein in 
serotonin release by STb (HARVILLE and DREYFUS 1996). However, it is not 
clear whether serotonin and PGE2 are formed by direct or indirect effects of 
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STb. The role of arachidonic-acid metabolites and neurohormones in intesti
nal secretion induced by STb remains unclear. Further studies on the mecha
nism by which STb causes intestinal secretion are needed. 

E. Concluding Remarks 
Even though the structures of heat-stable enterotoxins produced by 
ETEC strains are already determined, many other questions about signal
transduction pathways of these toxins remain. For example, it would be impor
tant to get more information about the conformational and spatial structural 
changes of STaR/GC-C occurring upon activation by STa. One important topic 
is the elucidation of the precise role of the kinase homology domain of GC 
and its regulation by cytosolic substance(s) to maintain the cGMP concentra
tion. Those studies will not only give insights into the actions of the heat-stable 
enterotoxins but will provide important additional information about "physi
ological" signaling (via GC receptors) by hormonal factors. Much less is known 
about STb. More work is needed to understand the mechanisms by which STb 
acts on intestinal epithelial cells. The receptor for STb is still unknown, and 
the precise roles of PGE2 and serotonin in the action of STb have to be deter
mined. It is suggested that further clarification of the structure-function rela
tionship of the STs and their receptors will have a major impact on the 
development of more effective prevention of ST-mediated diarrhea. 
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CHAPTER 26 

Superantigenic Toxins 

B. FLEISCHER 

A. Summary 
"Superantigens" is the designation for a heterogeneous group of proteins that 
use a common, extremely efficient mechanism of T-Iymphocyte stimulation. 
They bind to major histocompatibility complex (MHC) class-II molecules on 
antigen-presenting cells (APCs) and to various parts of the T cell receptor 
(TCR) on CD4+ and CDW T cells, thus mimicking the recognition of specific 
antigens. The prototype superantigen is staphylococcal enterotoxin (SE) B, 
member of a family of genetically related pyrogenic exotoxins (PET) pro
duced by Staphylococcus mueus and Streptococcus pyogenes. This principle of 
T-Iymphocyte stimulation has evolved independently because of infectious 
pathogens. 

Investigations by a number of laboratories have elucidated the unusual 
mechanism of T-lymphocyte stimulation and have shown that the pathogenic 
effects of these molecules are due to their ability to stimulate a large fraction 
of T cells. Consequences of confronting the body with superantigenic toxins 
are shock (mediated by a massive liberation of cytokines from cells of the 
immune system) and immunosuppression, probably caused by an uncoordi
nated activation of the immune system and a massive deletion of T cells. 

B. Introduction 
Antigen recognition by T lymphocytes is one of the most sensitive assays in 
biology. With its antigen receptor, the T cell can respond to a single antigenic 
peptide presented by an APC within 1 min. This unique sensitivity is provided 
by a set of molecular mechanisms that intracellularly amplify the initial signal 
given by one or only a few TCRs. Superantigens have been adapted via evo
lution to use the T cell machinery to become effective T cell stimulators. 
Although there are different types of superantigens, which have been inde
pendently generated several times via evolution and which are completely 
unrelated to each other, they all use the same molecular mechanism: they bind 
to MHC class-II molecules on APC and to the TCR. Thus, by closely mimic
king antigen recognition, they use most of the amplification mechanisms the 
T cell uses normally. Thus, a hallmark of all superantigens is their enormous 
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potency: they are active in concentrations of 10-9 M. This means that a few 
picograms per milliliter can still effectively stimulate T cells in culture. Another 
characteristic feature of superantigens is their use of variable determinants on 
molecules of the immune system; all known superantigens bind to the variable 
part of the TCR f:1-chain (V fJ). Thus, each superantigen stimulates a particular 
fraction (up to 30%) of the T cell repertoire. On the MHC-IJ molecule, there 
are different binding sites used by different superantigens; some superantigens 
even involve the antigenic peptide in their binding. 

This principle of T-lymphocyte stimulation has independently evolved 
several times. Infectious pathogens as different as S. aureus, Yersinia pseudo
tuberculosis, Mycoplasma arthritidis and mouse mammary-tumor viruses 
produce superantigens that are apparently completely unrelated to each other. 
Obviously, this very special mechanism of T cell stimulation has been devel
oped independently by such different pathogens via evolution. Thus, it is likely 
that additional pathogens will also use it. Therefore, in recent years, there have 
been surprisingly many reports describing novel superantigens in various 
viruses, bacteria and protozoa. With one exception, the lectin Urtica dioica 
agglutinin of the stinging nettle (GALELLI et al. 1993), all molecules that have 
been proposed to be superantigens are produced by infectious pathogens. The 
long list of candidate superantigens includes bacteria, protozoa and viruses, 
some of which are listed in Table 1. In most cases, the evidence is still indirect 
or the initial report has not been confirmed by an independent study. In this 
review, I will limit the discussion to superantigens of bacterial origin. 

C. PETs of S. Aureus and S. Pyogenes 

I. Genes and Molecules 

The PETs produced by these two genera of gram-positive cocci comprise a 
polymorphic family of genetically related toxins consisting of the SEs, the 
toxic-shock-syndrome-toxin-1 (TSST-l) produced by S. aurells and the strep
tococcal PET (SPE) A produced by S. pyogenes. S. aureus is widespread among 
man and animals, and many of these toxins are also present in S. {lUrellS strains 
from other species. They are heat-stable and protease-resistant molecules of 
22-kDa to 28-kDa molecular mass. 

Historically, the SEs were defined by their ability to cause emesis and diar
rhea in humans and monkeys. They are a major cause of food poisoning world
wide. Currently, eight major types (SE A, B, C, D, E, G, H and I) are recognized, 
of which SEs A-E were originally serologically defined; SEs G-I were named 
after cloning and purification from individual strains. TSST-I was initially des
ignated SEF but was later renamed TSST-l due to its association with toxic
shock syndrome and because the initial finding of emetic activity could not be 
confirmed (REISER et al. 1983). 

The SPEs are usually discussed separately from the SEs, because they are 
derived from another genus and because an enterotoxic activity has not been 
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Table 1. Some candidate superantigens produced by microorganisms 

Producing Protein Other activities Reference 
pathogen 

Staphylococcus Enterotoxins A-I See text 
aureus 

Toxic-shock- See text 
syndrome toxin 1 

Epidermolytic Proteases See text 
toxins A, B 

Streptococcus Erythrogenic See text 
pyogenes toxins A, C SSA See text 

SMEZ KAMEZAWA et al. 
1997 

Erythrogenic Protease See text 
toxin B 
M protein Receptor See text 

MF Nuclease See text 

Clostridium Enterotoxin Pore former BOWNESS et al. 1992; 
perfringens MCCLANE 1994; 

KRAKAUER et al. 1997 

Pseudomonas Exotoxin A ADP- LEGAARD et al. 1991 
aeruginosa ribosyltransferases 

Yersinia YPM See text 
pseudotuberculosis 

Y. enterocolitica Undefined STUART and WOODL 
1992 

Mycobacterium Undefined OHMEN et al. 1994 
tuberculosis 

Mycoplasma Soluble MAS See text 
arthritidis 

Toxoplasma gondii Undefined DENKERS et al. 1994 

ADP, adenosine diphosphate; MAS, M. arthritidis superantigen; MF, mitogenic factor; 
SMEZ, streptococcal mitogenic exotoxin Z; SSA, streptococcal superantigen; YPM, Y. 
pseudotuberculosis mitogen. 

seen in them. However, since such activity can be detected only in man or 
monkeys, it is not clear if this putative difference has been sufficiently inves
tigated. From a genetic point of view, the separation of the SPEs from the SEs 
is not appropriate, since some SPEs are more related to SEs than to other 
SPEs. The members of the SE family can be divided into subgroups according 
to their sequence relatedness (BETLEY et al. 1992; MUNSON et al. 1998). They 
are listed in Table 2. Homologies vary considerably within the groups. A 
common feature of the PETs (except for TSST-l and SE I) is a central disul
fide loop. Although some PETs, such as TSST-l and SPE C, share little 
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Table 2. Members of the enterotoxin family of pyrogenic exotoxins of SIaphv/()('()cClls 
aureus and Streptococcus pyogeYles (Betley et al. 1992: Munson el al. IYY8) 

Toxin Molecular Amino acids Subgroup 'Yo Sequence 
weight (Oa) identity to 

SEA SF B 

SE A 27100 233 SEA 100 211 
SE B 211336 23Y SE B 211 100 
SE CI 27531 239 SE B 23 66 
SE C2 27589 23Y SE B 24 66 
SE C3 27563 239 SE B 25 66 
SE 0 26360 228 SEA .')2 36 
SE E 26425 230 SEA 112 32 
SE G 27107 233 SE B 20 3Y 
SE H 25120 218 SEA 31 25 
SE I 27043 218 SEA 28 IY 
TSST-l 2204Y IY4 TSST n.s. n.s. 
SPEA 25787 251 SE B 25 50 
SPE C 24354 235 SPE C n.s. n.s. 
SSA 26892 234 SE B 27 60 
SMEZ" 2.')254 209 n.a. n.a. n.a. 

/l.a., not available: n.s., not significant: Sf:, staphylococcal enterotoxin: SM EZ. strepto
coccal mitogenic exotoxin Z: SPF. streptococcal pyrogenic exotoxin: SSA. streptococ
cal superantigen: 75S1'. toxic-shock-syndrome toxin. 
"Genetic relationship to SE and SPE not clear. 

similarity with any other PET. there is sufficient sequence homology among 
all PETs to suggest that streptococcal and staphylococcal PETs have evolved 
from a single ancestral gene. This agrees with the finding that the genes for 
many of the PETs are encoded on mobile genetic clements: those for SE A. 
SE E, SPE A and SPE C are carried within bacteriophage DNA and those for 
SE D are on plasmid DNA (WEEKS and FERRETTI 1984; GOSIIORN and 
SCHLlEVERT 1989: BETLEY el al. 1992). TSST-J and SSA are encoded on the 
chromosome, within heterologous DNA insertions. The streptococcal super
antigen (SSA) is more related to SE Band SE C than to other streptococcal 
PETs, suggesting an intergeneric transfer; it appears to have been acquired by 
several different clonal lineages of S. pyogenes during this century (RmA et 
al. 1994). In S. aureus, the production of the SE is regulated by different loci: 
the accessory gene regulator (agr) the staphylococcal accessory regulator (sar) 
and the extracellular protein regulator (xpr), which regulate the production of 
a number of different exoproteins. The regulation of SPE production in S. 

pyogenes is less well understood. 
A characteristic feature of SE and SPE is their extensive polymorphism: 

for some toxins, there are many alleles known that differ in only a few amino 
acids. For example, three SUbtypes of SE C have been numbered (SE Cs 1-3), 
and several variants of SE C from S. {ll/rellS strains derived from humans, dogs, 
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cattle and food have been cloned (MARR et al. 1993). The variants differ only 
in a few amino acids but may differ in their biological activities (BOHACH 1997). 
Several isolates of SE C3 that are serologically indistinguishable differ in 
several mutations. SE A and SE E have 82% homology and show strong sero
logical cross-reaction; thus, SE E could be classified as a variant of SE A. TSST-
1 produced by S. aureus strains associated with humans has a pI of 7.0. whereas 
S. aureus isolates from sheep produce the variant TSST-O, with a pi of X.6 (Ho 
et a1. 1989). TSST-O differs in only seven amino acids from TSST-l hut differs 
dramatically in its biological activity (MURRAY et al. 1994). Four different vari
ants of SPE A have been described (N ELSON et al. 1991). as have three vari
ants of SSA (REDA et al. 1994). 

The frequency of enterotoxin producers among clinical ,)~ {lurellS isolates 
has been determined in several studies (LEHN et al. 1995). Depending on the 
origin of the isolates, approximately 40-65 % of S. aurellS strains produce a 
PET. Most commonly, SE A is produced (20-25% of strains). followed hy 
TSST-l (13-23%), SE B (7-13%), SE C (5-9%), SE D (3-6%) and SE E 
(>1 %). Two enterotoxins, usually SE A + TSST-I or SE A + SE D, are pro
duced by 5-8% of strains, which is a much higher frequency than would have 
been expected from respective individual frequencies. Isolates producing 
toxins, such as SEs G-I, are extremely rare. Data ahout the production of SPE 
A and SPE C by S. pyogenes strains isolated from various sources vary con
siderably, reflecting the variability of clinical sources and the sensitivity of 
detection, since S. pyogenes produces lower amounts of SPE than S. au reus 
does of SE. Information about the purification of the natural proteins has been 
reviewed (ALOUF et al. 1991). 

For several members of the SE family (SE A, SE B, SE C2 and TSST-I). 
crystal structures are now available (SWAMINAfHAN et al. 1992; PRASAD et al. 
1993; ACHARYA 1994; PAPAGEORGIOU et al 1995; SCHAD et al. 1995). More 
recently, the crystal structures of SEB and TSST-\ complexed with the human 
MHC-II molecule HLA-DRI have heen determined and have - together with 
a large number of studies using mutated toxins or class-II molecules - illus
trated the molecular mode of binding of the toxins to the class-II molecule 
(J ARDETZKY et a1. 1994; KIM et al. 1994). 

In spite of their low level of sequence homology, thc PETs show a similar 
overall structure: they are kidney-shaped, tightly packed molecules with 
a complex tertiary, intertwined folding and are composed of two domains, 
both containing f3-sheets and a-helical structures (Fig. I). An interdomain 
groove is the TCR-binding site; distinct MHC-II-binding sites have been iden
tified. Each toxin has individual surface features explaining the individual 
mechanism of action and the low or absent serological cross-reactivity among 
toxins. 

All SEs of the SE A group bind a Zn2+ ion by two histidines and an aspar
tate residue (in the case of SE A, residues HislX7, His225 and Asp227). This 
binding of Zn2+ is required for binding to MHC-lJ molecules (FRASER et al. 
1992; ABRAHMSEN et al. 1995; HUDSON et al. 1995). A similar Zn2+ -binding motif 
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Fig.t. Polypeptide fold of the staphylococcal enterotoxin A molecule (SE A) . The 
binding sites for the variable part of the T-cell-receptor f3 chain , for the major histo
compatibility complex (MHC)-II a chain and the Zn2+-dependent binding site for the 
MHC II f3 chain are indicated. The drawing was made according to the published three
dimensional structure of SE A (Schad et al. 1995) 

is present in SE C but not in SE B, but it is apparently not related to func
tional activity (BOHACH 1997). 

II. Molecular Mechanism of Action 

1. Binding to MHC Class-II Molecules 

A hallmark of superantigens is their requirement for MHC class-II molecules 
on presenting cells to optimally stimulate T cells (FLEISCHER and 
SCHREZENMEIER 1988), as reflected by their binding to MHC class-II molecules 
(FLEISCHER et al. 1989; FISCHER et al. 1989; FRASER 1989; SCHOLL et al. 1989). 
Binding differs from normal presentation of processed peptide antigen, since 
superantigens bind as unprocessed proteins outside the antigen-binding 
groove of the class-II molecule (JARDETZKY et al. 1994; KIM et al. 1994). Fixed 
MHC-II-positive cells present superantigens effectively to T cells (FLEISCHER 
and SCHREZENMEIER 1988). However, although this basic mechanism is shared 
by all superantigens, individual members of the PET family have developed 
unique modes of interaction with the class-II molecule. Nearly all PETs (and 
superantigens in general) bind best - and some times exclusively - to human 
HLA-DR molecules (mouse H2-IE molecules) and less well to other isotypes 
of class-II molecules. 

The crystal structures of the complex between HLA-DR1 and SE B or 
TSST-1 show that SE Band TSST-1 bind to overlapping regions on the 
monomorphic a-chain. Both toxins use residues of the N-terminal domain for 
this interaction . SE B binds at the side of the molecule, leaving the peptide-
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binding site and the peptide exposed (JARDETZKY et al. 1994). This binding is 
of low affinity, and it has been suggested that, in the tri-molecular complex 
between SEB, class-II molecules and TCR, the TCR will interact with the class
II molecule to stabilize the complex (SETH et al. 1994). Evidence for an inter
action between TCR and class-II molecules has been reported (FLEISCHER and 
MITTRUCKER 1991; WEN et al. 1995). 

TSST-1, in contrast, binds on the top of the a-chain and covers the a-chain 
a-helix peptide-binding site (KIM et al. 1994). Binding to the class-II molecule 
does not change the conformation ofTSST-1 (MITCHELL et al. 1997). Although 
the binding sites of SE Band TSST-1 overlap on the class-II molecule, the two 
toxins do not compete for binding. This is due to the fact that the peptide 
within the antigen-binding groove influences the binding of TSST-1 (VON 
BONIN et al. 1995; WEN et al. 1996). TSST-1 binds only to a subset of class-II 
molecules containing the appropriate peptides; SE B does not bind to these 
class-II molecules. Thus, with TSST-l (and probably other superantigens that 
use the same binding mechanism), S. aureus exploits the extreme variability 
of MHC-bound peptides to influence binding of its superantigenic toxins. 

Members of the SE A group of PET have, in addition to the a-chain 
binding site, another binding site at the polymorphic ,B-chain of the class-II 
molecule involving the Zn2+ binding site. This binding is of high affinity and 
uses a bridge between the Zn2+ bound to SE A (via His187, His225 and 
Asp227) and HisS1 of the MHC class-II ,B-chain (A BRAHMS EN et al. 1995; 
HUDSON et al. 1995). Details of this interaction are described in a recent review 
(SVENSSON et al. 1997). This mechanism is also used by SEs D, E and 1. Thus, 
SE A is able to bind (via two distinct binding sites) to two different sites on 
the class-II molecule and is, as a consequence, able to cross-link class-II mol
ecules on the surface of the presenting cell by its own in the absence of a T 
cell. It has been shown that this cross-linking leads to transduction of signals 
in the cell, resulting in cytokine production in monocytes or co-stimulation of 
B cells (MOURAD et al. 1990; FULEIHAN et al. 1991). SE A competes with SE B 
and TSST-l for binding. 

Some PETs have the ability to form homodimers; in this way, they form 
functionally divalent molecules able to cross-link class-II molecules. The strep
tococcal SPE C forms a non-covalent homodimer that binds only to the ,B chain 
of the class-II molecule (by a Zn2+-mediated binding). The low-affinity a
chain-binding sites of SPE C are covered by the dimerization (ROUSSEL et al. 
1997; LI et al. 1998). SE D has been reported to form a Zn-dependent homod
imer (AL-DACCAK et al. 1998). A covalent dimerization is achieved by SPE A, 
which has, in addition to the two cysteines that form the central disulfide loop, 
a third cysteine (FAGIN et al. 1998). 

2. Non-MHC Receptors 

Under certain conditions, SEs have also been shown to activate T cells in the 
absence of class-II molecules on accessory or target cells. CytotoxicT cells can, 
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e.g., lyse target cells that do not express class-II molecules; however, much 
higher concentrations of SE are required (DOHLSTEN et a1. 1991; HERRMANN 
et al. 1991). This is not surprising, given the fact that PET can interact directly 
with the TCR (see below); therefore, a superantigen bound to any surface can, 
in principle, activate T cells. Whether there exists a second specific receptor or 
whether the SEs non-specifically stick to the surfaces of certain cells is unclear. 
Additional receptors have also been postulated, e.g., on endothelial cells or on 
thrombocytes, but have not been characterized (FLEISCHER and HARTWIG 
1992). 

3. Interaction with the TCR 

The major interaction site on the a[3 TCR is the variable part of the [3-chain 
(V [3; Table 3). Stimulation of murine or human T cells with a given toxin in 
vitro leads to selective expansion of CD4+ and COWT cells carrying certain 
V[3s (JANEWAY et al. 1989; KAPPLER et al. 1989; WHITE et al. 1989). A similar 
preference (for Vy) was reported for the response of yoT cells. Transfer of a 
given V [3 or of an epitope of hypervariable region (HV) 4 of the V [3 transfers 

Table3. Preferential stimulation of human T cells by bacterial toxins. Data are com
piled from the literature. Note that, in most cases, determinations have been made with 
native and not with recombinant proteins; therefore, Vf3 [variable part of T cell recep
tor (TCR) f3-chain] specificities of staphylococcal enterotoxin (SE) and streptococcal 
pyrogenic exotoxin (SPE) may be affected by contamination with other toxins. The 
stimulation of human Vf32+ and Vf38+ T cells reported for native SPE A (ABE ct al. 
1991) and of Vf38+ T cells reported for native SPE C (TOMAI et al. 1992) are not found 
with recombinant toxins (BRAUN et al. 1993) 

Toxin 

SEA 
SE B 
SE C1 
SE C2 
SE C3 
SED 
SEE 
TSST-l 
SPEA 
SPEC 
SMEZ 
SSA 
YPMa 
YPMb 
MAS 

Reported preferences for T cells expressing Vf3 of 

Human T cells 

1.1,5.3,6.3,6.4,6.9,7.3,7.4,9.1. IX 
3,12,13.1,13.2,14.15,17,20 
3,12,13.1,13.2,14,15,17,20 
12,13.1,13.2,14,15,17.20 
12.13.2,14.15.17.20 
5, 12 
5.6,8.18 
2 
12. 14. 15 
1,2.5.1. 10 
2.8 
1,3, (5.2),15 
3.9. 13.1, 13.2 
3, 9, 13.1. 13.2 
3.1. 5, 7. 8, 10, 11.1. 12.1. 14, 17.1. 20 

Mouse T cells 

I. 3.10. II. 12. 17 
3.7.8.1. 8.2. X.3. 11. 17 
3.6.4.12. IS 
3. X.2. 10. 17 
3.5.12.13.2 
3. X.l. 8.3. 11. 17 
11.15.17 
3.4. IS. 17 
K2 

n.a. 
n.a. 
7.8.1. K2. 8.3 
n.a. 
5.1. 6. X.l. K2. 8.3 

MAS. Mycoplasma arthritidis superantigen; n.a., not available; SMEZ. streptococcal 
mitogenic exotoxin Z; SSA. streptococcal superantigen; TSST. toxic-shock-syndrome 
toxin; YPM, Yersinia pseudotuberculosis mitogen. 
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the specific response of the T cell to the recipient T cell (CHO! et al. 1990; 
FLEISCHER et al.1996). HV4 is not involved in peptide-antigen recognition and 
is located on an exposed lateral region. It is important to note that different 
V f3s bind to different toxins with different affinities; therefore, T cells with 
the highest affinity for a given toxin are preferentially expanded in bulk 
culture. This notion explains how T cells with certain V f3s can respond to toxins 
that are not preferentially expanded in such bulk cultures (FLEISCHER et al. 
1991,1996). 

From structural and mutational data, a model of the ternary complex 
of SE, TCR and a MHC class-II molecule was hypothesized. The 
complementarity-determining regions (CDRs) of the TCR are oriented over 
the MHC peptide-binding site, with the Vf3 domain bound to SEB and the Va 
domain above the class-II 131 domain (JARDETZKY et al. 1994). This model is 
consistent with the findings that the TCR a-chain and the polymorphic MHC 
allotype influence the response of the T cell to superantigens. Although this 
model stresses the close similarity between T cell activation by antigen recog
nition and superantigens, there are some subtle molecular differences. 

More recently, a soluble TCR V f3-chain has been used to analyze the 
binding of PET. The soluble f3-chain had the same specificity for different 
PETs as the T cell from which the f3-chain was derived. Affinities ranged 
from 0.9 pM to 140 pM, similar to what had been found for the affinities 
of the TCR to specific peptide/MHC complexes (LI et al. 1998). The three
dimensional structure of the complex between a soluble TCR f3-chain and SE 
C3 was determined. CDR2 of the f3-chain and, to lesser extents, CDR1 and 
HV 4, bind in a cleft between the small and large domains of the SE (FIELDS 
et al. 1996). 

In spite of the requirement for class-II molecules in T cell stimulation, the 
toxins can also stimulate T cells in the absence of class-II molecules. SE
mediated cytotoxicity against several class-II-negative target cells has been 
found (DOHLSTEN et al. 1991, HERRMANN et al. 1991). SE A covalently linked 
to antibodies against any cell-surface molecule can direct lysis of cytotoxic 
cells to class-II-negative target cells (DOHLSTEN et al. 1991), and toxins bound 
to plastic can, under certain conditions, activate T cells (FLEISCHER et al. 
1991 ). 

The molecular mechanism ofT cell stimulation is thus a multivalent cross
linking ofTCR molecules with MHC class-II molecules on the presenting cell. 
This cross-linking of the TCR, however, requires - at least at low toxin con
centrations - additional adhesion molecules, such as CD2, CD1la or CD28. 
The CD4 or CD8 molecules do not appear to be required although, in some 
cases, CD4 interaction augments the response (SEKALY et al. 1991). By using 
this molecular mechanism, the superantigen uses the most efficient way to 
stimulate T lymphocytes. The use of class-II molecules as specific receptors 
restricts the T cell interaction to the professional APCs, most likely the den
dritic cells, since macrophages are dispensable for T cell activation in vivo 
(BETTE et al. 1993). 
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III. Biological Significance of PETs 

1. Role of PETs as Virulence Factors 

B. FLEISCHER 

Although superantigens act on T cells of different species, it appears that they 
work best in the species that is a natural host for the producing pathogen. The 
toxins derived from S. aureus and S. pyogenes (bacteria not found in wild mice) 
stimulate human T cells much more efficiently than murine T cells, whereas 
the opposite is true for the mitogen derived from M. arthritidis (a natural 
pathogen for rodents; FLEISCHER et al. 1991). TSST-l or SE C produced by 
ovine strains of S. aureus is much more efficient on ovine T cells than on human 
T cells (LEE et al. 1992; MARR et al. 1993). This suggests that these molecules 
have been adapted (via evolution) to the MHC and TCR molecules of the 
natural host. Acquisition by gene transfer of toxin genes and their subsequent 
mutation, such as transfer of tst genes from human to ovine and bovine S. 
aureus strains, may be a mechanism of such adaptation. 

For several reasons, it may be expected that the production of a super
antigen offers an evolutionary advantage for the respective pathogen. First, 
the molecular mechanism of action (the cross-linking of TCR V[3 with class
II molecules) has separately evolved several times. Second, the extensive 
genetic polymorphism of the PET toxins argues that the presence of mUltiple 
forms of a superantigen is advantageous for the producing species. Finally, it 
appears that superantigens have been adapted to the host's immune system 
by the producing pathogen, because they have the highest mitogenic poten
tial in the immune system of their respective natural host. 

Thus, the evolutionary advantage can be expected to be directly or indi
rectly linked to the T-cell-stimulatory function of superantigens. This has 
indeed recently been shown for the mouse mammary-tumor viruses; T lym
phocyte stimulation is required for effective multiplication and transmission 
of the virus (HELD et al. 1994). For the gram-positive cocci, there is no clear 
evidence of an advantage of T cell stimulation. The decisive mechanisms 
against these extracellular bacteria are granulocytes, antibodies and comple
ment. It is, however, noteworthy that production of a superantigen leads to 
delayed clearance of S. aureus in infected mice (RoTT and FLEISCHER 1994). 
Moreover, it has been repeatedly shown that humoral and cellular immune 
responses are diminished if a SE is injected along with a conventional antigen 
(WEN et al. 1997). 

2. Role in Pathogenicity 

Given the extremely low concentration (in pg/ml) required for T cell stimula
tion and the large amount of toxin secreted into the culture medium by some 
strains of staphylococci and streptococci, it is clear that a small focus of a bac
terial infection can be sufficient to induce a general activation of the immune 
system and a massive expansion of responding T cells. In patients with toxic 
shock due to TSST-I-producing S. allrellS, V fJ2+ cells expand to up to 70% of 
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all peripheral blood T cells (CHO! et al. 1990). Consequences of such polyclonal 
T cell stimulation can be shock, immunosuppression and autoimmunity. 

The shock-like symptoms induced by these toxins are caused by a massive 
release of lymphokines (tumor necrosis factor-a, interferon-y, interleukin-2) 
and monokines (interleukin-12). Similar symptoms are observed after the first 
injection of stimulating anti-TCR antibodies in patients requiring immuno
suppressive therapy. Critical mediators in this shock-like symptom are appar
ently tumor necrosis factor-a and interferon-y; both are produced by T 
lymphocytes (BETTE et al. 1993). The same mediators are involved in the septic 
shock induced by endotoxins of Gram-negative bacteria. It appears that, while 
distinct cell populations are stimulated in Gram-positive and Gram-negative 
shock, in both cases, a similar cytokine cascade is initiated that ultimately leads 
to the same terminal events. Toxic-shock syndrome is observed during human 
infections with S. aureus and S. pyogenes. It is interesting to note that not all 
SEs have been implicated in such diseases. So far, TSST-1 and SE B seem to 
be almost exclusively involved in staphylococcal toxic shock. Although the 
gene for TSST-1 is widely distributed among staphylococci, a single S. aureus 
clone accounts for the majority of toxic-shock cases in five countries (MUSSER 
et al. 1990). This indicates that not the superantigen alone but rather a com
bination of virulence factors determines pathogenicity. A greater heterogene
ity was found with S. pyogenes isolates from patients with streptococcal 
toxic-shock-like syndrome. Here, the ability to cause this syndrome is associ
ated with all of the known SPEs, but SPE A-producing bacteria cause a high 
proportion of cases. Interestingly, two of four speA alleles were present in the 
single-bacterial clones that caused the great majority of these cases (NELSON 
et al. 1991). 

Immunosuppression can result, because stimulation of many T cells will 
impede the coordinate immune response. Moreover, a toxin can induce anergy 
and death by apoptosis in those T cells responding to it. After injection of an 
SE into mice, the initially responding T cells are partially deleted, and those 
remaining that are still present in the spleen do not respond to SE B or to 
anti-T-cell-receptor antibodies. It is also conceivable that activated CD8+ T 
cells could destroy APCs or B lymphocytes that have toxin molecules bound 
to their class-II antigens. 

3. Association with Human Autoimmune Disease 

The polyclonal activation ofT cells by PET could bypass the control of aut ore
active T cells, or helper T cells could be focused on autoreactive B cells and 
induce autoantibody production. This may be of relevance, e.g. in streptococ
cal diseases that are associated with autoimmune phenomena. Stimulation of 
autoreactive B cells by cross-reactive epitopes (of, e.g., M proteins) and the 
generation of help from T cells stimulated by erythrogenic toxins may provide 
a pathogenetic mechanism. The requirement for such an interaction of two dif
ferent pathogenicity factors of group-A streptococci could explain why such 
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post-streptococcal autoimmune diseases are relatively rarely found. In exper
imental models, it was shown that control of autoreactive T cells could be 
bypassed by injection of a superantigen (SCHlFFENBAUER et al. 1998). An 
ongoing autoimmune reaction against brain or joint antigens was aggravated 
by the injection of a superantigen (COLE and GRIFFITHS 1993; SCHlFFENBAUER 
et al 1998). A resolved experimental allergic encephalomyelitis could be exac
erbated by injection of a superantigen stimulating the appropriate autoreac
tive T cells. Moreover, in naive animals, polyclonal T cell activation by a 
superantigen can prime V {3-specific T cell responses to a self antigen by a non
V,8-specific mechanism of "innocent-bystander" activation (RoTT et al. 1995). 

Several groups have provided indirect evidence of the involvement of 
superantigens in human diseases. In all these cases, an imbalance in the V,8 
composition ofT cells from patients has been found. Two groups have demon
strated a selective increase in T cells carrying V {3-14 in the synovial fluid of 
patients with rheumatoid arthritis (KOTZIN et al. 1993). Furthermore, an imbal
ance in the V,8 repertoire of T cells has repeatedly been reported in patients 
with acquired immune deficiency syndrome, although this has not been con
firmed by all investigators. It is still unclear, however, if this is due to a super
antigen produced by human immunodeficiency virus or to secondary infection 
or to a non-superantigen-dependent mechanism. While the idea that super
antigens are at work in such diseases is very exciting, one has to keep in mind 
that preferential stimulation of certain V,8-bearing T cells can also occur 
during a normal immune response (BoITEL et al. 1992). The findings of an 
increase in V,82+ and V,8W T cells in Kawasaki syndrome, an acute multi
system vasculitis in children, are interesting (ABE et al. 1992). Staphylococci 
and streptococci producing PETs have been isolated from these patients; their 
pathogenic relevance, however, is still unclear. 

In patients with atopic dermatitis, a chronic inflammatory skin disease 
associated with pruritus and elevated serum immunoglobulin E, persistent col
onization with S. aureus is a well-known feature. There is evidence that SEs 
produced by the staphylococci have the potential to trigger chronic T-cell
mediated skin inflammation (HERZ et al. 1998). It is also a common observa
tion that exacerbations of psoriasis are often associated with streptococcal 
infections, and a causal link has been suggested (ORTONNE 1996). 

4. The Enterotoxic Activity 

The SEs are named for their ability to induce a gastrointestinal illness within 
2-4h upon oral uptake of a few micrograms in primates. Studies with mutant 
molecules (HUFNAGLE et al. 1991, HARRIS et al. 1993) and with chemically mod
ified SEs (ALBER et al. 1990) indicate that the enteropathogenicity of SE is not 
caused by action on T cells. It has been suggested that the symptoms of gas
trointestinal intoxication are caused by leukotrienes and histamine released 
from mast cells in response to substance P in the mucosa (ALBER et al. 1989). 
The receptors involved are still obscure. 
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In addition to the PEs, there are other staphylococcal and streptococcal pro
teins (genetically unrelated to the enterotoxins) that have been proposed to 
be super antigens, such as streptococcal M protein, streptococcal erythrogenic 
toxin B and staphylococcal epidermolytic toxins (ETs). However, the evidence 
discussed below suggests that these molecules are not superantigens; their 
mitogenicity is due to artifacts (FLEISCHER et al. 1995). 

I. The ETs of S. Aureus 

ETs A and B of S. aureus share a high sequence homology but are sero
logically unrelated. They are able to dissociate intercellular adhesion 
molecules in the skin, leading to subgranular epidermolysis. ETA is synthe
sized as a 31-kDa precursor molecule that is subsequently cleaved into a 
mature polypeptide of 27 kDa. In the context of this review, it is noteworthy 
that ETs A and B have an intrinsic esterase activity and are homologous to 
the staphylococcus V8 protease (BAILEY and REDPATH 1992). They share the 
catalytic triad at the proteinase active center. Mutation of the serine of the 
active center leads to loss of epidermolytic activity in mice. ETA was reported 
to be a superantigen stimulating V/J2.+ T cells (MARRACK and KAPPLER 1990). 
Initially, all work with ETA used a preparation available from Toxin Technol
ogy Inc., Sarasota, Florida. At least 1-1O,ug/ml of this preparation were 
required to obtain maximal responses, in contrast to the few nanograms 
required for SE. It has been shown that ETA does not bind MHC-II mole
cules (HERRMANN et al. 1989). Recombinant ETA was produced in S. aureus 
and assayed for mitogenic activity towards human peripheral blood mononu
clear cells (PBMsC) or V 132+ T cells, but no mitogenic activity could be 
detected, whereas the preparation from Toxin Technology was stimulatory for 
PBMC and Vf32+ T cells (FLEISCHER and BAILEY 1991). Although this issue is 
still controversial (IANDOLO and CHAPES 1997), all these findings support the 
notion that ETs are not superantigens. To reconcile these findings, it has 
recently been proposed that ETs may be atypical superantigens (MONDAY et 
al. 1999). 

II. M Proteins and SPE B of S. Pyogenes 

M proteins of S. pyogenes are major virulence factors of group-A streptococci. 
They are receptor proteins that show multiple binding to different plasma pro
teins and protect streptococci against phagocytosis. They form a family of 
closely related proteins protruding from the cell surface. The variable N
terminal portion of the molecule carries the M-type specific-antigen epitopes. 
M-protein fragments produced by limited proteolytic digestion of whole strep
tococci with a molecular mass of 33 kDa (pepMS) have been proposed to be 
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superantigens and to stimulate V f32+, -4+ and -8" human T cells (TOMAI et al. 
1991,1992). 

If, however, MS-protein or pepMS are thoroughly purified, they are no 
longer mitogenic (FLEISCHER et al. 1992; ESAKI et a1.1994; DEGNAN et al. 1997). 
The stimulatory activities for V f32+ and V [38+ T cells could be separated from 
each other, suggesting that the superantigenic activity of M-protein type 5 
could be due to contamination with at least two different, possibly novel SPEs 
(SCHMIDT et al. 1995). Class-II binding by pepMS has not been observed by 
other investigators (HERRMANN and MACDoNALD, personal communication). 
It has recently been reported that even recombinant MS fragments are mito
genic for T cells (W ATANABE-OHNISHI et al. 1994). This finding has not yet been 
confirmed, but other groups have not been able to find mitogenicity with 
recombinant MS protein or its fragments (ROBINSON et al. 199 I; SCHMIDT et al. 
1995; DEGNAN et a!. 1997). 

Taken together, the available evidence strongly suggests that mitogenic
ity of M-protein preparations is not due to an intrinsic activity but to conta
minating SPEs, some of them possibly novel or unknown at the time of the 
reports. The permanent detection of novel SPEs invalidates the suggestive 
argument that the V [3 pattern ofT cells that are stimulated by M proteins does 
not match that of any of the known SEs or SPEs (TOMAI et al. 1992). The 
reported reactivity of pepM with human cells but not mouse cells can be 
explained. At low concentrations, most SEs and SPEs, similar to pepM, show 
a preference for human as opposed to mouse cells, because most SEs and SPEs 
bind much better to human class-II molecules. All data about the superanti
genicity of M protein are derived from the preparations of a single laboratory 
and still await confirmation. 

The same situation was found with SPE B, which is identical to the precur
sor of the streptococcal proteinase. It is a molecule of 371 residues, with a mol
ecular weight of 40kDa, and is processed to a mature protease of 253 amino 
acids and 27 kDa. All group-A streptococci have SPE B and. in the genome. 
there is only one non-polymorphic gene for this molecule. SPE B has no homol
ogy to any member of the SE family (BETLEY et al. 1992). SPE B has been 
reported to selectively stimulate V [3W human T cells. Upon proper purification 
of SPE B, however, it became evident that the superantigenic properties of these 
molecules are due to contamination with a novel. V[38-stimulating PET (BRAUN 
et al. 1993), and recombinant SPE B was not mitogenic (GERLACH et al. 1994). 
The V [38-stimulator [designated SPE X or Streptococcal mitogenic exotoxin Z 
(SMEZ)] has recently been isolated and cloned (KAMEZAWA et al. 1997; 
GERLACH et a1.1999; PROFT et al. 1999). Four different variants have been found. 

III. The Mitogenic Factor of S. Pyogenes 

A protein of 26 kDa, the so-called mitogenic factor (MF). recently designated 
SPE F (NORRBY-TEGLUND et al. 1994), was purified from S. pyogctlcs strain 
NY5 (the prototype strain from which SPEs A-C and SMEZ were originally 
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purified). It was subsequently cloned, and the recombinant protein displayed 
stimulatory activity on rabbit PBMCs (IWASAKI et aI. 1993). The recombinant 
protein was not tested on human T cells. We have not been able to detect mito
genicity with recombinant MF (REICHARDT et aI., unpublished). MF is not poly
morphic and is elaborated by all group-A streptococci but not by other 
streptococci. Interestingly, it has enzymatic activity; it is a nuclease (IWASAKI 
et aI. 1997) and is identical to DNase B (REICHARDT et aI., unpublished). The 
V{3 profile of the stimulated human T cells was recently described to consist 
of V{32, -4, -8, -IS and -19, surprisingly similar to that of pepMS 
(NORRBY-TEGLUND et al. 1994). This could indicate either that the superanti
gen activity of pepMS is due to MF or - more likely - that both pepMS and 
MF are contaminated by the same novel SPEs. It is interesting that, in this 
context, antibodies against recombinant SPE X/SMEZ specifically block the 
mitogenic activity of MF (GERLACH et al. 1999). 

Taken together, these results raise an important caveat for work with T 
cell mitogens from S. aureus and S. pyogenes. Because SE and SPE are active 
in concentrations of a few picograms per milliliter, the sensitivity of T cells to 
these stimulators is several orders of magnitude higher than the sensitivity of 
any biochemical or serological test, and contamination with an SE or SPE is 
extremely difficult to exclude. Such contamination has been shown to occur 
even if a recombinant protein is purified on columns previously used for purifi
cation of natural enterotoxin. Moreover, given the high polymorphism and 
unequal distribution of the PET, it is surprising that non-polymorphic proteins 
like SPE B or MF, which are present in all S. pyogenes isolates, are superanti
gens. A number of different proteins of S. pyogenes have been purified from 
culture supernatants and have been found to behave like superantigens 
(FLEISCHER et al. 1995). The possibility that S. pyogenes has evolved several 
unrelated superantigens is exciting, but we should await confirmation of their 
activity using recombinant proteins. 

The surprising finding that the unique molecular mechanism ofT cell stim
ulation has been developed completely independently by infectious agents 
of four different classes (gram-positive cocci, gram-negative bacteria, a 
Mycoplasma and retroviruses) has lead to the expectation that additional 
superantigens produced by other infectious pathogens will be found. This 
expectation, together with the appealing designation "superantigens", has 
induced a boom in reports of novel superantigens. However, the number of 
reported candidates far exceeds the number of superantigens that is likely to 
exist. Even a lectin has been reported to act as a superantigen (GALLELI et al. 
1993), but this has not been confirmed yet. For several candidates, it is already 
now reported that attempts to confirm the initial claim have failed or have 
prompted contradiction. We have not been able to find any superantigenic 
activity either with purified enterotoxins of Clostridium perfringens (both puri
fied from C. perfringens cultures or as a recombinant molecule from 
Escherichia coli; KRAKAUER et al. 1997) or with the exotoxin A of Pseudomonas 
aeruginosa (unpublished observations). 
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E. The M. Arthritidis Superantigen 
M. arthritidis is a pathogen of rodents and induces an acute inflammatory 
infection in rats and mice. In mice, this inflammation is followed by a chronic 
joint disease. Cell-free supernatants of M. arthritidis contain a potent T cell 
mitogen acting on T cells of several species. Although this mitogenic principle 
has been known for more than 15 years (COLE and ATKINS 1991), the protein 
was cloned only recently (COLE et a1. 1996). This is due to the small amounts 
of M. arthritidis superantigen (MAS) in the Mycoplasma culture and to the 
lability and adhesive property of MAS. MAS is a hydrophobic, basic peptide 
that is heat-labile at 56°C and susceptible to serine proteases. The sequence 
reveals a protein unrelated to any other superantigen, with 153 amino acids. 
a calculated molecular mass of 25 kDa and a very basic pI of 10 (COLE et a1. 
1996). 

MAS has all the functional properties of superantigens (Matthes et al. 
1988; COLE et a1. 1990). Its T cell-stimulatory properties are strictly dependent 
on the presence of H2-IE molecules or HLA-DR molecules on the stimulat
ing cells. MAS stimulates both CD4+ and CD8+ T lymphocytes, and responsive 
T cells have been described. There is a preferential stimulation of mouse T 
cells expressing V {36, -8.1, -8.2 and -8.3, and of human T lymphocytes express
ing Vf317.l (also designated 19.1; Table 3). In addition, there are other TCRs 
that respond to MAS, but with lower affinity (Fleischer et a1. 1991). 

Injection of MAS into experimental animals induces a mild toxic-shock 
syndrome and pronounced T cell suppression (COLE and WELLS 1990). This is 
only found in MAS-responsive mouse strains that posses H2-IE molecules. 
The chronic joint disease is only induced by infection with the Mycoplasma 
itself or by intra-articular injection of MAS. The role of the superantigen in 
the induction of arthritic disease is still not clear. It is noteworthy that MAS 
injection induces a flare-up in mice that have recovered from collagen-induced 
arthritis. It has been noted that some parameters of the M. arthritidis-induced 
disease can also be found in rheumatoid arthritis and that antibodies to MAS 
are present in some patients with this disease. An involvement of MAS
like superantigens in the pathophysiology of rheumatoid arthritis has been 
suspected (KNUDTSON et a1. 1997). 

F. The Y. Pseudotuberculosis Mitogen 
The three pathogenic species of Yersinia (Y enterocolitica, Y 
pseudotuberculosis and Y. pestis) produce many virulence factors required for 
survival in the body. Y enteroco/itica and Y. pseudotuberculosis have been 
reported to produce superantigens. Whereas the putative superantigen of Y 
enterocolitica still awaits isolation and confirmation, a superantigen designated 
Y pseudotuberculosis mitogen (YPM) has been purified and cloned (Ira et al. 
1995; MIYOSHI-AKIYAMA et al. 1995). YPM is synthesized as a 151-amino-acid 
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precursor that is cleaved to a 14-kDa, 131-amino-acid mature protein. It has 
no homology with any other superantigen. The protein has all the character
istics of a superantigen in vitro and in vivo. It is produced (with distinct 
geographical distribution) by certain serotypes of Y pseudotuberculosis. The 
gene encoding YPM was detected in 95% of clinical isolates of Y 
pseudotuberculosis from Japan or Far East Russia but only in 17% of Euro
pean clinical isolates (YOSHINO et a1. 1995). Recently, a variant YPM was iso
lated and cloned (RAMAMURTHY et a1. 1997). The two YPMs (designated YPMa 
and YPMb) have 83% homology. This interesting finding indicates that YPM 
forms a polymorphic family as do SEs. 

The infection with Y pseudotuherculosis is characterized by acute mesen
teric inflammation, lymphadenopathy and systemic symptoms, such as fever 
and leukocytosis. In patients with Y pseudotuberculosis infections, an eleva
tion of V /33-bearing T cells has been found (ABE et a1. 1997). Several 
immunopathological diseases, such as reactive arthritis or uveitis and ery
thema nodosum, can follow an infection with Ypseudotuberculosis. Moreover, 
Kawasaki syndrome has been linked to Y pseudotuberculosis infections. A role 
of the superantigen YPM in the pathology of this infection is conceivable but 
is still not clear. 

G. Concluding Remarks 
The toxins described in this chapter constitute the most efficient T-Iymphocyte 
stimulators known. Although their exact roles as virulence factors are not 
established, it is obvious that their induction of immunosuppression, destruc
tion of APCs and T cell anergy should be of advantage for the infecting 
microorganisms. The manifold mechanisms of interaction with variable target 
structures of the immune system, the MHC-JI molecule and the TCR allow a 
maximum of biological efficacy combined with a minimum of immunological 
cross-reactivity. This is the basis for the extensive polymorphism of the toxins, 
which provides the producing species with a multitude of non-cross-reacting 
toxins. The polymorphism is probably maintained and extended by permanent 
modifications of the toxin genes through mutations and selection for toxin 
variants that are optimally stimulatory for the host's immune system. 
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CHAPTER 27 

Structure and Activity of Endotoxins 

S. HAUSCHILDT, W. BRABETZ, A. B. SCHROMM, L. HAMANN, P. ZABEL, 
E.T. RIETSCHEL, and S. MOLLER-LoENNIES 

A. Introduction 

Gram-negative bacteria comprise a great number of pathogenic microorgan
isms causing a variety of diseases in mammals, including man. Many of the clin
ical symptoms observed following an infection with gram-negative pathogens 
are specific for the infectious species; however, some symptoms are commonly 
observed and are thus species independent (BRADE et al. 1988). These symp
toms, such as fever, were attributed to the action of heat-stable toxins that were 
recognized to be associated with the bacterial cell and were therefore termed 
endotoxins (WOLFF 1904; WESTPHAL and LODERITZ 1954; RIETSCHEL and BRADE 
1992) to distinguish this class of toxins from actively secreted exotoxins, which 
are proteins and are thus heat labile (BHAKDI et al. 1994). The chemical char
acterization of endotoxins revealed that they are composed of a lipid compo
nent and a carbohydrate component; thus, they are lipopolysaccharides (LPSs) 
because of their chemical nature (WESTPHAL and LODERITZ 1954). 

The lipid that anchors LPS to the outer membranes of gram-negative bac
teria can be released chemically by mild acid treatment and was termed lipid 
A. In order to identify the toxic principle of LPS (in analogy to the discovery 
of toxophore groups in some exotoxins), biological activities of lipid A and the 
released polysaccharide were investigated. Since the polysaccharide moiety 
was not toxic (WESTPHAL and LODERITZ 1954), it was assumed that toxicity was 
associated with lipid A. Whereas some groups observed adjuvant activity, 
tumor necrosis and fever after intravenous injection of lipid A, others did not 
observe these effects (GALANOS et al. 1972). Final evidence came from com
plexation of lipid A with albumin which, by increasing its solubility, eliminated 
the observed discrepancies and proved its bioactivity (GALANOS et al. 1972). 
To further identify the molecular requirements enabling lipid A to elicit endo
toxic effects, a vast number of natural and synthetic molecules were sub
sequently analyzed. Structure-activity studies led to the discovery of 
antagonistically active lipid A, which served as lead structures for the devel
opment of synthetic compounds (QURESHI et al. 1998). The isolation of LPS 
from different gram-negative bacteria, their chemical characterization and 
comparison of their biological activities revealed the structural requirements 
for their biological activity and showed that not all LPS are endotoxically 
active (RIETSCHEL et al. 1996). 
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Fig.1. Schematic representation of the bacterial cell wall. The cellular compartment of 
bacteria is always surrounded by a cytoplasmic membrane consisting of a phospholipid 
bilayer and proteins. This membrane is surrounded by a covalent meshwork of pepti
doglycan (murein) which, in cases of gram-negative bacteria, possesses only a few 
layers. Peculiarly, this class of microorganisms has an outer membrane including a 
second cellular compartment (periplasmic space) . Lipopolysaccharides form the outer 
leaflet of the outer membrane. Porins [outer-membrane protein (Omp)F/C] mediate 
the selective uptake of hydrophilic nutrients, and structural proteins (OmpA, lipopro
tein) contribute to the membrane 's stability and its linkages to peptidoglycan. Capsu
lar antigens are shown as examples of further glycosyl-based surface molecules. In 
contrast, gram-positive bacteria are surrounded by a thick murein multilaye r. In addi
tion, the cell walls of these microorganisms also consist of polysaccharides (lipoteichoic 
acid, teichoic acid, capsular polysaccharides) and/or proteins (partly also organized in 
complex surface layers) 

The biological significance of LPS may be viewed from two perspectives. 
They are major components that constitute the outer leaflet of the outer mem
brane of most gram-negative bacteria (Fig. 1). LPS are thought to be indis
pensable for the viability of these bacteria since, with a single exception. 
mutations leading to loss of the ability to assemble functional LPS were con
ditionallethal (RICK and OSBORN 1977; BELUNIS et al. 1995). This reflects the 
importance of LPS for the bacterial cell. Rema rkably. very recently, a mutant 
strain of Neisseria meningitidis lacking the gene IpxA was constructed. 
This mutant was viable and appeared to be devoid of LPS, since outer
membrane complexes of the mutant did not contain 3-hydroxylated fatty acids. 
regarded as a marker for LPS. In addition , the reactivity with LPS-specific anti
bodies was lost and. on sodium dodecyl sulfate polyacrylamide-gel elec
trophoresis, no LPS was detected after silver staining (STEEGHS et al. 1998). 
The development of the outer membrane as the outmost part of the cell enve
lope of gram-negative bacteria may be seen as an adaptation to allow survival 
in rapidly changing environments. The space created between the cytoplasmic 
membrane and the outer membrane, termed periplasm, allows the build-up of 
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concentration gradients over the cell membrane and represents a regulable 
environment suitable for the proper folding and activity of proteins, such as 
enzymes and binding proteins. At the same time, the outer membrane protects 
the vulnerable inner cell membrane, a phospholipid bilayer, from mechanical 
and chemical stress. Due to their chemical and physical properties, LPS rep
resent an effective barrier for hydrophobic agents and protect the bacterial 
cell from the action of, e.g., bile salts and hydrophobic antibiotics. These 
properties are conferred mainly by the lipid part of the molecule. Due to its 
exposed location, the polysaccharide represents the main target of the 
humoral immune response and shields bacteria from attack by the immune 
system of the host, thereby maintaining the integrity of the membrane. For 
pathogenic enterobacteria, it is known that the most exposed polysaccharide 
region of LPS inhibits the phagocytosis of microorganisms by macrophages 
and may offer protection against the lytic effect of the serum complement 
system. LPS are found only in gram-negative bacteria and, because of their 
importance for the viability of the bacteria, LPS and its biosynthesis have been 
identified as promising targets for the development of new classes of antimi
crobial drugs. 

However, some LPS were recognized as highly active toxins in mammals 
(RIETSCHEL and BRADE 1992). The toxic effects, such as high fever, hypoten
sion, leukopenia, tachycardia, tachypnea, systemic intravascular coagulation 
accompanied by acute-respiratory-distress syndrome, and multi-organ failure 
in final stages (known as manifestations of bacterial sepsis; VINCENT 1996), 
were first believed to be the result of the destructive effects of the invading 
microorganism. The role of LPS in pathogenicity was in dispute for decades, 
because similar host responses were seen after infection with gram-positive 
microbes (STEGMAYR et al. 1992) or even following events other than infection 
(PARILLO 1993). Likewise, positive blood cultures (bacteremia) or endotoxin 
in the blood (endotoxemia) were not a prerequisite for the diagnosis of septic 
shock (MARCHANT et al. 1995). However, many of the biological effects seen 
during an infection can be elicited by LPS or natural or synthetic lipid A alone 
(GALANOS et al. 1985), indicating that endotoxins are involved in the mani
festation of septic shock. In fact, very recently, bacterial mutants that express 
non-toxic lipid A have been constructed (NICHOLS et al. 1997; SUNSHINE et al. 
1997; KHAN et al.1998). These mutants multiply in vivo without causing lethal
ity, thus proving that LPS has an important role in lethal infections. 

LPS are released in small quantities during cell fission but in larger 
amounts during cell death, e.g., as a consequence of antibiotic treatment or 
complement-mediated lysis. Another source of LPS is bacteria of the gut, 
although LPS and bacteria do not penetrate the intact gut mucosa at high rates 
(BREARLY et al. 1985). After invasive treatment or severe burns, larger amounts 
of LPS and/or bacteria may enter the bloodstream (BAHRAMI et al. 1996). 
Nevertheless, some strains of, e.g., Escherichia coli, Shigella and Yersinia are 
able to adhere to epithelial cells and penetrate the intact gut wall (LEVINE 
1987). The main route by which endotoxins enter the blood from the gut leads 
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through the portal vein to the liver, where they may be taken up by Kupffer 
cells, released into the bloodstream and subsequently redistributed into hepa
tocytes, which finally secrete them together with bile (VAN DEVENTER et al. 
19X8; FREUDENBERG et al. 1992). Alternatively, endotoxins may enter the blood
stream via the thoracic duct, thereby circumventing the liver. 

The most common cause of endotoxic shock is a generalized infection with 
a gram-negative pathogen that spreads into different organs. In former days, 
natural infection (the main source of endotoxins) occurred more frequently, 
due to lower hygienic standards and less knowledge of the sources and routes 
of infection. Identification of pathogens, the development of diagnostic tools, 
the discovery of antibiotics, their introduction into medicine and improvement 
of hygienic conditions have led to major improvements for the treatment and 
prevention of such infections. However. in terms of the absolute number of 
deaths, the mortality of severe infections with gram-negative pathogens 
remained almost unaltered. Nosocomially contracted infections are now the 
main cause of endotoxic shock, due to the introduction of invasive surgical 
treatment and mechanical ventilation in intensive-care units. 

The importance of endogenously produced mediators for the induction of 
endotoxic symptoms has been clearly established. Typical endotoxic effects 
can be elicited by recombinant cytokines, such as tumor necrosis factor a 
(TNF-a), interleukin-l 13 (IL-l 13) and IL-6 (VOGEL 1990). Additionally, endo
toxic symptoms were correlated with serum levels of these mediators (ZABEL 
et al. 1989), and antibodies against them were able to suppress the endotoxic 
activities of LPS (BEUTLER and CERAMI 1988). The cellular source of these 
mediators has been identified by cell-transfer experiments from endotoxin
sensitive mice to resistant mice (FREUDENBERG et al. 19X6). Although, in prin
cipal, a large number of different cell types is able to respond to LPS challenge, 
only transfer of macrophages (not of granulocytes or lymphocytes) could sen
sitize mice that are naturally resistant to LPS. Therefore, the key step involved 
in endotoxin action is the activation of monocytes/macrophages to produce 
cytokines, such as TNF-a and IL-lf3. which themselves elicit pleiotropic bio
logical effects (Fig. 2). The onset of septic shock depends on the development 
of a systemic, dysregulated inflammation reaction that involves multiple cel
lular and humoral events (Fig. 2). 

The significance of endotoxins for the outcome of infections with gram
negative pathogens is difficult to assess due to the concerted action of differ
ent virulence factors and the different dispositions of patients. ]n infections 
that remain local, e.g., those often observed for N. gonorr/zocac. small amounts 
of released endotoxins lead to the activation of the host's immune response. 
attracting immune-competent cells to the site of infection and thereby pro
moting clearance of bacteria. However, systemic infection las typically 
observed in typhoid fever caused by Sa/monel/a cntcrica serovar (sv.) 
Typhimurium, or after spreading from locally infected sites to different organs I 
can lead, in severe cases, to organ failure and, ultimately, death. The biologi
cal role of endotoxins in infections with living bacteria has been addressed by 
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Fig. 2. Effector mechanism of endotoxins. Bacterial endotoxins activate macrophages 
and monocytes to produce and release endogenous mediator molecules and antimi
crobial factors. These can be classified into three different classes of substances. 
Reduced oxygen species and enzymes are efficient poisons for bacterial pathogens. 
Cytokines, especially tumor necrosis factor a, are proteins that contribute to the 
enhancement of the inflammatory reaction, including the antimicrobial activity of 
phagocytes. Lipid mediators, such as prostaglandin E2 stemming from the metabolism 
of arachidonic acid, partially inhibit exuberant formation of mediators. An increased 
defense against infection is achieved by all these molecules when released in small 
quantities. In the presence of large amounts of lipopolysaccharide, however, noxious 
overproduction of mediator molecules is induced; this may lead to lethal shock through 
further reinforced cascade-like reactions. In the presence of low endotoxin concentra
tions, interferon yalso stimulates macrophages to react by overproducing mediator 
molecules and renders the host organism hyperreactive to endotoxin 



624 s. HAUSCHILDT et al. 

the construction of genetically engineered bacterial strains of S. enterica sv. 
Typhimurium and Haemophilus inJiuenzae that, when mutated in the waaM 
locus (previously termed htrb), synthesize a structurally altered lipid-A mole
cule with reduced endotoxicity (NICHOLS et al. 1997; SUNSHINE et al. 1997). In 
the case of the mutant Salmonella strain, the genetic defect led to severe 
limitation of its ability to colonize organs and to cause systemic disease 
(SUNSHINE et al. 1997). The importance of endotoxin for the development of 
organ damage has been shown by the construction of a mutant strain of S. 
enterica sv. Typhimurium unable to assemble an endotoxically active LPS but 
with unaltered ability to colonize and multiply within organs (KHAN et al. 
1998). This mutant was cleared without causing death in experimentally 
infected mice. 

As septic shock progresses, an irreversible state is reached in between a 
few hours and a few days. The shortness of the period following the first indi
cations (such as chills and fever) demands the development of fast-acting 
drugs or preventive treatment. Despite decades of intensive research and a 
great demand for alternatives, conventional antibiotic treatment remains the 
main weapon used by clinicians in the treatment of such infections. As the 
toxic effects exerted by endotoxins are independent of the viability of the bac
teria, and considering the increasing resistance of pathogenic bacteria to 
antibiotics, the search for alternative strategies is of major importance. The 
eradication of bacteria and suppression of the activation cascade at early steps 
appear to be the most promising approaches for successful treatment. The 
structural analysis of LPS (HOLST and BRADE 1992), the identification of their 
biosynthetic pathways (RAETZ 1996) and the identification of events that lead 
to activation of the immune response at a molecular level, i.e., the interaction 
of endotoxins with host target cells, will certainly provide a rational basis for 
the development of new antibacterial drugs. 

In recent years, LPS from certain pathogens have been recognized to be 
associated with other diseases, such as chronic gastritis (MORAN and ASPINALL 
1998) and the Guillain-Barre syndrome (GBS; PRENDERGAST et al. 1998), 
whose biological effects (the induction of pepsinogen production and release, 
and the induction of autoreactive antibodies, respectively) are independent of 
endotoxicity. Because of these examples, structural analysis of LPS remains an 
important tool to identify such relationships, creating the possibility of antibi
otic treatment of diseases not previously thought to be related to bacterial 
infection. 

B. The Chemical Structure of LPS 
Due to differences in colony morphology, smooth (S) bacteria can be distin
guished from rough (R) bacteria. These observed differences reflect differ
ences in LPS structure (Fig. 3); therefore, S-type LPS is distinct from R-type 
LPS. Generally, LPS consist of a carbohydrate chain of varying length, which 
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Fig.3. Schematic representation of the structure of Salmonella enteriea, wild type and 
rough-mutant Iipopolysaccharides (LPS). According to chemical, biosynthetic, biolog
ical and genetic criteria, LPS can be divided into three regions: the O-specific chain, 
core oligosaccharide and lipid A. The O-specific chain represents a polymer of repeat
ing units characteristic for each bacterial strain. The terms Ra-Re refer to structures 
of LPS from rough mutants that (due to genetic defects) synthesize a truncated core 
oligosaccharide and, therefore, lack an O-specific chain. The smallest LPS structure 
found in viable Salmonella enteriea strains consists of lipid A and two 3-deoxy
D-manno-2-octulosonic acid (2-keto-3-deoxY-D-manno-octonic acid; Kdo) residues 
(Re-mutant). Saccharide groups are depicted by hexagons, and dotted lines mean non
stoichiometric substitutions. Gal D-galactose, Glc D-glucose, GleN D-glucosamine, 
GlcNAc N-acetyl-D-glucosamine, Rep L-glycero-D-manno-heptose, P phosphate 

is acylated at two sugar residues located at the reducing end of the molecule. 
Thus, LPS is amphiphilic and, in physiological fluids, forms supramolecular 
aggregates that adopt inverted structures. 

The structural characterization of LPS isolated from different gram
negative bacteria revealed that wild-type LPS of Enterobacteriaceae and 
Pseudomonadaceae are S-type LPS which, on the basis of structural features, 
genetic organization, biosynthesis, biological functions and biological activi-
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ties, can usually be divided into three domains: the O-specific chain, the core 
region and lipid A. In contrast to S-type LPS, R-type LPS lack an O-specific 
chain and can be isolated from mutant bacteria with defects in LPS biosyn
thesis; therefore, they are unable to assemble complete LPS. Apart from these 
mutants, only R-type LPS have been identified in certain other non-enteric 
pathogenic bacteria, such as Neisseria, Bacteroides, Haemophilus and 
Chlamydia (RIETSCHEL et al. 1990). For most of these bacteria, it is unclear 
why they do not express an O-specific chain, which appears to be protective 
for other gram-negative bacteria. In Neisseria, the expression of neuraminic 
acid (Neu5NAc) as the terminal sugar in their LPS apparently helps this 
microorganism to evade an antimicrobial immune response. Mimicry of host 
antigens, in combination with other mechanisms (such as phase variation), may 
render the O-specific chain dispensable (BEYNON et al. 1992; JONES et al. 1992; 
PAVLIAK et al. 1993; YAMASAKI et al. 1993). 

The chemical structure of LPS is subject to phase variation in different 
human pathogens, such as N gonorrhoeae (V AN PUTTEN 1993), N meningitidis 
(DE VRIES et al. 1996), H. injiuenzae (WEISER et al. 1989), Helicobacter pylori 
(ApPELMELK et al. 1998), Francisella tularensis (COWLEY et al. 1996), Coxiella 
burnetti (VISHWANATH and HACKSTADT 1988) and Legionella pneumophila 
(LUNEBERG et al. 1998). Whereas in Neisseria and H. injiuenzae (which produce 
an R-type LPS) the structure of the core-oligosaccharide is affected, it is the 
structure of the O-polysaccharide that is affected in H. pylori. Phase variation 
can be regarded as an adaptive mechanism of the pathogen to promote infec
tion and allow survival in different environments. As an example, N gonor
rhoeae upregulates the amount of Neu5NAc on its surface LPS to evade host 
defense mechanisms by mimicking host antigens. At early stages of infection, 
the expression of sialic acid is downregulated, because a high surface density 
of Neu5NAc hinders the entry of N gonorrhoeae into human mucosa cells 
(VAN PUTTEN 1993). Strains of N meningitidis and H. injiuenzae also express 
similarly sialylated LPS. In addition, H. injiuenzae incorporates phosphoryl
choline into its LPS (WEISER et al. 1998), a chemical structure often present 
on surfaces of infectious pathogens of the respiratory tract, such as 
Mycoplasma fermentans (ZAHRINGER et al. 1997) and Streptococcus pnellmo
niae, or pathogens like N gonorrhoeae and N meningitidis (FARO et al. 1985; 
KOLBERG et al. 1997), which colonize other mucosal surfaces. The display of 
this structure enhances persistence on mucosal surfaces but renders H. injiuen
zae more susceptible to the bactericidal activity of human serum. Mimicry of 
host antigens is employed by H. pylori, probably to evade host defense mech
anisms by phase variation of the O-polysaccharide, which contains Lewis-X 
and Lewis-Y epitopes (MORAN and ASPINALL 1998). Infection with H. pylori 
and the display of these structures has been suggested to be connected to 
autoimmune disease by eliciting antibodies cross-reactive with self-antigens. 
Cross-reactive antibodies also seem to playa role in the development of the 
neurological disorder GBS, because core-oligosaccharides of certain Campy
lobacter jejllni serotypes associated with the disease contain structural motifs 
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also found in gangliosides (PRENDERGAST et al. 1998). However, a recent study 
(KOGA et al. 1998) investigating 35 patients serologically did not find a corre
lation between autoreactive antibodies and the development of GBS. 

Shingomonas paucimobilis (KAWAHARA et al. 1991) contains glycosphin
go lipids that appear to replace LPS and, thus, together with Borrelia burgdor
Jeri (TAKAYAMA et al. 1987), may constitute a new group of gram-negative 
microorganisms that do not require LPS for growth and multiplication 
(ZAHRINGER et al. 1994). 

I. Structural Characteristics of the O-Specific Chain 

Bacteria with a smooth colony appearance attach a polysaccharide chain to 
the core region which, in many cases, is a heteropolymer made of repeating 
units (Fig. 3). These are smaller oligosaccharides two to eight monomeric sugar 
residues in size (JANN and JANN 1984; KNIREL and KOCHETKOV 1994a). As 
another example, a homopolymer of up to 75 molecules of legionaminic 
acid (5-acetamidino-7 -acetamido-8-0-acetyl-3,5,7 ,9-tetradeoxY-D-glycero-L
galacto-non-2-ulosonic acid) has recently been described for L. pneumophila 
serotype 1 (KNIREL et al. 1994b). In enterobacterial LPS, these polysaccharide 
chains may contain up to 50 units (JANN and JANN 1984). The O-chain region 
of LPS may penetrate capsular and slime layers, which are frequently found 
on bacterial cells, rendering them accessible to binding proteins, such as serum 
factors and antibodies. Due to an overwhelming number of different sugars 
involved in the biosynthesis of O-specific chains (which are subject to further 
modification by, e.g., acetylation, methylation, phosphorylation, amidation and 
substitution with amino acids), bacterial cells produce a tremendously high 
number of different chemical structures, which are targets of specific antibod
ies (GALANOS et al. 1977). The recognized epitopes represent the O-antigenic 
determinants, also termed "factors". Therefore, LPS (as O-antigens) are of 
great diagnostic value and represent the structural basis of the "Kaufmann
White scheme" for serotyping Salmonella (KAUFFMANN 1978). 

II. Structural Characteristics of the LPS Core 

Chemical analysis of LPS obtained from S. enterica revealed that the same 
subset of carbohydrates was present in similar amounts in different serovars, 
whereas other carbohydrates were present in variable amounts. This led to 
the assumption that Salmonella LPS possess a common structure that carries 
the O-specific chain (GALANOS et al. 1977). This LPS domain, which con
nects the lipid-A domain to the O-specific chain, has been termed the core 
region. Chemical analysis of R-mutant Salmonella bacteria defective in LPS
biosynthetic pathways led to the differentiation of several chemotypes 
(R-chemotypes) that could be distinguished serologically (R-factors; 
GALANOS et al. 1977). In Enterobacteriaceae such, as E. coli and S. enterica, 
these chemotypes are referred to as Ra-Re. Ra describes the largest core 
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structure, and Re was assigned to the smallest core structure (Fig. 3), which is 
devoid of all core sugars except for a 3-deoxy-o-manno-oct-2-ulosonic acid 
(Kdo) disaccharide. 

The core region of LPS consists of a complex oligosaccharide and, com
pared with O-specific chains, shows limited structural variability (HOLST and 
BRAOE 1992). In the genus Salmonella, only two core types have been found 
(HOLST and BRAOE 1992; OLSTHOORN et al. 1998) and, in E. coli, five different 
core types can be distinguished (HOLST and BRAOE 1992). A typical structure 
present in LPS core structures of Enterobacteriaceae is a tetrasaccharide, a
o-glucose-(1 ~3)-L-a-o-heptose-(1 ~3)-L-a-o-heptose-(1 ~5)-Kdo, which is 
also found in LPS of Yersinia, Salmonella, E. coli, Shigella and Citrobacter 
(HOLST and BRAOE 1992). 

In enterobacteria and some other families, one can differentiate between 
an inner-core region and an outer-core region. The outer core contains pre
dominantly pyranosidic hexoses, such as o-glucose, o-galactose, 2-amino-2-
deoxy-o-glucose and 2-amino-2-deoxy-o-galactose (Fig. 3). Characteristic 
carbohydrate components of the inner core region are octulosonic acids and 
heptopyranoses (Hepp). These heptoses mainly possess the L-glycero-o
manna configuration (HOLST and BRAOE 1992). The vast majority of analyzed 
LPS structures contain octulosonic acids in the form of Kdo in their inner-core 
regions (HOLST and BRAOE 1992). Kdo has been shown to be replaced in some 
strains of Acinetobacter (KAWAHARA et al. 1987) and Burkholderia cepacia 
(KAWAHARA et al. 1994) by 2-keto-o-glycero-o-talo-octonic acid (Ko). 

In all known LPS structures, the polysaccharide chain (core region and 0-
specific chain) is attached covalently to the lipid A component via either Kdo 
or Ko. Kdo is indispensable for the viability of LPS-containing gram-negative 
bacteria. The smallest LPS structure sufficient for bacterial growth and multi
plication was isolated from a deep, rough mutant of H. inJluenzae (HELANOER 
et al. 1988). In this LPS, only one Kdo residue, phosphorylated in position 4 
or 5, is attached to the lipid A. A negatively charged substituent of a different 
nature (such as hexuronic acid, Kdo or phosphate) at position 4 of the Kdo 
residue next to lipid A is always found and, thus, appears to be indispensable 
for bacterial viability. Therefore, a minimal structure of the core oligosaccha
ride with at least two negative charges seems to be important for the integrity 
of the outer membranes of gram-negative bacteria. Core structures with one 
(H. inJluenzae, Bordetella pertussis, Vibrio cholerae) or two Kdo residues 
(enterobacteria, pseudomonads) have been identified (HOLST and BRAOE 
1992). In addition, representatives of the genus Chlamydia have a unique. 
rough LPS consisting of a Kdo trisaccharide with the structure a-Kdo
(2~8)-a-Kdo-(2~4)-a-Kdo (BRAOE et al. 1997). In addition, other saccha
rides of the inner-core region and non-stoichiometric substituents (such as 
phosphate and 2-aminoethanol phosphate and diphosphate) play an impor
tant role in the expression of the complete physiological capabilities of these 
microorganisms (SCHNAITMAN and KLENA 1993: WHITFIELO and VALVANO 
1993). 
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III. Structural Characteristics of Lipid A 

The lipid anchor of the LPS molecule is called lipid A (ZAHRINGER et al.1994). 
In different bacterial groups, its architecture is (to some degree) structurally 
conserved, probably reflecting its essential role for the functioning of the outer 
membrane (RIETSCHEL et al. 1991). The linkage between the polysaccharide 
part and the lipid A is formed by Kdo (Fig. 3), which results in an extreme 
acid lability of this linkage. Therefore, lipid A was obtained in free form by 
weak acid hydrolysis of LPS (WESTPHAL and LUDERITZ 1954) and became 
accessible to a detailed structural analysis (ZAHRINGER et al. 1994). 

Despite the presence of a common structural principle (represented by 
substituting fatty acids for the hydrophilic carbohydrate backbone of amino 
sugars), lipid-A preparations extracted from bacteria show some heterogene
ity, i.e., mature and immature molecular species are present in the same 
culture. Identification of natural heterogeneity with respect to the lipid-A 
structure is of considerable biomedical and pharmaceutical interest due to the 
fact that lipid A is responsible for many of the toxic effects exerted by LPS, 
even at low concentrations (see below). 

An exhaustive and detailed review of chemical structures of lipid A has 
been published recently (ZAHRINGER et al. 1994). A lipid-A structure that is 
widely distributed in nature is present in E. coli LPS (Fig. 4). It consists of a 
1,4' -bisphosphorylated, ,B-1,6-linked glucosamine (GlcpN) disaccharide 
(GlcpN-I-GlcpN-II lipid-A backbone) that is substituted by R-3-
hydroxymyristic acid [14:0(3-0H)] residues in positions 2, 3, 2' and 3'. Sec
ondary acyl groups substitute the hydroxyl group of 14:0(3-0H) in positions 
2' (tetradecanoic acid, 14:0) and 3' (dodecanoic acid, 12:0), leading to an asym
metric distribution of fatty acids. This type of lipid A is also the main species 
found in Salmonella and other enterobacterial and non-enterobacterial 
genera, such as Haemophilus and Providencia (ZAHRINGER et al. 1994). In Sal
monella, a hepta-acylated lipid-A species that carries hexadecanoic acid (16:0) 
as a secondary fatty acid at position 2 of GlcpN-I is also present in non-stoi
chiometric amounts. Secondary fatty acids have only rarely been found to sub
stitute the 3-hydroxyl group of the acyl residue at position 3 of GlcpN-I 
(QURESHI et al. 1997). The attachment site of the core region is the hydroxyl 
group at position 6 of GlcpN-II (HOLST and BRADE 1992). Therefore, in E. coli, 
only one hydroxyl group of the carbohydrate-backbone disaccharide is free; 
it is located at position 4 of GlcpN-1. It is not known whether it is biologically 
significant that this hydroxyl group is not substituted. 

Different types of lipid A are found in other non-enterobacterial LPS. 
Structural variability results from differences in the hydrophilic head group 
and in the hydrophobic acylation pattern (ZAHRINGER et al. 1994). GlcpN 
residues constituting the hydrophilic carbohydrate backbone of E. coli lipid A 
may be replaced by 2,3-diamino-2,3-dideoxy-glucopyranose (GlcpN3N). The 
disaccharide has been found to be functionally replaced by a GlcpN3N mono
saccharide in Rhodopseudomonas palustris, R. viridis, Pseudomonas diminuta 
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Fig. 4. Primary structure of lipid-A components of different gram-negative bacteria 
expressing endotoxically active lipopolysaccharides 

and Phenylobacterium immobilis whereas, in C. jejuni, Brucella, and Chroma
tiaceae (KASAl et al. 1990; MAYER et al. 1990; MORAN et al. 1991), the f3-1 ,6-
linked disaccharide structure is retained and either only GlcpN-II or both 
GlcpN residues are replaced by GlcpN3N. GlcpN3N has never been found to 
replace GlcpN-I in a hybrid disaccharide. 

Whereas the non-glycosidic phosphate may be absent, e.g., in Bacteroides 
(WEINTRAUB et al. 1989), the glycosidic phosphate has always been found to 
be present, with a single exception (BHAT et al. 1994). Furthermore, both phos
phates may carry either of the phosphates, 2-aminoethanoL 2-aminoethanol 
phosphate, G lcpN, 4-amino-4-deoxy- L-arabinopyranose or n-arabinofuranose. 
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A peculiar situation has been encountered in Rhizobium leguminosarum, 
whose lipid A lacks phosphate (BHAT et al. 1994). Instead, GJcpN-I is con
verted into 2-aminogluconate, and the 4'-phosphate is replaced by a galactur
onic acid residue after enzymatic cleavage of this phosphate by a specific 
phosphatase (PRICE et al. 1995). Thereby, the number of negative charges 
is retained, and phosphate groups are functionally replaced by carboxyl 
groups. 

Lipid A containing a disaccharide as the hydrophilic backbone may carry 
four to seven fatty acids which, if present in an even number, may be either 
symmetrically or asymmetrically distributed over the disaccharide backbone. 
The acyl groups found in LPS may be saturated or may carry double bonds 
or hydroxy or keto groups (MAYER et al. 1990; ZAHRINGER et al. 1994). A char
acteristic feature of LPS is the presence of fatty acids hydroxylated at C-3 (the 
f3-position). However, 2-( or a-)hydroxylated fatty acids are also found fre
quently. The 3-( or 13-)hydroxylated fatty acids identified so far include fatty 
acids of the R configuration and possess a chain ranging from ten (as found 
in P. aeruginosa) to 22 carbon atoms (as present in Chlamydia; ZAHRINGER 
et a1. 1994) in length. They were directly attached to the hydrophilic back bone 
by ester or amide linkages and are referred to as primary fatty acids. 3-
Hydroxylated fatty acids were frequently esterified by secondary fatty acids, 
as described above for E. coli-type lipid A. In contrast, 2-hydroxylated fatty 
acids occur less frequently and always possess the S-configuration (RIETSCHEL 
1976). So far, they have not been found in primary positions and have not been 
found to be further esterified. The degree of 2-hydroxylation appeared to be 
regulated by environmental factors, such as growth temperature, and struc
tural analysis suggested that a-hydroxylation takes place at the fully acylated 
lipid A (ZAHRINGER et al. 1994). In rare cases, amide-linked fatty acids may be 
3-keto-fatty acids, as observed in LPS of bacteria that phylogenetically belong 
to the a-3 subgroup, such as Rhodobacter capsulatus, R. sphaeroides, Para
coccus denitrificans and V anguillarum (MAYER et al. 1990). Unsaturated fatty 
acids, which are rarely found in LPS, are also present in lipid A from R. 
sphaeroides, R. capsulatus and P. denitrificans and in lipid A of E. coli grown 
at low temperature. 

The distribution of secondary fatty acids (which, in E. coli, are attached 
after biosynthesis of the core region has been initiated; RAETZ 1996) deter
mines the symmetry of enterobacterial lipid A. Attachment of secondary fatty 
acids in positions 2' and 3' leads to an asymmetrical lipid-A molecule. Exam
ples of symmetrical lipid-A structures are found in Chromobacterium vio
laceum, Rhodocyclus gelatinosus and N meningitidis (Fig. 4; ZAHRINGER et al. 
1994). C. violaceum, as a typical representative, possesses a hexa-acylated lipid 
A, which is composed of a 1,4'-bisphosphorylated, f3-1,6-linked GJcpN disac
charide, as found in E. coli, and which has primary-fatty-acid substitutions of 
12:0(3-0H) at positions 2 and 2' and 1O:0(3-0H) at 3 and 3'. Secondary 12:0 
are present in positions 2 and 2'. The 12:0 in position 2' is a-hydroxylated in 
non-stoichiometric amounts, leading to microheterogeneity. 
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c. Biosynthesis of LPS 
The genes involved in the biosynthesis of LPS (MAKELA and STOCKER 1984: 
SCHNAITMAN and KLENA 1993; RAETZ 1996) have been localized and identified 
in Salmonella and E. coli. The genes encoding the enzymes involved in the 
biosynthesis of the core region and the O-specific chain are grouped in clus
ters previously termed rfa and rfb, respectively. Due to the increasing number 
of genes that have been identified, a new nomenclature for the genes involved 
in the biosynthesis of bacterial polysaccharides has been proposed (REEVES et 
al. 1996). According to this scheme, the rfa locus is now referred to as waa, 
and genes involved in O-antigen biosynthesis belong to a group of genes 
termed wba-wby. 

I. Biosynthesis of Lipid A 

Biosynthesis of lipid A (RAETZ 1996) proceeds via common intermediates. 
which have been identified in E. coli (NrSHI.IlMA and RAETZ 1981 ; TAKAYAMA 
et al. 1983) and Salmonella (HANSEN-HAGGE et a!. 1985) and have been termed 
lipid X and precursor Ia (in E. coli) and lipid Y and precursor Ib (in Sal17l0-
nella; Fig. 5). Lipid X and lipid Yare both formed from undecaprenylpy
rophosphorylyl (UdP)-activated phosphorylated N-acetyl-D-glucosamine: 
after O-acylation in position 3, de-N-acetylation and N-acylation in position 
2, they are deactivated to form the respective acylated monosaccharide units. 
In E. coli, a specific disaccharide synthetase then causes one molecule of UdP
activated 2,3-diacyl-glucopyranosylamine to condense with one molecule of 
lipid X via a [3-1 ,6-linkage, giving rise to precursor Ia. Lipid Y differs from lipid 
X in that it contains an additional 16:0 as a secondary fatty acid at position 2. 
In Salmonella, lipid Y has been found to partially replace lipid X in the con
densation reaction. Biosynthesis of lipid-A structures as different as those 
found in R. leguminosarum and E. coli proceeds via the same precursor mol
ecules (PRICE et al. 1995), suggesting that lipid-A biosynthesis follows a highly 
conserved pathway. 

II. Biosynthesis of the Core Region 

The biosynthesis of the core region is initiated before the biosynthesis of lipid 
A is completed. This fact may be the reason mutants that lack Kdo are not 
viable under normal growth conditions. The initial step is the transfer of one 
Kdo residue from cytosine monophosphate (CMP)-activated Kdo to position 
6' of precursor Ia (E. coli) or Ib (Salmonella). Kdo is formed from arabinose 
5-phosphate and phosphoenolpyruvate, with subsequent removal of the phos
phate group from the intermediate Kdo-8-phosphate. Remarkably, as shown 
for H. injluenzae (WHITE et al. 1997), E. coli (BFLUNIS and RAETZ 1992b) and 
Chlamydia (BEl.UNIS et al. 1992a; MAMAT et al. 1993; WHITE et al. 19(7). the 
transfer of each Kdo residue is accomplished by a single (and. thus. multi-
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Fig.5. Chemical structure of precursor molecules involved in biosynthesis of 
Escherichia coli (lipid X and precursor Ia) and Salmonella (lipid Y and precursor Ib) 
lipopolysaccharides 

functional) Kdo transferase. Following the transfer of Kdo, secondary fatty 
acids are attached to the f3-hydroxy groups of primary fatty acids of lipid A. 
The biosynthesis of the core region is then completed in a stepwise manner 
by transfer of activated monosaccharides, a process catalyzed by glycosyl 
transferases specific for a single acceptor structure. 

III. Biosynthesis of the O-Specific Chain 

Biosynthesis of the O-specific chain in enterobacteria like E. coli, S. enterica, 
Shigella and Klebsiella can proceed in two ways (MAYER et al. 1989). In rfbP
dependent biosynthesis, repeating units are assembled on UdP, and a com
pleted unit is then transferred onto an UdP carrier molecule carrying one 
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complete repeating unit. Therefore, elongation proceeds at the reducing end 
by sequential transfer of the growing chain on newly synthesized repeat
ing units. Alternatively, in rtc-dependent biosynthesis, chain-elongation is 
achieved stepwise, by sequential transfer of activated monosaccharides on 
UdP at the non-reducing end of the chain. 

D. Structure-Activity Relationships of LPS and Lipid A 

The preparation and structural elucidation of lipid A from different bacteria 
and the chemical synthesis of defined partial structures made it possible to 
determine the molecular parameters governing endotoxic activity. Among a 
variety of parameters, the release of pro-inflammatory cytokines from murine 
macrophage cell lines and human peripheral monocytes in response to lipid 
A and lipid-A partial structures was analyzed. Data from studies in the human 
system carried out in our laboratories (LOPPNOW et al. 19R9a: ULMER et al. 1992: 
FLAD et al. 1993) are summarized in Fig. 6. It was demonstrated that the struc
ture of the hydrophilic saccharide backbone ([3-1 ,6-linked GlcpN or GlcpN3N 
disaccharide) is a fundamental structural principle required for the expression 
of biological activity (cleavage of the glycosidic bond caused the activity to 
decrease by a factor of 107) and that its phosphorylation had a decisive influ
ence on endotoxicity (causing the activity to decrease by a factor of J()2_1 ()-1). 

The replacement of phosphate groups of the lipid-A backbone by a car
boxymethyl group did not lead to a significant reduction of biological activity 
(SCHROMM et al. 199R). Thus, it appears that the presence of negative charges 
fulfils the requirements for biological activity. The loss of secondary fatty acids 
dramatically reduced the biological activity (by a factor of more than lO7). 
Recently, these findings could be confirmed by using mutants of E. coli K-12 
(SOMERVILLE et al. 1996) and fJ. influenzae (NICHOLS et al. 1997) in which the 
gene for an acyl transferase for secondary fatty acids had been inactivated. 
The strains are viable at 3()°C, because the transfer of the Kdo residues and 
further biosynthesis of the core oligosaccharide only needs a lipid-A precur
sor molecule with four fatty acids. As expected, these mutants express an LPS 
with a significantly reduced biological activity. In addition, lipid-A prepara
tions with an asymmetrical distribution of the secondary fatty aeids show an 
increased endotoxicity in comparison to corresponding synthetic analogs that 
have symmetrical acylation (where the fatty acids in both cases have the same 
chain length). 

Lipid A and LPS are amphiphilic molecules forming supramolecular 
structures in an aqueous medium above their critical micellar (aggregate) con
centrations (CMC or CAC). However, the aggregate structure is determined 
by both the primary chemical structures of the molecules and environmental 
parameters, such as temperature, water content. pH value and the presence of 
divalent cations. By determination of the aggregate structures of defined lipid
A preparations under almost physiological conditions (37°C. pH == 7. >l)O'Yo 
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of lipid A . B Modifications of the hydrophobic region (fatty acids) of lipid A 

water content, presence of Mg2+; BRANDENBURG et al. 1993, 1996; SEYDEL et al. 
1993), it could be demonstrated that endotoxic active molecules have a dis
tinct tendency to form cubic (0) or inverted-hexagonal (H II ) supramolecular 
structures (Fig. 7). By determining the type of aggregate structure preferen
tially formed, the geometrical shape (conformation) of the Iipid-A molecules 
can be deduced. Thus, in Iipid-A molecules forming inverted structures, the 
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Fig. 7. Physical structure of endotoxically active and inactive lipid A . Endotoxically 
inactive lipid A possesses a cylindrical conformation and forms lame llar (L) aggregate 
structures under approximately physiological conditions. In contrast , biologically active 
lipid-A molecules show a truncated conical shape, which is enlarged in th e hydropho
bic region of the fatty acids and , therefore, leads to th e formation of cubic (Q) or 
inverted hexagonal (H II ) aggregate structures 

hydrophobic fatty-acid portion possesses a larger volume and adopts a conical 
shape. In contrast , biologically inactive lipid-A molecules, e.g. , from R. capslI
latus, are cylindrically shaped and associate with lamellar (L) aggregate struc
tures. The molecular shape of biologically active lipid A corresponds to a 
truncated, cone-like conformation, which we call the "endotoxic conforma
tion" (RIETSCHEL et al. 1987) and which represents the active counterpart of 
humoral and cell-bound receptor molecules of the host organism. ]t had been 
assumed that the biological effect of LPS in physiological solutions was medi
ated by larger aggregates (SHNYRA et al. 1993). Newer findings (TAKAYAMA et 
al. 1994; SCHROMM et al. ] 995; SCHROMM et al. 1996; Yu and WRIGHT 1996), 
however, show that rather small oligomeric aggregates or monomers take part 
in cell activation by endotoxins (BRANDENBURG et al. 1993). Therefore, the for
mation of a certain kind of supramolecular aggregate represents an intrinsic 
property of biologically active LPS molecules but is not necessarily a prereq
uisite for the expression of biological activity. 

E. Cellular and Humoral Responses to LPS in Mammals 
LPS-dependent activation was described for many cell types from different 
mammalian organisms. Cells of the immune system (in particular monocytes, 
macrophages, lymphocytes and endothelial cells) represent targets of prime 
importance. Each cell type reacts to endotoxin in a specific way, e.g" cell dif-
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ferentiation and/or cell proliferation, increased phagocytosis or production of 
mediator or effector molecules. 

As the first line of defense at the beginning of an infection, circulating 
monocytes and tissue-bound macrophages (Fig. 2) contact bacteria or bacter
ial products, such as endotoxins, and initiate the formation of an inflammatory 
reaction. In the presence of very low concentrations of LPS (<1 ng/ml serum), 
macrophages and monocytes produce a great number of different mediators, 
such as IL-1, IL-6, IL-8, IL-10, IL-12, IL-18, the migration-inhibitory factor 
(BERNHAGEN et al. 1993) and, most importantly, TNF-a (NATHAN 1987). These 
mediators contribute to the accumulation and activation of further effector 
cells of the immune system at the site of infection (BERNHAGEN et al. 1993; 
MASTROENI et al. 1993). In addition, the general defense mechanism of the host 
organism is activated by moderate fever, and the production of acute phase 
proteins by liver cells contributes to the antimicrobial defense. In addition to 
protein-like cytokines, monocytes and macrophages produce immunomodula
tory lipids, such as metabolites of the arachidonic-acid pathway (leukotrienes, 
prostaglandins; LUDERITZ et al. 1989; SCHADE et al. 1989; VOGEL 1990; 
BERNHAGEN et al. 1993), derivatives of linoleic acid (SCHADE et al. 1987) and 
platelet-activating factor (PAF; BRAQUET et al. 1987). Furthermore, endotox
ins stimulate the phagocytic potency of macrophages and the production of 
reduced oxygen molecules (superoxide anion, hydrogen peroxide, hydroxyl 
radicals, nitric oxide; Fig. 2), thereby contributing to the killing of bacteria and 
the triggering of local or generalized inflammatory reactions. Thus, these medi
ators, released in small amounts, cause effective limitation of the infection and 
elimination of the health-threatening microorganisms (ECHTERNACHER et al. 
1990; MASTRO EN I et al. 1993). However, overproduction of pro-inflammatory 
cytokines and reactive intermediates results in damage to host cells and organs 
(PARILLO 1993). Thus, the same cells that are important for the antimicrobial 
defense may playa key role in the development of sepsis. 

Granulocytes (polymorphonuclear leukocytes) take up bacteria and cell
wall fragments, and their phagocytic activity is dramatically increased by endo
toxins (SCHADE et al. 1987). Activated granulocytes augment the local 
inflammatory response in the early phase of an infection by sticking to the 
endothelial lining of blood capillaries and emigrating into the surrounding 
tissue by diapedesis. Thus, in the course of sepsis, they may cause damage to 
vessels and tissues. Granulocytes also contain enzymes (acyloxyacyl hydro lases 
and phosphatases) that degrade LPS into biologically inactive partial struc
tures by specifically removing secondary fatty acids and phosphate groups 
(MUNFORD and HALL 1989). Activated by endotoxins and/or pro-inflammatory 
cytokines, granulocytes release polycationic proteins from endosomal com
partments; these proteins can specifically bind to LPS. Among these, the 
bactericidal permeability-increasing protein (BPI) is the most completely 
characterized. It constitutes a 55-kDa membrane-associated protein present in 
the primary granules of neutrophilic granUlocytes. It displays cytotoxic activ
ity towards gram-negative bacteria and has an endotoxin-neutralizing capac-
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ity (MANNION et a1. 1989; MARRA et a1. 1990, 1992). Analysis of recombinant 
fragments and subsequent structural analysis of BPI allowed the identification 
of a lipid-A/LPS-binding site in the amino-terminal domain (GRAY et a1. 1989; 
MESZAROS et a1. 1993). A recombinant 23-kDa fragment (rBPIn ) effectively 
inhibits the LPS-dependent release ofTNF-a, IL-1, IL-6 and IL-8 from human 
blood cells (WEISS et a1. 1992; MESZAROS et al. 1993) and protects animal and 
human volunteers from phlogistic endotoxemia. 

In addition to cells of the immune system, vascular cells (endothelial and 
smooth-muscle cells) can also be stimulated by LPS. In these cells, stimulation 
yields the production of different cytokines, such as IL-l, IL-6, IL-8 and TNF
a (LOPPNOW and LIBBY 1989b, 1990a; SCHONBECK et al. 1994, 1995), and of 
prostaglandins, nitric oxide, PAF and growth factors for blood cells (LIBBY et 
a1. 1991; MANTOVANI and BUSSOLINO 1991). In addition to these mediators, 
endothelial cells express adhesion molecules after exposure to LPS (Yu et a1. 
1986; DOHERTY et a1. 1989); these cells, e.g., facilitate the attachment of blood 
platelets, granulocytes and monocytes to the vessel wall and support their emi
gration to the subjacent tissue. 

The 53-kDa glycoprotein CD14 was identified as a LPS-binding molecule 
on the surface of monocytes, macrophages, and (in low concentrations) neu
trophilic granulocytes (WRIGHT et al. 1990). It is found on all mature myeloid 
cells (GRIFFIN et a1. 1981; HAZIOT et al. 1988; WRIGHT et al. 1990; ZIEGLER
HEITBROCK and ULEVITCH 1993). The protein has no membrane-spanning 
region but is integrated into the cell membrane via a glycosyl-phosphatidyl
inositol (GPI) anchor. In addition to membrane-bound CD14 (mCDI4), 
soluble isoforms of the protein (sCD14) weighing 55kDa, 53kDa or 48kDa 
are found in serum (2-6mg/ml in the circulation of healthy humans; BAZIL et 
a1. 1989; FREY et a1. 1992); in CD14-positive cells, these isoforms are created 
by post-translational processing or enzymatic cleavage of cell-surface CD14 
(BAZIL and STROMINGER 1991; DERIEUX et a1. 1994). sCD14 plays an important 
role in endotoxin activity in that it mediates the endotoxin-induced activation 
of CD14-negative endothelial cells (FREY et a1. 1992; HAZIOT et al. 1993a; PUGIN 
et al. 1993; ARDITI et a1. 1994; GOLDBLUM et a1. 1994). The special role of 
mCD14 in LPS-mediated cell activation (Fig. 8) has been demonstrated in 
different experimental systems (WRIGHT et al. 1990; LEE et al. 1992; ZIEGLER
HEITBROCK and ULEVITCH 1993; HAzrOT et al. 1993b, 1996). The endotoxin
dependent release of TNF-a from monocytes, for example, can be inhibited 
by certain monoclonal antibodies against CD 14 (WRIGHT et al. 1990). After 
transfection to the CD14-gene into B-cell line 70Z/3, a direct association 
between sensitivity to endotoxin and the expression of CD 14 can be demon
strated (LEE et a1. 1992). Furthermore, CD 14-deficient mice survive log-fold
higher endotoxin doses than the initial isogenic strain (HAZIOT et al. 1996). 
LPS binds to a high-affinity, amino-terminal domain of the CD14 molecule via 
the lipid-A portion (JUAN et al. 1995; VIRIYAKOSOL and KIRKLAND 1995). Inter
estingly, cell-wall components of gram-positive bacteria (such as peptidogly
can, arabinogalactan and lipoarabinomannan) also stimulate CD14-dependent 
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Fig.S. Early stages of cell activation by endotoxins. The effects of lipopolysaccharides 
(LPS) are modulated by primary binding to serum proteins. In this process, LPS
binding protein (LB P) has an important function by liberating smaller oligomers 
and/or monomers from LPS aggregates and transmitting them to receptor molecules. 
Several mechanisms for the activation of target cells, where CD14 is of decisive impor
tance in cases of low endotoxin concentration (<lOng/ml), are discussed. A trans
membrane, signal-transmitting receptor for LPS (here termed X) is not yet known. BPI 
bactericidal, permeability-increasing protein, HDL high-density lipoprotein, mCDl4 
membrane-bound CD14 molecule, sCD14 soluble (serum) CD14 molecule 

activation of monocytes (WEIDEMANN et al. 1994, 1997). Based on these find
ings, it was proposed that CD14 represents a pattern-recognition receptor 
(PUGIN et al. 1994). However, the structural prerequisites for cell binding of 
these molecules and the precise role of CD14 in these systems are not known 
in detail. Nevertheless, mutational analysis of mCD14 transfected into 70Z/3 
cells has implicated subtle differences in the activation of these cells by pep
tidoglycan and LPS; these differences were suggested to result because cells 
recognize these two substances differently (KIRKLAND and VIRIYAKOSOL 1998). 

The activation of cells at low concentrations of endotoxin is augmented 
approximately 1000-fold in the presence of serum (WRIGHT et al. 1990; HAZIOT 
et al. 1993a; GOLDBLUM et al. 1994). This effect is due to the action of LPS
binding protein (LBP; SCHUMANN et al. 1990; SCHUMANN 1992). LBP is a 58-
kD glycoprotein synthesized in hepatocytes and constantly released into the 
bloodstream (TOBIAS and ULEVITCH 1993). Its serum concentration of approx
imately 1O- 20,ug/ml can rise to 200,ug/ml after infection, during the host's 
acute-phase response. LBP shows 44% sequence similarity to BPI and, like 
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BPI, has a high-affinity, amino-terminal binding region for LPS and lipid A 
(SCHUMANN et al. 1990; TOBIAS and ULEVITCH 1993). The catalytic mechanism 
underlying the action of LBP has been examined intensively (HAlLMAN et al. 
1994; TOBIAS et al. 1995; SCHROMM et al. 1996; Yu and WRIGHT L 996). It is cur
rently beLieved that LBP binds to LPS aggregates and changes their supramol
ecular structures into LPS oligomers or monomers (Fig. 8). Complexed with 
LBP, LPS then binds to cell-bound and/or soluble CO 14. Additionally, LBP 
catalyzes the transfer of LPS to BPI and to high-density lipoprotein (FLEGEL 
et al. 1993; WURFEL et al. 1994; HORWITZ et al. 1995; Yu and WRIGHT 1996), 
indicating that LBP also participates in the neutralization of endotoxins. Thus, 
it is conceivable that, similar to the case in sCOI4, low amounts of LBP 
augment LPS activity, whereas high doses inhibit LPS activity (LAMPING et al. 
1998). 

The fact that LBP is continuously produced at high levels during infection 
has led to the assumption that LPS-LBP complexes are consumed by phago
cytic cells (GEGNER et al. 1995). Indeed, such an uptake, which depends on the 
presence of serum and COI4, has been demonstrated (PUGIN et al. 1993). Thus, 
LBP may also be involved in the clearance of LPS (and bacteria) from the cir
culation. The use of monoclonal anti-LBP antibodies provided evidence that 
cellular activation and LBP-promoted LPS uptake are independent events 
(TAPPING et al. 1998) and that only a small proportion of mCO 14 is actually 
involved in cell activation, whereas the majority of mC014 is involved in 
LBP-LPS binding, eventually leading to uptake. Blood from LBP-gene
deficient (LBP-1 ) mice was shown to be hyporesponsive to LPS ex vivo 
(WURFEL et al. 1997). However, systemic administration of LPS led to similar 
responses in LBP-i - and heterozygous LBP+i - mice (FENTON and GOLEN BOCK 
1998). It was concluded that LBp l - mice respond to systemic LPS in a C014-
dependent but LBP-independent manner. It was suggested that either high 
local concentrations of sC014 in tissues or another transfer molecule (rather 
than LBP/mCOL4) may be involved in activation (FENTON and GOLENBOCK 
1998). LBP i mice were found to clear LPS from the circulation rapidly and 
to be resistant to LPS-induced death if pre-treated with galactosamine (JACK 
et al. 1997). That a different situation is encountered in systemic administra
tion of endotoxin compared with infections with live bacteria is evident from 
the observation that LBP-expressing mice show increased survival compared 
with LBP knockout mice after challenge with live bacteria (JACK et al. 1997). 

Although the importance of C014 for specific binding to LPS and cell 
activation is indisputable, the signal-transduction mechanisms following 
binding are less clear. Because the C014 protein possesses no domain span
ning the cytoplasmic membrane (HAZIOT et al. 1988) and, in its soluble form, 
even lacks the GPI anchor (FREY et al. 1992: HAZIOT et al. 1 993a: PU(;]N et al. 
1993: GOLDBLUM et al. 1994; ARDlTI et al. 1994), the presence of an additional 
signal-transducing transmembrane protein has been postulated. rt is known 
that high endotoxin concentrations (>IOOng/ml) can also stimulate 
macrophages and monocytes to release eytokines in a CD14-indepcndent 
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manner (LYNN et al. 1993; PROCTOR et a1.1994; INGALLS and GOLENBOCK 1995). 
This finding was confirmed using macrophages from a C014-negative mouse 
strain (PERERA et al. 1997). The involvement of purinoreceptors in endotoxic 
action derives from the observation that adenine nucleotides protect mice 
from lethal challenges of endotoxin and inhibit the release of toxic mediators, 
such as TNF-a and IL-l (PROCTOR et al. 1994). In addition, pre-treatment of 
macrophages with 2-methylthioadenosine trisphosphate reduced the amount 
of NO generated after subsequent LPS treatment (Hu et al. 1998). However, 
other endotoxic activities, such as pro-coagulant activity, are unaffected and 
indicate a modulation of specific pathways by adenine nucleotides. Recently, 
COllc/C01S, a heterodimeric adhesion molecule of the integrin family, has 
been described as a functional transmembrane receptor mediating C014-
independent stimulation of macrophage-like cells in the presence of high LPS 
concentrations (INGALLS and GOLEN BOCK 1995). However, deletion of its mem
brane-spanning domain did not inhibit its function (INGALLS et al. 1997). It 
should be emphasized that LPS concentrations in these experiments were dis
tinctly higher than those observed during septic episodes. 

In the search for a membrane signal transducer for C014-dependent cell 
activation, a ligand-binding test that permits the detection of the binding of 
lipid A to membrane proteins separated by gel electrophoresis and immobi
lized by transfer to nitrocellulose membranes has been developed (SCHLElTER 
et al. 1995). With this method, an 80-kOa protein that binds lipid A only in the 
presence of serum or a mixture of purified sC014 and LBP can be isolated. 
The protein was found in cell membranes of human peripheral blood mono
cytes, endothelial cells and the human monocyte cell line Mono MAC 6. It was 
recently identified as decay-accelerating factor (OAF; EL-SAMALOUTI et al. 
1998). Whether OAF is involved in LPS-induced or LBP/C014-dependent 
signal transduction remains to be elucidated. Very recently, the Toll-like recep
tor TLR-2 was shown to be involved in LPS-induced cell activation (YANG 
et al. 1998). The TLR-2 cytoplasmic domain is essential for activation, and 
TLR-2 function depends on LBP and is enhanced by C014. 

LPS binding results in the rapid activation of protein tyrosine kinases 
(PTKs). The PTKs can be divided into two groups based on their predicted 
structures. One group, which possesses extracellular domains that generally 
bind polypeptide hormones, are the "receptor PTKs", and the second major 
group, which lacks extracellular sequences, are considered "nonreceptor 
PTKs" (BOLEN et al. 1992). There appear to be at least eight distinct families 
of nonreceptor PTKs; these include the Src family, which consists of at least 
nine members: Src, Yes, Fyn, Lyn, Lck, Hck, Fgr, Blk and Yrk. The kinases Hck, 
Fgr and Lyn are strong candidates for the primary signal transducers of LPS 
responses (BOULET et al. 1992; STEFANOVA et aI.1993). All three of these kinases 
are rapidly activated after LPS treatment, and a portion of intracellular Lyn 
directly associates with C014 (STEFANOVA et al. 1993). However, despite the 
biochemical evidence suggesting that Hck, Fgr and Lyn are involved in LPS 
signal transduction, macrophages derived from Hck-I- Fgr-I - Lyn-I- mice have 
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normal LPS functional responses, indicating that, at least in mice. the kinases 
Hck, Fgr and Lyn are not obligatory for LPS-initiated signal transduction 
(MENG and LOWELL 1997). Although the PTK specifically involved in LPS sig
naling is unknown, one candidate is the C-Abl tyrosine kinases (LE et al. 1995). 
Studies utilizing a range of PTK inhibitors indicate that PTKs playa central 
role in LPS-induced production of TNF-a and IL-1,6 and in activation to a 
tumoricida1 state (WEINSTEIN et a!. 1992; DONG et al. 1993a; SHAPIRA et a!. 
1994). Among the most prominent tyrosine-phosphorylated proteins in LPS
stimulated macrophages are the p42 and p44 isoforms of mitogen-activated 
protein kinase (MAPK), also known as extracellular-signal-regulated kinase I 
(ERK1 )/ERK2 (WEINSTEIN et al. 1992; DONG et al. 1993b). MAPKs, found in 
the cytoplasm and nuclei of cells, are a family of 40- to 45-kDa serine/threo
nine kinases that participate in signaling pathways initiated hy many extra
cellular stimuli. MAPKs are activated by phosphorylation on hath tyrosine 
and threonine residues (BLUMER and JOHNSON 1994). This reaction is catalyzed 
by MEK (MAPK/ERK kinase), whose activation also requires serine/threo
nine phosphorylation (BLUMER and JOHNSON 1994). In turn, MEK is activated 
by RAF-l, a serine/threonine-specific kinase reported to participate in the 
response to LPS (GEPPERT et al. 1994). RAF-l may participate in the activa
tion of MAPK via both ras-dependent and -independent mechanisms in 
macrophages (BUSCHER et al. 1995). 

In addition to ERKI and ERK2, p38 the mammalian homologue of the 
yeast MAPK-like kinase HOG 1 (WEINSTEIN ct al. 1992: HAN et al. 1994) and 
c-Jun kinase (HAMBLETON et al. 1990) become phosphorylated (and, thereby, 
enzymatically activated) within minutes after LPS treatment in macrophages 
(HAN et al. 1994). There are arguments that the MAPK pathway is not the 
only mechanism mediating cellular responses to LPS. By introducing a regu
lable form of RAF-J that can activate ERK1/2 independently of LPS into 
murine macrophages, it was shown that activation of ERK 112 by RAF-l is not 
sufficient to induce all the biological responses triggered by LPS (HAMBLETON 
et al. 1995). According to other studies, further MAPK-related kinases. such 
as stress-activated protein kinase, c-Jun N-terminal kinase and p3S, are rea
sonable candidates for MAPK-independent elements that mediate LPS sig
nalling in macro phages (SANGHERA et al. 1996). 

Because of the predominant role of serine/threonine kinases in LPS sig
nalling, a critical role of serinelthreonine phosphatases in the monocyte 
response to LPS has been postulated (BARBER et al. 1995). By the use of caly
culin A, a potent inhibitor of protein phosphatases PPl and PP2A (two of the 
most ahundant serine/threonine phosphatases in the cell), it was shown that 
the LPS-signalling pathway has at least two serine/threonine phosphatase 
requirements, distinguishable by their time-dependent sensitivities to calyculin 
A (BARBER et al. 1995). Several studies suggest that treatment of macrophages 
with LPS results in the activation of phospholipase C, as determined by the 
formation of inositol trisphosphate (InsP,). The response is modest and occurs 
1-20min after activation (PRPlC et al. 19S7). This slow turnover of InsP, is not 
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accompanied by a rise in intracellular calcium levels (DRYSDALE et al. 1987; 
HURME et al. 1992). In our experiments, LPS induced small [Cal+]j increases 
that elicited only a weak dose dependency (HAUSCHILDT et al. 1990). In addi
tion to InsP3, diacylglycerol (DAG) is generated as a result of the activation 
of phospholipase C. DAG is a natural activator of protein kinase C (PKC), a 
serine/threonine kinase first characterized on the basis of its activation in vitro 
by Calf, phospholipid and DAG (DEKKER and PARKER 1994). PKC is also the 
major receptor for phorbol esters, which activate the kinase in vitro in a 
manner similar to its activation by DAG (DEKKER and PARKER 1994). PKC is 
not a single molecular entity but consists of a large number of related pro
teins. These PKC isotypes show differences in cofactor dependence and 
responsiveness to phospholipid metabolites (DEKKER and PARKER 1994). Apart 
from the Ca2+ - and phospholipid-dependent protein kinase C, which has been 
shown to be involved in LPS signal transduction (SHAPIRA et al. 1994) and the 
induction of tumoricidal properties in macrophages (NOVOTNEY et al. 1991; 
DONG et al. 1993a), the DAG-independent and phorbol ester-insensitive 
PKC isoform ~ has also been implicated in LPS responsiveness (FUJIHARA 
et al. 1994). However, as there are numerous reports showing LPS
mediated responses without PKC activation (DONG et al. 1989; GLASER 
et al. 1990), the role of PKC in LPS-induced signal transduction remains 
controversial. 

Some evidence indicates that the interaction of LPS with cells results in 
activation of pertussis toxin (PT)-sensitive, guanine-nucleotide-binding (G) 
proteins (JAKWAY and DEFRANCO 1986; DANIEL-IsSAKANI et aI.1989). PT, which 
adenosine-diphosphate-ribosylates the a-subunits of Gi proteins, thereby 
inhibiting their action, has been used as a tool to study G-protein-mediated 
signal transduction. PT has been shown to inhibit LPS-induced IL-l produc
tion of the pro-monocytic cell line U937 and the macrophage cell line P388 
DJ (JAKWAY and DEFRANCO 1986; DANIEL-IsSAKANI et al. 1989). It was found 
to enhance LPS-induced TNF-a production but to inhibit LPS-dependent NO 
production under the same conditions (ZHANG and MORRISON 1993).As shown 
recently, macrophages express high levels of mRNA encoding the PT-sensitive 
G-protein subunit Gja2, which is located on the plasma membrane and is 
associated with intracellular vesicles (XIE et al. 1993). In LPS-stimulated 
macrophages, Gja2 was internalized and detected in association with vesicles 
and vacuoles (SWEET and HUME 1996). As PT mimics the cytoplasmic vacuo
lation induced by LPS (XIE et al. 1993), it was suggested that the role of 
PT-sensitive G-proteins in LPS-induced signal transduction should be recon
sidered (SWEET and HUME 1996). 

Transcription factors that appear to be involved in the activation of LPS
inducible genes include nuclear factor KB (NFKB), activator protein 1 (AP-l), 
the EtS family, Erg-112 and NF-IL-6. NFKB exists in the cytoplasm as homo
or heterodimers of a family of structurally related proteins. To date, five pro
teins belonging to the NFKB family have been identified: p6S, cRel, RelB, 
pSO/p10S and pS2/p100. When present in the same cell, the different Rel-
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related proteins can presumably complex with each other (MAY and GHOSH 
1998). The dimeric complexes, of which p50/p65 is the most abundant, are nor
mally present in the cytosol in an inactive form bound to an inhibitor protein, 
IKE. Phosphorylation of r KB induces dissociation of NFKB. followed by 
translocation of NFKB to the nucleus in an active form that binds to DNA 
(MAY and GHOSH 1998). I KB proteins are phosphorylated by the I KB kinase 
complex (IKK), which consists of two subunits, IKKa and JKK{3 (ZANDI et al. 
1997). 

Activation of NFKB plays an important role in the induction of various 
genes by LPS (MULLER et al. 1993; TEBO et al. 1994). As LPS-mediated acti
vation of NFKB also occurred in macrophages from C3H/HeJ (LPS
hyporesponsive) mice, albeit at higher LPS concentration, it has been sug
gested that NFKB activity alone is not sufficient for LPS activation (DING et 
al. 1995). Another key component in LPS-inducible gene expression is AP-I 
(NEWELL et al. 1994). AP-l is a complex, DNA-binding protein composed of 
hetero- or homodimers of several proto-oncogenes, including c-jun, c-fos,junB 
and junD. The specificity of AP-l for activating various genes depends on its 
composition and degree of phosphorylation (BRACH et al. 1993). In the murine 
macrophage cell line 1774, increases in junB and c-jun mRNAs were observed 
in response to LPS (FUJlHARA et al. 1993), and expression of c-fos was induced 
by LPS in murine macro phages (COLLARI et al. 1987). 

Of the Ets transcription-factor family, two members (Ets and Elk-I) were 
demonstrated to be LPS-inducible in macrophages (BOULUKOS et al. 1990) 
and, recently, PU.l, another Ets-family member, was implicated in LPS sig
nalling (KOMINATO et al. 1995; LODIE et al. 1997). Both Erg-2, a member of the 
early-growth response (egr) gene family (COLEMAN et al. 1992), and NF-IL-6 
appear to be involved in the transcriptional activation of LPS-inducible genes 
in macrophages (DENDORFER et al. 1994). 

F. Strategies for the Treatment of 
Gram-Negative Infections 

Gram-negative sepsis represents a dramatic clinical picture associated with 
high morbidity and mortality (NOGARE 1991; BONE 1993; MORRISON et al. 1994). 
Despite considerable progress in the fields of modern antibiotic research and 
application and in intensive-care medicine, the high sepsis lethality was not 
lowered significantly during the last decades (BONE et al. 1989, 1990). Bacter
ial LPS constitutes a major factor responsible for pathological manifestations 
of gram-negative sepsis and its most dramatic outcome, septic shock. LPS is 
released in high amounts from bacteria, particularly in the course of antibiotic 
therapies, and the selective blockade of an overwhelming activation of differ
ent target cells would represent an important approach to the control of this 
severe disease. 
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Successful strategies for the treatment of gram-negative infections in 
general and the development of septic shock in particular should lead to the 
eradication of the causing agent and should interfere with LPS recognition, 
ideally at the very start of the LPS recognition pathway. In principle, each step 
of the endotoxic activation cascade (Fig. 2) could serve as a basis for the devel
opment of new therapy concepts (LEVIN et al.1995). However, the early phases 
concerning the released bacterial toxin itself as the initial stimulus and its 
interaction with enhancing and inhibiting humoral factors (LBP, sCD14, BPI) 
and cell-bound receptors (mCD14, TLR-2) are of special interest. This concept 
is supported by the consideration that focussing on the early events of the 
septic cascade would lead to increased selectivity; therefore, fewer side effects 
would be caused by an antiseptic drug. In addition, an early therapeutic block
ade (or even prophylactic medication) seems to be required from the clini
cian's point of view because, in practice, the development of septic shock is 
often difficult to predict (WENZEL et al. 1996). In this respect, non-toxic LPS, 
LPS partial structures and lipid-A analogs (RIETSCHEL et al.1996) that possess 
antagonizing activity appear to be promising candidates. 

It is known from earlier studies that sublethal doses of endotoxin render 
the host temporarily refractory to subsequent LPS challenge, a phenomenon 
referred to as endotoxin tolerance (FREEDMAN 1960; RIETSCHEL et al. 1973; 
GREISMAN et al. 1979). Depending on the time of onset of the tolerance state, 
one can distinguish between an early- and a late-phase tolerance. Whereas the 
latter was shown to be mediated by O-specific antibodies and, thus, was spe
cific for the inducing stimulus, the early-phase tolerance was mediated by the 
lipid-A component and was independent of the LPS serotype. The mechanisms 
of this early-phase tolerance are not well understood; however, it has been 
shown that post-translational regulation leads to a reduced TNF-a release 
after a second stimulus with endotoxin (ZUCKERMAN et al. 1989). Additionally, 
several other genes encoding pro-inflammatory cytokines, such as IL-6, IL-1f3 
and TNF-a, have been shown to become suppressed at the transcriptional level 
(MUNOZ et al. 1991a, 1991b; MCCALL et al. 1993). As outlined previously, the 
susceptibility of mice to endotoxins is determined by genetic and environ
mental factors (FREUDENBERG et al. 1998). This also holds true for other higher 
organisms, including humans. The gene locus involved in genetically deter
mined hyposensitivity (COUTINHO and MEO 1978; ROSEN STREICH 1985) has 
been identified, and the recent identification of its product (Du et al. 1998) 
may create additional strategies for the treatment and/or prevention of endo
toxic shock. 

I. Antibacterial Agents 

Recently, evidence that the treatment of gram-negative bacteria with appro
priate antibiotics may have an important impact on the activation of the 
immune response has been provided (MORRISON 1998). It was observed that 
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the antibiotics moxolactam, gentamicin and chloramphenicol differ in their 
capacity to release LPS from bacteria. Similarly, it was observed that treat
ment of P. aeruginosa with imipenem resulted in the release of less endotoxin 
than treatment with ceftazidime, an effect attributed to the interaction of the 
antibiotics with different penicillin-binding proteins. These initial observations 
have gained support from several other studies and, more importantly, can be 
transferred to the in vivo situation, where imipenem treatment proved to be 
superior to ceftazidime in Pseudomonas-induced infections in rats. lmipenem 
treatment was accompanied by lower circulating TNF-a levels, probably due 
to lower amounts of released endotoxin. A recently conducted double-blind 
clinical trial confirmed these observations (PRINS et al. 1995). 

Since LPS is unique to gram-negative bacteria, it is considered as a poten
tial target for the development of new types of antibiotics designed to inhibit 
LPS biosynthesis. Kdo is indispensable for the viability of gram-negative bac
teria, and inhibitors of Kdo biosynthesis have been regarded as a potent new 
class of drugs (UNGER 1981). Analogs that inhibit the activation of Kdo by 
CMP-Kdo synthetase prior to its incorporation into LPS (and, therefore, lead 
to the cessation of LPS biosynthesis) have been synthesized (CLAESSON et al. 
1987; GOLDMAN et al. 1987; SARABIA-GARCIA et al. 1994). These compounds 
were reported to be bacteriostatic in vitro. Other synthetic compounds 
directed against another enzyme involved in Kdo biosynthesis, arabinose-5-
phosphate isomerase, inhibited the enzyme but did not show antibacterial 
activity (BIGHAM et al. 1984). 

Inhibitors of the early steps of LPS biosynthesis [such as the enzyme 
LpxC, which catalyzes the second step of lipid-A biosynthesis, i.e., the N
de acetylation of 3-0-acylated uridine diphosphate-N-acetyl-o-glucosamine 
(UDP-GlcNAc)] have been developed and exhibit good antibacterial activity 
against E. coli (ONISHI et al. 1996). Unfortunately, these inhibitors were inac
tive against Pseudomonas strains, one of the major pathogens causing noso
comial infections and septic shock. Recently, the crystal structure of 
UDP-GlcNAc acyltransferase (LpxA, which is involved in the first step of 
lipid-A biosynthesis; RAETZ 1996) was elucidated, providing a basis for the 
design of inhibitors of this enzyme. 

A related conceivable strategy would employ inhibitors that interfere with 
later steps of early LPS-core biosynthesis, rendering bacteria unable to attach 
their protective O-antigens. Such bacteria would be cleared more efficiently 
by phagocytic cells and would show enhanced susceptibility to complement. 
In addition, cross-reactive epitopes may become more accessible for recogni
tion by antibodies. Another example of defined interference with LPS biosyn
thesis was reported recently (MAMAT et al. 1995). By the use of a trans-acting 
RNA derived from the Acetobacter methanolicus phage Acm!, it was possible 
to block LPS biosynthesis in several Enterobacteriaceae, such as E. coli, S. 
enterica and Klebsiella pneumoniae. The treatment resulted in the downregu
lation of O-specific-chain biosynthesis and the concomitant reduction of 
pathogenicity. 
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II. Antagonists of Endotoxic Effects 

During investigations in which the nature of the interaction between lipid A 
and target cells was characterized in detail, we determined the binding of 
radioactively or f1uorescently (fluorescein isothiocyanate) labeled LPS to the 
murine macrophage cell line J774.1 or to human peripheral monocytes. For 
both systems, saturable binding kinetics were obtained (KIRIKAE et al. 1993). 
The binding was completely inhibited by nanogram quantities of unlabeled R
or S-forms of LPS (Fig. 9). In further experiments, we examined defined partial 
structures of lipid A with respect to their ability to competitively inhibit 
binding of LPS. After cleavage of the fatty acids from the hydrophilic saccha
ride backbone, no inhibition (and, therefore, no binding to the receptor) could 
be detected. These compounds also did not induce cytokine production. There
fore, the hydrophobic region of lipid A seems to be important for binding to 
target cells and for biological activity. A partial structure of lipid A with four 
fatty acids could be identified. This was synthetic compound 406, which cor
responded to the biosynthetic Iipid-A precursor molecule from E. coli (Iipid
A precursor Ia or lipid IVa; Fig. 5). This compound completely inhibited the 
binding of LPS (Fig. 10) and was not able to induce the release of pro
inflammatory cytokines from human peripheral monocytes (Fig. 10). These 
results suggest that the initial binding of LPS to target cells occurs via the 
hydrophilic, bisphosphorylated saccharide backbone (acyl groups also play an 
important but non-specific role) before additional structural characteristics of 
the hydrophobic region of lipid A initiate cell activation and the release of 
cytokines. 
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Fig. 9. Competitive inhibition of lipopolysaccharide (LPS) binding in the murine 
macrophage cell line 1774.1. Compared with control, binding of '25I-labeled Re LPS 
was inhibited by increasing concentrations of LPS, free lipid A or defined partial struc
tures of Re LPS 
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Fig.tO. Chemical structure of synthetic lipid-A partial-structure-compound 406 
(A) and non-toxic lipid A from Rhodobacter capslIlatus (8) 

The segregation of lipid-A "binding" and lipid-A-mediated "activation" 
suggested that endotoxically inactive LPS or partial structures of LPS may 
bind to target cells without activating them and may, therefore, represent 
inhibitors of endotoxic effects. This assumption was confirmed by us (LOPPNOW 
et al. 1989a) and by other groups with respect to lipid-A precursors from E. 
coli (KOVACH et a1.1990; WANG MH, et al. 1991) and S. enterica sv. Typhimurium 
(GOLEN BOCK et al. 1991; LYNN and GOLEN BOCK 1992). The tetra-acylated syn
thetic compound 406 inhibits the LPS-induced release of cytokines from 
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human monocytes specifically and in a dose-dependent manner (LOPPNOW et 
al. 1989a; FLAD et al. 1993). This inhibition occurs at a very early stage of 
cytokine production; both the LPS-induced phosphorylation of proteins 
(HEINE et al. 1995) and the specific synthesis of mRNA for IL-1 and TNF-a 
(FEIST et al. 1992) are suppressed. Furthermore, in endothelial cells, the LPS
induced expression of intercellular adhesion molecule 1 (SCH<)NBECK et al. 
1994) and the synthesis of IL-6 were prevented by compound 406 (LOPPNOW 
et al. 1993). The tetra-acylated partial structure 406 of E. coli and non
toxic lipid-A preparations from the phototrophic bacteria R. sphaeroides 
(TAKAYAMA et al. 1989; QURESHI et a1.1991) and R. capsulatus (Fig. 10; LOPPNOW 
et al. 1990b, 1993) were also potent inhibitors of endotoxic effects. Recently, 
these observations resulted in the chemical synthesis of an antagonistic, penta
acylated analog based on lipid A from R. capsulatus (substance E5531; CHRIST 
et al. 1995). This molecule reduces endotoxin-caused lethality in mice and, 
together with antibiotic medication, is able to protect the animals from E. coli
induced lethal peritonitis. In a phase-I clinical study, substance E5531 showed 
its efficiency by inhibiting endotoxemic effects. 

The mechanism underlying the inhibitory effect of lipid-A partial struc
tures (such as compound 406) was intensively examined in different cell 
systems (LOPPNOW et al. 1989a; KITCHENS et al. 1992; LYNN and GOLENBOCK 
1992; FLAD et al. 1993; KIRIKAE et al. 1993, 1994; HEINE et al. 1994; KITCHENS 
and MUNFORD 1995). We propose that these substances and active endotoxin 
directly compete for a surface-bound receptor. Our suggestion is supported by 
the fact that monokine production due to other stimuli, such as phorbol ester 
or lipopeptide, is not influenced by compound 406 (LOPPNOW et al. 1989a; 
WANG et al. 1991; FLAD et al. 1993). In addition, the level of inhibition clearly 
depends on the amount of the antagonist and can be prevented by an excess 
of LPS. Finally, an antagonistic effect could be proven by a quantitative eval
uation of the binding using Lineweaver/Burk plots (HEINE et al. 1994). Based 
on these and other results (KIRIKAE et al. 1994), we conclude that inhibitory 
compounds, such as compound 406, lipid A from R. sphaeroides or substance 
E5531, block an LPS-specific binding site on the target cells and, thus, prevent 
binding and activation by endotoxins. CD14 could represent the putative 
membrane protein, because it is known that mCD14 can bind substance 406 
and that the antagonistic effect of this lipid-A partial structure is abolished by 
an antibody against CD14 (HAlLMAN et al. 1994). In contrast to this assump
tion, other studies using the cell line THP-1 suggest a non-antagonistic mech
anism (KITCHENS et al. 1992) that leads to the inhibition of a cellular response 
to LPS. 

III. Neutralizing Antibodies Against Endotoxin 

In addition to antagonistic molecules that block the activity of endotoxins at 
the level of target cells, substances that can directly neutralize the activity of 
released endotoxins have recently been discussed for use in the prophylaxis 
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and therapy of gram-negative septic shock. Among thesc molecules, 
immunoglobulins (Ig) represent classical therapeutic drugs that, for many 
reasons, appear particularly suitable. Antibodies against endotoxins can inter
rupt the activation cascade of gram-negative sepsis at a very early stage. In 
addition, they are distinguished by good host tolerance and a long half-life in 
the patient's body because of their high specificity and low immunogenicity. 
Finally, antibodies in complexes with their specific antigens may activate the 
complement system or bind to Fc receptors of phagocytes and, therefore, may 
contribute to an accelerated, non-inflammatory elimination of endotoxins. 
Due to these advantages, an immunological approach for the therapy of gram
negative sepsis has been pursued for a long time. 

In principle, all structural regions of the LPS molecule exhibit immuno
genic and antigenic properties. Thus, polyclonal (SAXEN et al. 19/0\6) and mon
oclonal (KIRKLAND and ZIEGLER 19/0\4; BAUMGARTNER et al. 1990) antibodies 
against determinants of the O-specific chain were protective in different endo
toxin and infection models. However, the therapeutic benefit of these sera and 
antibodies are limited, because of the high serotype variability of the O-spe
cific chain, especially among the clinically relevant bacteria E. coli, K. pncl/
maniac and P acruginosa. Compared with the O-specific chain, the Iipid-A 
component of many pathogenic microorganisms is an extraordinarily con
served region (ZAHRINGER et a1. 1994). In addition, the center of the endotoxic 
activity is localized in this LPS domain (GALANOS et al. 1985) which, therefore, 
seems to be a target structure for the production of neutralizing antibodies 
with broad cross-reactivities to different pathogenic, gram-negative bacteria. 
Interestingly, antibody specificities against free lipid A could hardly be 
detected in the sera of experimental animals immunized with R- and S-form 
bacteria. High-titer antisera (GALANOS et al. 19/0\4) and monoclonal antibod
ies (DUNN et a1. 19/0\6; BOGARD et al. 1987) could, however, be generated with 
free lipid A as the immunogen and were characterized (together with differ
ent lipid-A preparations and partial structures) according to their specificities 
(BRADE et al. 1988, 1993; KUHN et a1. 1992). These antibodies showed cross
reactivity with different lipid-A molecules that had been liberated from their 
polysaccharide portions (GALANOS et al. 1984; BRADE et al. 198/0\). The epitopes 
of all investigated antibodies were determined to be located in the hydrophilic 
saccharide backbone. However, no reactivity was found when lipid A was sub
stituted for the saccharide portion of the core region. The rationale for this 
seems to be that the primary hydroxyl group of the non-reducing D

glucosamine residue (G1cN-rI in Fig. 4) serves as the epitope for lipid-A
specific antibodies and, as such, is not freely accessible in LPS when substi
tuted with Kdo. Thus, lipid A has to be regarded as a neoantigen, and cross
reactivity between lipid A and LPS is unlikely (BRADl: et al. 1997). Therefore, 
during a septic episode, a protective effect of lipid-A antibodies is unlikely to 
be successful. and clinical studies have indeed failed to show beneficial effects 
(WENZEL et al. 1991; BAUMGARTNER and GLAUSER 1993). 

The chemical analysis of core oligosaccharides of numerous LPS showed 
that, in many strains and species of microorganisms, this region contains con-
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served structural elements (HOLST and BRADE 1992). Many clinically relevant 
isolates from the family of the Enterobacteriaceae share common character
istics of the inner-core region and its adjoining segments (Fig. 3). By immu
nizing NZB-mice with LPS from E. coli mutants [with different core types 
(R1-R4) as immunogens], we have been able to produce monoclonal anti
bodies that show broad cross-reactivity with R- and S-forms of LPS from E. 
coli, S. enterica and Shigella (D! PADOVA et al. 1993a, 1993b). In addition, these 
antibodies also exhibited anti-endotoxic properties. One of these monoclonal 
antibodies, termed WNl-222-5 (IgG2a), was able to offer potent protection 
against the lethal effect of different endotoxins in mice and to reduce dra
matically the fever response of rabbits after LPS application (BHAT et al. 1994). 
In addition, a clear improvement in the survival rate was observed in infec
tion experiments with mice (BAILAT et al. 1997). For one potential application 
in patients, a human chimeric IgG 1 isotype (SDZ-219-800) was finally created 
from WNl-222-5 (D! PADOVA et al. 1994) to achieve a better tolerance and 
half-life of the antibody. Further experiments also proved the binding to all 
clinical isolates from E. coli, S. enterica and some other Enterobacteriaceae. 
In addition, SDZ-219-800 could efficiently neutralize these endotoxins in dif
ferent experimental systems in vitro and in vivo (Dr PADOVA et al. 1993a, 
1993b). 

The antibodies WNl-222-5 and SDZ-219-800 show no reactivity with free 
lipid A. The LPS epitope, which is also accessible for binding by these anti
bodies in the presence of the O-specific chain, includes structural elements of 
the inner- and outer-core regions (Fig. 3). Therefore, no direct binding to the 
endotoxic center of LPS (i.e., lipid A) is necessary for the neutralizing effect 
of the antibodies. Steric effects of the bound antibody (or a conformational 
change of LPS induced by the binding of the antibody) could prevent the 
binding of endotoxins to LBP or CD14 (POLLACK et al. 1997). In addition, an 
increased elimination of LPS-antibody complexes by Fc receptors and/or the 
complement system is conceivable for the neutralizing effect in vivo. The 
mechanisms underlying the actions of these antibodies have been studied 
recently in vitro. WNl-222-5 was shown to inhibit the association of LPS-LBP 
complexes with mCD14 on monocytes (POLLACK et al. 1997). 

Therefore, cross-reactive monoclonal antibodies against the core oligosac
charide of LPS can be regarded as potent neutralizing agents of endotoxin. In 
the near future, further development and characterization of these antibodies 
may make it possible to create an innovative immunotherapy for patients suf
fering from gram-negative sepsis. 

G. Final Remarks 
Since the discovery of endotoxins more than a century ago, considerable 
progress has been made towards the elucidation of structure-activity rela
tionships of endotoxins; this was a challenging and difficult undertaking due 
to the chemical nature, high biological potency and pleiotropic biological 
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effects of endotoxins. Increased knowledge of the chemical structure of endo
toxins together with advances in biotechnology and cell biology led to the 
identification of key players involved in endotoxin action, and promising 
targets for the development of new antibacterial drugs and the treatment of 
gram-negative sepsis have emerged. However, further characterization of 
endotoxic action (on the molecular/atomic level) of isolated LPS and LPS 
associated with bacteria will be required to reach the final goal, i.e., the treat
ment of patients suffering from the lethal actions of endotoxins and severe 
infections with gram-negative bacteria. Equally important will be an improved 
and detailed knowledge of LPS biosynthesis. The most effective approach 
to preventive and therapeutic treatment of endotoxin-based diseases may 
require a combination of different strategies that interfere with LPS 
biosynthesis and endotoxin action at different steps of the cellular-activation 
cascade. The transfer of our improved knowledge into clinical medicine 
remains a challenging task and will require basic research and applied clinical 
medicine. 
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CHAPTER 28 

Translocated Toxins and Modulins of Yersinia 

M. AEPFELBACHER, R. ZUMBIHL, K. RUCKDESCHEL, B. ROUOT, 
and J. HEESEMANN 

A. Introduction 

The bacterial genus Yersinia includes three human pathogenic species: Y pestis 
is the causative agent of plague, which is transmitted by infected rat fleas. 
Y pseudotuberculosis and Y enterocolitica are well-known pathogens causing 
food-borne enteric diseases. These microorganisms can be visualised micro
scopically as gram-negative rods. Moreover, they have typical features in 
common with other species of Enterobacteriaceae: the cell envelope is com
posed of a cytoplasmic membrane, a peptidoglycan/murein sacculus and 
an outer membrane containing the typicallipopolysaccharides (endotoxins), 
porins and other components. The pathogenicity of Yersinia spp. is controlled 
by chromosomal and extrachromosomal determinants. Y enterocolitica and 
Y pseudotuberculosis carry the chromosomal gene inv, which codes for a 
95-kDa outer-membrane protein (invasin, Inv) with the capacity to interact 
specifically with 131 integrins and trigger uptake (ISBERG and LEUNG 1990). This 
feature of Inv led initially to the assumption that Yersiniae are intracellular 
pathogens. However, functions of the Yersinia virulence plasmid (p YV, -70 kb) 
that are involved in inhibiting phagocytic processes and favouring extracellu
lar survival and replication in host tissue were later recognised. Interestingly, 
all three pathogenic Yersiniae harbour pYV and, thus, express common 
pathogenic factors. The general organisation of the p YV plasmid has been 
described elsewhere (IRIARTE and CORNELIS 1998b). The virulence genes 
of Yersiniae are coordinately regulated by a network, a so-called virulon, 
which can be triggered by environmental signals (pH, Ca2+, temperature, 
cell receptors etc.). Upon ingestion of Yersiniae, the bacteria reach the 
intestinal lumen (where inv is upregulated), but the majority of the virulence 
genes of p YV are downregulated. This expression mode probably enables 
Yersiniae to interact with f31-integrins of M-cells and to trigger intracellular 
uptake and translocation into the subepithelium of Peyer's patches. Within 
this environment, the virulence genes on the p YV plasmid are upreg
ulated, which allows Yersiniae to grow extracellularly by impeding the 
primary defense of the host: resistance to complement lysis and defensins, 
inhibition of oxidative burst of phagocytes, inhibition of the release of 
pro-inflammatory cytokines and phagocytosis and induction of apoptosis in 
macrophages. 
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extracellular matrix, p YV Yersinia virulence plasmid 

During the last decade, it became evident that the Yen·inia p YV plasmid 
carries gene clusters encoding for (1) a protein type-lII secretion/transloca
tion apparatus, (2) a set of at least six effector proteins (Yersinia outer pro
teins, Yops) , which are translocated through a " translocation needle" from the 
cell-adhering bacterium into the cytoplasm of the host cell, (3) regulators for 
gene expression and Yop secretion/translocation and (4) a Yersinia adhesin 
(YadA), which presents a lollipop-shaped surface projection with multiple 
functions (protection against complement and defensin lysis, hinding to 
extracellular-matrix proteins and adherence to diverse cell types, including 
professional phagocytes) . The current opinion on the way in which Yersiniae 
can invade intestinal cells and resist uptake is schematically depicted in Fig. 1. 

B. Yersinia Protein Type-III 
Secretionffranslocation System 

I. Virulence Plasmid p YV 

According to their presumed function, the secreted Yops encoded by the p YV 
plasmid have been divided up into effectors, translocators and regulators 
(CORNELIS and WOLF WATZ 1997). The effector Yops include YopH, YopE, 
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YopM, YopT, YopO/YpkA and YopP/YopJ.All of the effectorYops have been 
demonstrated to be translocated into the target cell, most of them (except 
YopM) have been shown alter some kind of cell function and none of them 
seem to be required for secretion or translocation of any other Yop. 

The trans locator Yops include YopB, YopD and presumably LcrV and 
YopK (Y. pseudotuberculosis)/YopQ (Y. enterocolitica). YopB and YopD are 
individually required for translocation of all the other Yops. YopB is thought 
to create a pore of about 1.2-3.5 nm diameter in the eukaryotic cell membrane, 
through which Yops are translocated (HAKANSSON et al. 1996a). YopD is an 
essential component of the translocation apparatus but also acts as a negative 
regulator of Yop expression and translocates into the cytosol of target cells 
(FRANCIS and WOLF WATZ 1998; LEE et al. 1998). Thus, YopD might integrate 
Yop expression and translocation. YopN likely regulates translocation after 
bacterium target cell contact has taken place. This is based on observations 
that YopN mutants release large amounts of Yops into the extracellular 
medium (even in the presence of Ca2+), yet are still able to inject Yops into 
the target cell (ROSQUIST et al. 1994). 

The -22 proteins of the type-III secretion system (Ysc) are encoded by 
four loci on the pYV plasmid called virA, virB, virC and virG/virF. Mutants in 
most of these proteins are defective in secretion. Through sequence homolo
gies, functional and mutational studies and immunolocalisation, a presumptive 
model of how the secretion apparatus might be organised was proposed. 
Details of this model can be read elsewhere (CORNELIS and WOLF WATZ 1997; 
HUECK 1998). A strongly simplified model of the secretion/translocation appa
ratus is included in Fig. 5. 

The Yersinia adherence protein YadA is also encoded by the p YV plasmid 
and comprises a 200-kDa oligomer of individual 45-kDa subunits. Distinct 
domains of YadA have been implicated in a variety of adhesion phenomena 
attributed to virulent Yersiniae. For example, residues 29-81 are necessary for 
interaction with neutrophils (ROGGENKAMP et al. 1996), residues 81-100 com
prise a hydrophobic domain that binds to collagen and mediates Yersinia 
autoagglutination (SKURNIK and WOLF WATZ 1984), and amino acids 445-455 
constitute a hydrophobic stretch involved in the anchoring of YadA into the 
outer membrane (T AMM et al. 1993). 

II. Regulatiou of Yop Expression, Secretion and Translocation 

Virulent Yersinia spp. growing at 27°C reduce the growth rate when shifted to 
37°C and Ca2+-deprived medium. The effects of the increase in temperature 
and Ca2+ deprivation were found to be dependent on the p YV plasmid, which 
allows expression and release of Yops into the surrounding medium under 
these conditions (HEESEMANN et al. 1984, 1986a; HEESE MANN 1986b). Figure 2 
depicts a Coomassie-stained sodium dodecyl sulfate polyacrylamide-gel elec
trophoresis (SDS-PAGE) gel ofYops released by Y. enterocolitica (0:8) by Ca2+ 
deprivation. 
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Fig.2. Yops released by Yersinia enterocolitica. Y enterocolitica serotype OR growing 
in high-Ca2+ medium (S mM Ca2+) was shifted to Ca2+ -deprived medium. Released 
proteins in the supernatant were run on sodium dodecyl sulfate polyacrylamide-gel 
electrophoresis and stained with Coomassie 

The role that Ca2+ deprivation plays for Yop expression and secretion is 
not clear, because the free extracellular Ca2+ concentration is - L mM in inter
stitial fluid and blood and, thus, would not allow Yop expression in vivo. Poten
tially, at the bacterium-target cell interface, a compartment with low Ca2+ 

concentration is created, and a Ca2+ sensor (for example YopN) located at this 
interface could transmit a signal into the cell (FORSBERG et al. 1991). I n addi
tion to temperature and Ca2+, another regulation mechanism exists that 
inhibits Yop expression if the secretion apparatus has not been "opened" by 
bacterium-target cell contact. The current idea is that this suppressor is LcrQ 
(Y pseudotuberculosis)/YscM (Y enterocolitica), a protein encoded by the 
p YV plasmid secreted via the type-III apparatus. Secretion lowers the con
centration of LcrQ/YscM in the bacterial cytoplasm and, therefore, releases 
the block imposed on Yop gene expression (PETI'ERSON et al. 1996). 

By using Y enterocolitica producing truncated YopE and YopH proteins 
fused to calmodulin-dependent adenylate cyclase from Bordetella pertussis, 
the N-terminal 15 and 17 amino acid residues, respectively, were identified as 
the minimal domains required for secretion. Similarly, the N-terminal 50 and 
71 amino acids were found to be required for translocation ofYopE and YopH , 
respectively (SORY et al. 1995). As proposed recently (COR NE LIS and WOLF 
WArZ 1997), the term "secretion" is used to describe export of Yops through 
the inner and outer bacterial membrane, whereas translocation is used to 
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describe transport through the eukaryotic cell membrane. Secretion domains 
within the first 10-20 N-terminal amino acids and translocation domains 
within the first 100 N-terminal amino acids were also identified in YopM, YopP 
and YopT (BOLAND et al. 1996; IRIARTE et al. 1998a, 1998b). Surprisingly, the 
N-terminal amino acids required for Yop secretion do not have properties of 
signal peptides and are not cleaved off during secretion. Moreover, there is no 
sequence homology between the signal pep tides of the different Yops, and 
neither point mutations nor frameshift mutations in the Yop gene, which 
caused an altered N-terminal amino acid sequence, abolished secretion. This 
led to the suggestion that messenger RNA structure (rather than peptide 
sequence) constitutes the secretion signal (ANDERSSON and SCHNEEWIND 
1998). 

The amino acids of YopE that constitute the translocation signal also 
mediate binding to a protein designated specific YopE chaperone (SycE). A 
chaperone function of SycE has been proposed on the basis of experiments 
showing that deletion of the SycE gene, which is located close to the YopE 
gene on the p YV plasmid, essentially abolished secretion but not intracellu
lar accumulation of YopE (WATTIAU et al. 1993). In another report, a SycE 
mutant was found to degrade YopE much more rapidly than the wild type 
(FRITHZ-LINDSTEN et al. 1995). Sycs have also been identified for YopH (SycH), 
YopT (SycT) and YopB, D (SycD; WATIIAU et al. 1994; IRIARTE et al. 1998a). 
Recently it was demonstrated that both the N-terminal secretion domain and 
the SycE-binding domain are necessary for targeting ofYopE into the cytosol 
of HeLa cells (LEE et al. 1998). The current concept is that SycE, SycH and 
SycT bind to their nascent Yop partners and protect them from pro
teolytic degradation. It is not clear at present whether Sycs also have 
folding/refolding activities and/or regulate association with the secretion 
apparatus. A schematic diagram of the Yop secretion, translocation and func
tional domains (as identified by different investigators) is depicted in Fig. 3. 

When the "translocator" YopD was mutated in a Y. pseudotuberculosis 
strain, YopE was secreted normally but was not translocated. Instead, it 
showed a patchy, extracellular distribution, which was confined to the contact 
zone of the bacterium and target cell. This result suggested that Yop secre
tion/translocation is "polarised" in the sense that it occurs only at the zone 
where the bacterium and target cell have direct contact (ROSQUIST et al. 
1994). 

The elucidation of the molecular mechanisms of Yop secretion and 
translocation has made it possible to design Yersinia strains translocating a 
specific protein of interest into eukaryotic target cells. Translocation of het
erologous proteins composed of the YopE translocation/secretion domain 
fused to adenylate cyclase, neomycin transferase or green fluorescent protein 
has already been reported (SORY et a1.1995; JACOBI et al.1998; LEE et al. 1998). 
Considering that the Yersinia type-III system could be engineered to translo
cate single effector Yops (ROGGENKAMP et al. 1995), it can anticipated that 
any single protein of interest can be introduced into target cells without 
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interference by other Yops. Clearly, some proteins essential for Yop translo
cation, such as YopD and YopN, will inadvertently be co-introduced into 
cells. 

c. Translocated Toxins and Modulins of Yersinia 
(Effector Yops) 

I. YopH, a Highly Active Tyrosine Phosphatase 

YopH is a 51-kDa protein essential for virulence in the mouse model (BOLIN 
and WOLF WATZ 1988). It has been shown to represent a protein tyrosine phos
phatase (PTPase) with sequence homology to eukaryotic PTPases (GUAN and 
DIXON 1990). In fact, YopH is among the most active PTPascs known (ZHANG 
et al. 1992). The catalytic domain of YopH is located in the C-terminal half of 
the protein and includes, as in other tyrosine phosphatases, an essential cys
teine residue (Cys 403) implicated in the formation of a reaction intermedi
ate during phosphate hydrolysis (ZHANG and DIXON 1993). Mutation of Cys403 
to Ser (YopHC403S) or Ala (YopHC403A) in YopH was shown to abrogate 
PTPase activity and produced mutants that trapped the putative cellular sub
strates of Yo pH (BUSKA et al. ]992). In the central part of Yo pH. a poly-proline 
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region that appears to bind to Src homology 3 (SH3) domains of host cell pro
teins is located (BLISKA 1996). Crystallisation of purified YopH revealed that 
it consists of an eight-stranded f3-sheet and seven a-helixes, which together 
form the substrate-binding cleft. The region encompassing amino acids 
403-410 is located at the base of the cleft and constitutes the phosphate
binding loop (STUCKEY et al. 1994). 

Wild-type strains of Y pseudotuberculosis could resist phagocytosis by 
macrophages, but resistance was greatly reduced in strains depleted of the 
YopH gene. In a double mutant depleted of YopH and YopE, phagocytosis 
resistance was completely abolished, as in the avirulent, plasmid-cured Y 
pseudotuberculosis strain, which does not produce any Yops (ROSQUIST et al. 
1988; F ALL MANN et al. 1995). Similarly, phagocytosis of complement opsonised 
Y enterocolitica, and the subsequent oxidative burst in neutrophils could be 
suppressed by about 50% by a Y enterocolitica mutant that expressed and 
translocated only YopH and could be completely abolished by a mutant 
expressing both YopH and YopE. (RUCKDESCHEL et al. 1996). In addition, 
invasin-dependent uptake of Y pseudotuberculosis by HeLa cells was sup
pressed by a multiple Yop mutant (MYM) defective in expression of YadA, 
YopT, YopE, YopH, YopM and YpkA that was complemented with the YopH 
gene, but not by a MYM that was complemented with the YopHC403S mutant 
(PERSSON et al. 1997). These reports suggested that YopH inhibits uptake of 
Yersinia spp. via phagocytic and non-phagocytic mechanisms, presumably by 
interference with tyrosine phosphorylation events associated with the uptake 
process. 

Infection of HeLa cells and J774 macrophages with wild-type Y pseudo
tuberculosis strains caused tyrosine dephosphorylation of several proteins, 
including proteins between 120kDa and 130kDa and one protein of 68kDa 
(BLISKA et al. 1992; BLACK and BLISKA 1997; PERSSON et al. 1997). Dephos
phorylation of these proteins was abolished in YopH-negative mutants, 
whereas Y pseudotuberculosis translocating the substrate-trapping mutant 
YopHC403S caused hyperphosphorylation of the 120-130-kDa proteins but 
not the 68-kDa protein. Thus the substrate-trapping mutant YopHC403S 
presumably binds to phosphotyrosyl residues and protects these sites from 
endogenous phosphatases, as was also found for "cysteine" mutants of eukary
otic PTPases, such as SHP-1-C453S (PLAS et al. 1996). Not all tyrosine
phosphorylated proteins in He La cells were de phosphorylated by YopH, 
indicating that this PTPase displays substrate specificity, as do its eukaryotic 
counterparts. Several lines of evidence (BLACK and BLISKA 1997; PERSSON et 
al. 1997) suggested that the Crk-associated tyrosine kinase substrate p130Cas 

(Cas) is the major YopH substrate in HeLa cells. (1) Cas is dephosphorylated 
by wild-type Y pseudotuberculosis, and its dephosphorylation is prevented 
in YopH "knock out" Yersiniae, whereas it is hyperphosphorylated by 
Yersiniae producing YopHC403S. (2) YopHC403A co-localises with Cas and 
Fak in peripheral focal adhesions in HeLa cells, and these adhesions are 
dissolved by wild-type Yersiniae. (3) Using an overlay assay, glutathione S-
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transferase-YopHC403A was found to directly bind to tyrosine-phosphory
lated (but not dephosphorylated) Cas or to the focal adhesion kinase Fak. Sup
porting the notion that the Cas is an important YopH substrate. Cas contains 
15 tyrosine-phosphorylation motifs (YXXP). at least ten of which conform to 
an optimal substrate-recognition sequence for YopH (SAKAI et al. 1994; ZHANG 
and DIXON 1(94). Hence, the 120-130-kDa proteins dephosphorylated by 
YopH in HeLa cells presumably mostly represent Cas. containing different 
numbers of phosphorylated tyrosine residues. 

Although Fak is dephosphorylated by YopH in intact cells and 
YopHC403S is found in Fak immunoprecipitates, dephosphorylation of Fak is 
much slower than that of Cas, and YopHC403S does not bind directly to Fak 
in the overlay assay (BLACK and BUSKA 1997). This indicates that dephos
phorylation of Fak might be rather indirect, potentially due to dephosphory
lation of Cas in the vicinity of Fak. If Cas and Fak are indeed the major targets 
of YopH, the pathophysiological significance of this needs to be determined. 
Cas is considered a scaffold protein, because it contains various SH2-binding 
phosphotyrosyl motifs predicted to interact with Crk and tensin, a SH3 domain 
that was shown to interact with Fak and binding sites for the SH2 and 
SH3 domains of Src (NAKAMOTO et al. 1996). Cas and Fak get tyrosine phos
phorylated after ligation of J31-integrins and co-localise with vinculin and 
paxillin in focal adhesions of fibroblasts (NOHMA et al. 19(6). Src and Fak also 
co-precipitate with Cas and seem to somehow control Cas phosphorylation 
(SAKAI et al. 1994). Thus, Cas and Fak regulate integrin signalling via cell 
adhesion complexes at the cytoplasmic face of the plasma membrane and, 
therefore, could influence cell growth, differentiation and anchoring. Clearly. 
binding of invasin to J31-integrins and the subsequent signalling events are 
crucial for uptake of Yersiniae - at least those Yersiniae that do not express 
YadA - into non-phagocytic cells and for phagocytosis of non-opsonised 
Yersiniae (F ALLMAN et al. 1995; PERSSON et al. 1997). These uptake mechanisms 
are also dependent on tyrosine kinase activity, and Cas and Fak are tyrosine 
phosphorylated during uptake of Yersiniae (BLACK and BUSKA 1997; PERSSON 
et at. 1997). However, the requirement for Cas or Fak tyrosine phosphoryla
tion in uptake or phagocytosis has not been demonstrated conclusively (for 
example, in Fak or Cas "knockout models"). In fact, the focal adhesion sites 
to which YopHC403S and Cas localised in HeLa cells did not co-localise with 
the sites to which Yersiniae were adhering (BLACK and BUSKA 19(7). There
fore, an important role of Cas and Fak dephosphorylation by YopH might be 
to block migration, cell-cell interaction and release of proteases and cytokines 
in macrophages, because these processes are known to be dependent on intact 
focal adhesions (JULIANO and HASKILL 1993; LIN et at. 19(4). Further studies 
should be designed to identify additional targets of YopH in macrophages and 
antigen-presenting cells and to test the potential role of Cas in cell functions 
normally subverted by Yersinia spp. It would also be interesting to find out 
whether YopH is able to act on M-cells. 
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II. YopE, an Actin-Disrupting Cytotoxin 

YopE is a 23-kDa protein required for full virulence in a mouse model of Y 
pseudotuberculosis infection (FORSBERG and WOLF-WATZ 1988) and is a potent 
cytoskeleton disrupting toxin when introduced into tissue-culture cells 
(ROSQUIST et al. 1990, 1991). A truncated form of YopE lacking the C-termi
nal third of the protein is still secreted into the culture medium but does not 
induce a cytotoxic effect, indicating that the C-terminus contains the active 
domain of YopE (ROSQUIST et al. 1990). YopE has sequence homology to the 
N-terminal, non-catalytic region of the adenosine diphosphate (ADP)
ribosyltransferase exoenzyme S (ExoS) from P. aeruginosa (KULICH et al. 
1994). Since ExoS ADP-ribosylates Ras and other unidentified, small guano
sine triphosphate (GTP)ases of the Ras family (COBURN et al. 1989), it was 
speculated that YopE might affect the cytoskeleton through modification of 
Ras-like GTPases of the Rho family. Rho-GTPases are central regulators of 
actin in all cell types, and a number of bacterial toxins can activate or inacti
vate these GTPases. Interestingly, Rho-inactivating toxins like C3 transferase 
from Clostridium botulinum and toxin A from C. difficile cause cell rounding 
and actin-cytoskeleton disruption, as does YopE (see chapters by Just and 
Aktories). Recently, a Salmonella effector protein translocated through a type
III secretion apparatus was shown to stimulate nucleotide exchange and acti
vate Rho-GTPases, and thus induced downstream actin rearrangements 
(HARDT et al. 1998). This work showed for the first time that a translocated 
bacterial effector can engage Rho-signalling pathways and should stimulate 
further efforts to relate Yops to Rho-GTPase-signalling events. 

The effect of YopE on tissue-culture cells has been investigated mainly 
with Y pseudotuberculosis strains mutated for YopE (ROSQUIST et al. 1990, 
1991,1994). In HeLa cells, wild-type Y pseudotuberculosis induces a cytotoxic 
effect characterised by rounding up of the cells and disruption of the actin 
cytoskeleton, whereas micotubuli and intermediate filaments remain intact. 
This cytotoxic effect was abolished in YopE mutants (ROSQUIST et al. 1991). 
Interestingly, Yersiniae expressing the substrate-trapping mutant YopHC403S 
stabilised focal adhesion towards the action of YopE (BLACK and BLISKA 
1997). YopE clearly contributes to phagocytosis resistance of Yersinia spp. 
towards macrophages and neutrophils, because a double YopE/H mutant was 
significantly better phagocytosed by macrophages than the single YopH 
mutant, and a Y enterocolitica mutant engineered to trans locate only YopE 
and YopH suppressed phagocytosis and the oxidative burst in neutrophils sig
nificantly better than the Yersinia strain expressing only YopH (RUCKDESCHEL 
et al. 1996). When the ability of Yersinia Yops to block invasion of other 
pathogens was tested, YopE prevented invasion of Listeria monocytogenes, 
Edwardsiella tarda and Shigella flexneri, whereas YopH only prevented inva
sion of Listeriae. Salmonella invasion was not blocked by any Yop (MESCAS et 
al. 1998). These studies, relying solely on recombinant Yersinia translocation 
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systems, suggest that YopE interrupts specific signal pathways associated with 
bacterial invasion and phagocytosis that only partially overlap the signal path
ways interrupted by YopH. In one study, HeLa cells were overlaid with 
secreted Yersinia proteins or a lysate from E. coli expressing YopE and then 
agitated in the presence of glass beads (ROSQUIST et a1. 1991). This method 
produced a cytotoxic effect in -20% of cells "loaded" with proteins released 
from wild-type Y pseudotuberculosis or E. coli expressing YopE but not with 
proteins from the YopE-mutant Yersiniae. In our study, when we microinjected 
purified His-tagged YopE protein from Y enterocolitica into HeLa cells, no 
cytotoxic effect was obvious, whereas microinjected YopH protein disrupted 
focal adhesions and the actin cytoskeleton (AEPFELBACHER et aI., unpublished 
results). Therefore, it remains to be investigated whether purified YopE 
protein or a YopE-expression plasmid introduced into cells is able to produce 
an effect by itself, or whether it needs another Yop or some kind of modifica
tion acquired during secretion or translocation. 

III. YopP, Modulator of Multiple Sigual Pathways Leading to 
Apoptosis and Cytokine Suppression 

YopP (Y enterocolitica) and the highly homologous Yop] (Y pseudotubercu
losis) are 32.5-kDa proteins that, so far, have not been shown to be required 
for virulence in mouse models (GALYOV et a1. 1994). The secretion and translo
cation domains ofYopP have been mapped to the first 43 and 99 amino acids, 
respectively (IRIARTE et a1. 1998b). Four regions of YopP and Yop] have 
sequence homology to the avirulence protein AvrRxv from Xanthon1onas 
campestris pathovar vesicatoria, a plant cell pathogen that induces death in 
the infected cells, obviously through its intracellular injection via a type-III 
secretion pathway (WHALEN et a1. 1993; MrITLER and LAM 1996). Recently, 
AvrA of Salmonella enterica, a protein secreted through a type-III secretion 
apparatus, was also shown to contain significant homology to the YopPlYopJ 
and AvrRxv proteins. AvrA, AvrRxv and YopJ/YopP might constitute a new 
family of intracellularly injected bacterial proteins that induce cell death in 
their hosts (HARDT and GALAN 1997). These proteins also contain a region that 
is similar to motif I of the SH2 domains of p561c\ Syk and Shc (KOCH et a1. 
1991). Within this region, a conserved D/E-X-E motif is found which, when 
mutated to NAQ in YopJ (D53N-V54A-E55Q), abrogates YopJ activity (see 
details below). 

Reports by three different groups suggested that YopPlYopJ is involved 
in the induction of apoptosis in Yersinia-infected mouse macrophage cell lines 
RAW264.7 and 1774, or in mouse bone-marrow-derived macrophages (MILLS 
et a1. 1997; MONACK et a1. 1997; RUCKDESCHEL et a1. 1997). These papers demon
strated that wild-type strains of Y enterocolitica or Y pseudotuberculosis 
produced typical signs of apoptosis, such as membrane blebbing, DNA degra
dation and nuclear fragmentation. The first signs of apoptosis were seen 
after 1 h of infection and, after 4-8h, most macrophages were killed. Y 
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enterocolitica or Ypseudotuberculosis strains unable to express YopP/YopJ did 
not induce apoptosis whereas, in Y enterocolitica mutants overexpressing 
YopP, apoptosis was enhanced (MILLS et al. 1997; MONACK et al. 1997). 

An avirulent, plasmid-cured strain of Y enterocolitica and E. coli 
lipopolysaccharide induced strong and continuous activation of nuclear factor 
(NF)-Td3 in J774 macrophages (RUCKDESCHEL et al. 1998). In contrast, inter
action of wild-type Yersiniae with J774 macrophages caused a small and tran
sient nuclear translocation of NF-Td3 followed by a refractiveness to activation 
of NF-KB (RUCKDESCHEL et al. 1998). These data suggested that a Yop was 
involved in downregulation of NF-KB activity. Indeed, a Y enterocolitica 
mutant in the YopO, YopP-operon largely restored the persistent activation of 
NF-KB and, in HeLa cells infected with a Y pseudotuberculosis YopJ mutant, 
NF-KB activation was completely restored (RUCKDESCHEL et al. 1998; 
SCHESSER et al. 1998). NF-KB is a heterodimer of two proteins (p50/p60); it is 
sequestered and kept inactive in the cytosol by the inhibitory proteins I KB-a 
or IKB-f3. NF-KB gets activated when the ITd3 inhibitors are phosphorylated 
by I KB kinase and subsequently degraded through the ubiquitin-proteasome 
pathway (BALDWIN 1996). A careful analysis revealed that the ability of Y ente
rocolitica to inhibit activation of NF-Td3 in J774 cells was due to the preven
tion of degradation of IKB-a and IKB-f3 at later times (30-120min) after 
infection (RUCKDESCHEL et al. 1998). Consistent with the involvement of 
YopPlYopJ in reducing NF-Td3 activation, the YopJ mutant of Y pseudotu
berculosis could not prevent degradation of IKB in HeLa cells (SCHESSER et 
al. 1998). These reports suggest that YopP/YopJ of Yersiniae are involved in 
silencing NF-KB by inhibiting the phosphorylation and degradation of the IKB 
proteins in macrophages and epithelial cells. 

Y enterocolitica infection of J774 macrophages also led to a rapid tyrosine 
phosphorylation of mitogen-activated-protein (MAP) kinases 1 and 2 
[extracellular-signal-regulated protein kinases (ERKs) 1 and 2], p38 and c-Jun 
N-terminal kinase (JNK), which was followed by a prolonged dephosphory
lation of p38 and ERK1!2 (RUCKDESCHEL et al. 1997). The dephosphorylation 
of the MAP kinases coincided with suppressed in vitro phosphorylation of 
the transcription factors Elk-I, activating transcription factor 2 (ATF2), and 
c-Jun, confirming that MAP kinases were inhibited. The non-virulent Yersinia 
strain and a strain that expressed the Yersinia secretion and translocation 
machinery but no effector Yops were unable to induce dephosphorylation of 
ERK1!2 and p38 or to suppress phosphorylation of the transcription factors, 
indicating the requirement for one or more translocated Yop effector. One 
report confirmed inactivation of p38 and JNK in macrophages by Y pseudo
tuberculosis and, furthermore, showed that a YopJ mutant was unable to down
regulate p38 and JNK, whereas the downregulating activity was restored when 
the YopJ mutant was complemented with YopJ in trans (PALMER et al. 1998). 

Apoptosis is tightly controlled by different pro-apoptotic and anti
apoptotic signal pathways that can positively and negatively influence each 
other and thus constitute a complex regulatory network. Not surprisingly, YopP 
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was implicated in downregulation of several of these signalling pathways. 
including mitogen-activated protein kinases (p38, JNK and ERKs I and 2) and 
NF-KB. Since activation of NFK-B has been reported to protect against apop
tosis. the YopP/YopJ-dependent downregulation of NF-KB activity could 
trigger the apoptosis observed in Yersinia-infected macrophages. [n fact, when 
J774 cells were treated with the proteasome inhibitor MG-132 to inhibit NF
KB activation. even plasmid-cured Yersiniae (which produce no Yops) were 
able to induce apoptosis (RUCKDESCHEL et aI. \998). The central signal mole
cules initiating and promoting apoptosis are a number of cysteine proteases 
called caspases, which cleave structural proteins and proteins regulating the cell 
cycle, cell repair or the cytoskeleton (THORNBERRY and LAZEBNIK 1998). Inter
estingly, caspase inhibitors can abolish the completion of apoptosis in Y enfc
rocalitica-infected J774 cells. whereas exposure of phosphatidylserine at the 
cell surface, an early apoptosis marker, cannot be inhibited. Hence, YopPlYopJ 
might act upstream of caspases (Fig. 4). 

Infection with wild-type Yen'inia spp. has been shown to inhibit produc
tion of interleukin (lL )-8 and tumour necrosis factor (TNF) by different cell 
types (BEUSCHER et aI. 1995; SCHULTE et aI. 1996). TNF and [L-8 production 
requires activation of both NF-KB and MAP kinases and. consequently. YopP 
also seems to be responsible for the downregulation of TNF-a and fL-8 pro
duction caused by wild-type Yersinia spp. in intestinal cells and macrophages 
(BOLAND et aI. 1998a; PALMER at al 1998). 

An important question relates to the intracellular target of YopP. which 
presumably represents a molecule at the branch point of different signal-
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Fig.4. Apoptosis signalling pathways affected by YopJ/P. U'S lipopolysaccharide. 
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transduction pathways. Because of its drastic effects on cultured cells, the 
role of YopP/YopJ for virulence of Yersinia in animal models needs to be re
evaluated with a focus on macrophage-dependent immune responses. 

IV. YopT, Another Actin-Disrupting Cytotoxin 

YopT is a newly described 35.5-kDa protein whose presence mayor may not 
be required for Yersinia virulence in the animal model (IRIATRE and CORNELIS 
1998b). The only reported homology is to the C-terminal end of p76, an 
immunoglobulin-binding protein from Haemophilus somnus (COLE et al. 
1993). Infection of He La cells with a Y. enterocolitica strain mutated in the five 
effector Yops (H, 0, P, E and M) still caused disruption of the actin cytoskele
ton, an effect which was abrogated when YopT was mutated in addition to the 
other Yops. Thus, YopT seems to be yet another effector Yop which, similar to 
YopE, disrupts the actin cytoskeleton. The cell-shape changes thought to be 
produced by YopH or the protein kinase YopO (YpkA) differ from the phe
notypes produced by YopT or YopE (ROSQUIST et al. 1990; HAKANSSON et al. 
1996; IRIARTE and CORNELIS 1998b). However, it has to be emphasised that, 
with the techniques used so far, it was not determined whether YopE needs 
YopT to produce a cytotoxic effect or whether YopE and YopT act on identi
calor separate targets of the same regulatory system. (see page 685) 

V. YopM - So Far, no Evidence for an Intracellular Function 

YopM is an acidic, 41-kDa protein (predicted isoelectric point = 4.09) that is 
required for virulence (LEUNG et al. 1990). YopM contains six repeated motifs 
and a number of leucine-rich repeats (LRRs) that are 19 amino acids long and 
related to the very common LRRs implicated in protein-protein interactions 
(LEUNG and STRALEY 1989; KOBE and DEISENHOFER 1994). Probably due to a 
different number of LRR repeats, YopM exists in various isoforms having dif
ferent mobilities in SDS-PAGE, which depend on the Yersinia species and 
serotype (HEESEMANN et al. 1986a; BOLAND et al. 1998b). Proteins homologous 
to YopM include the a-chain of glycoprotein Ib (a thrombin and von Wille
brand-factor-binding protein) from platelets and IpaH, a Shigella protein of 
unknown function (LEUNG and STRALEY 1989). Through its common LRRs, 
YopM is weakly homologous to a variety of proteins with different functions 
located in different subcellular locations. YopM's similarity to glycoprotein Ib 
and initial observations of an extracellular location suggested that YopM 
might function by binding to extracellular thrombin. In fact, it was shown that 
released Y. pestis proteins containing YopM bound thrombin, but the released 
proteins from a YopM mutant did not (LEUNG et al. 1990). Furthermore, puri
fied YopM could bind to thrombin in vitro and was able to inhibit thrombin
stimulated platelet aggregation (REISNER and STRALEY 1992). However, the 
assumed structural basis for the binding of YopM to thrombin became ques
tionable when it was demonstrated that the thrombin-binding domain of 
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GPIb-a lies outside the region of homology to YopM (DE MARCO et al. 1994). 
So far, no thrombin-binding site in YopM has been characterised. ]n addition, 
by using YopM fusion proteins and digitonin-induced release of Yops from the 
cytosol of infected cells, it was proposed that YopM is mainly cytosolic 
(BOLAND et a1. 1996; LEE et al. 1998). As is the case for Yop E, H, P and 0, 
effective translocation of YopM was dependent on the "trans locator" Yops B 
and 0 and on the "regulator", YopN (BOLAND et a1.1996).Although these data 
do not exclude an extracellular thrombin-binding activity of YopM, they are 
more consistent with the idea that YopM is an intracellular "effector" acting 
by an unknown mechanism. 

VI. YpkA, a Putative Serine/Threonine Kinase Affecting Cell Shape 

YpkA from Y. pseudotuberculosis is a 82-kDa protein essential for virulence 
in the mouse model (GALYOV et a1. 1993,1994). The corresponding YopO from 
Y. enterocolitica is almost identical to YpkA on the amino acid level. The 
N-terminus of YopO/YpkA has considerable homology to eukaryotic 
serine/threonine protein kinases and to tyrosine kinases (HANKS and QUINN 
1991; GALYOV et a1. 1993). Addition of [y-32P] adenosine triphosphate (ATP) to 
a concentrate of proteins released from Y. pseudotuberculosis caused labelling 
of YpkA. This is obviously due to autophosphorylation, because YpkA 
immunoprecipitated from Yersiniae-released proteins incorporated 32p into 
serine in the presence of [y-32p]ATP. Released YpkA in which the last 73 amino 
acids were deleted or in which a fragment from the presumed catalytic domain 
(amino acids 207-388) was removed showed no autophosphorylation, indicat
ing that the C-terminus and the putative catalytic domain in the N-terminus 
are both necessary for the autophosphorylating activity (GALYOV et a1. 1993). 
Interestingly, the mutants deficient in autophosphorylation lost virulence in 
the mouse model (GALYOV et al. 1993). To unambiguously show autophos
phorylation and characterise the enzymatic properties of YpkA/YopO in 
detail, studies with purified proteins are warranted. No effect of a single Y. 
pseudotuberculosis YpkA mutant on cell shape could be detected unless YpkA 
was overexpressed by a mutant strain not expressing Yops H, M, E and K 
(HAKANSSON et a1. 1996b). This likely reflects the low expression and translo
cation levels of YpkA and the profound effects on the cytoskeleton of YopE 
and YopH produced by wild-type Y. pseudotuberculosis, which might mask the 
YpkA effect. The Yersinia mutant overexpressing YpkA caused a contractile, 
stellate phenotype in He La cells, characterised by pronounced retraction 
fibres, which seemed clearly different from the YopE effect. Immunofluores
cence studies revealed that translocated YpkA located specifically to the 
plasma membrane of the HeLa cells. Hence, at the plasma membrane, YpkA 
might interact with and/or phosphorylate a signalling protein that controls the 
cytoskeleton. However, a new Yop (YopT) which also seems to be expressed 
by Y. pseudotuberculosis was recently found to affect the cytoskeleton (IRIARTE 
and CORNELIS 1998b). Therefore, the exact contribution of YpkA to cell-shape 
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changes produced by the YopE/H/M/K mutant is not clear. Certainly. the effect 
of the YopE/H/M/K mutant that does not express YpkA must be compared 
more carefully with the effect of the YopE/H/M/K mutant overexpressing 
YpkA. and these effects should be combined with the effects of additional 
YopT mutants. provided that YopT is indeed expressed and functioning in the 
Y pseudotuberculosis strain used in these studies. 

D. Perspectives 
The last 5 years have seen enormous progress in the elucidation of the mole
cular functions of the Yersinia type-III translocation system and of individual 
Yops translocated into eukaryotic cells via this system. A simplified model of 
the current ideas about Yersiniae interactions with eukaryotic cells is depicted 
in Fig. 5. Although the exact structure of the secretion/translocation appara
tus spanning the eukaryotic plasma membrane and the inner and outer bac
terial membrane is still unclear. various Ysc proteins seem to represent either 
structural or regulatory components of the type-III translocation machinery 
(CORNELIS and WOLF WATZ 1997; HUECK 1998). Sequence homologies suggest 
that the structure of the Yersinia type-Ill system might resemble the recently 
published structure of the Salmonella type-III system on the supramolecular 
level (KUBORI et al. 1998). Further structural studies are warranted to clarify 

Eukaryotic cell 

Actin 
Depolymerization 

Plasma membrane 

Outer mem brane 

Inner membrane 

Bacterial cell 

Closed secretion apparatu Open secretion apparatus 

Fig. 5. Model of the Yop secretion/translocation machinery. Ysc Yersinia secretion. 
B. D translocator Yops. K. N regulator Yops; H. T, P, 0, M, E effector Yops. Cas 
Crk-associated substrate 
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the organisation of the translocation pore at the protein level. In addition, mol
ecules converting chemical energy into energy for protein translocation need 
to be characterised, and it should be analysed whether there is a requirement 
for protein folding and refolding during protein export and/or translocation, 
as is the case in eukaryotic protein import/export machinery. Major progress 
in this regard can be expected from cross-linking experiments identifying 
translocation intermediates, chrystallographical studies and reconstitution of 
the type-III system in vitro. 

Equally important to the understanding of the type-III system on the mol
ecular level is the question of exactly which eukaryotic regulatory mechanisms 
the different Yersinia effector Yaps interfere with and, more specifically, which 
eukaryotic proteins these Yops bind to. The best investigated Yop in this regard 
is YopH, which specifically binds to a set of tyrosine-phosphorylated proteins 
(including paxillin and p130Cas ) via an N-terminal phosphotyrosine-binding 
module (BLACK et al. 1998). YopH is the only known Yop that has activity as 
a purified, recombinant protein. The major drawback of all the reports impli
cating YopE, YopPlYopJ, YopT and YpKAlYopO in specific cell functions is 
that the activities of individual Yops or plasmids expressing individual Yops 
were not investigated. These studies relied on recombinant Yersinia strains in 
which the Yop of interest was "knocked out" by transposon-mediated or -
directed insertion of an antibiotic-resistance cassette or by in-frame deletions 
of large parts of single yop genes. More advanced Yersinia "injection systems" 
used strains in which all known effector Yops (H. 0, P, E, M) except one 
(YopT) were mutated (IRIARTE and CORNELIS 1998b) or in which only single 
effector Yops were translocated (ROGGENKAMP et al. 1995). Even with these 
"designer strains", interpretation of single-Yop function is difficult to interpret 
due to potentially confounding effects brought about by Yersinia adhesin sig
nalling through host cell receptors or by the translocation machinery itself, 
which can form pores in the eukaryotic plasma membrane and introduce 
translocators or regulators (like YopD and YopN) of unknown intracellular 
function. 

Another question arises: namely, whether Yersiniae are able to compose 
a "menu" of individual Yops, which they trans locate depending on which func
tion they want to alter in any specific target cell. This would make sense in 
view of the ability of Yersiniae (1) to invade cells rather than remain extra
cellular (2) to reside in lymph follicles and lymph vessels rather than enter the 
bloodstream and (3) to eventually colonise one organ but not another. A mol
ecular mechanism recently described adds to this possibility: it could be shown 
that a [erG mutant was impaired in the secretion of all Yaps, whereas a {yeA 
mutant was only impaired in the secretion of YopH and YopE (IRIARTE et al. 
1998a). LcrG and tyeA are proteins known to control Yop secretion, and the 
described phenomenon gives the first indication that translocation could be 
regulated Yop-specifically. 

In conclusion, further investigation of the function of the Yersinia type-II [ 
secretion system and of the effector Yops will be useful and worthwhile for 
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several reasons. (1) An exact knowledge of the common strategies pathogenic 
bacteria use to establish infection, particularly bacteria that inhibit host 
immune functions, is a prerequisite to the development of new therapeutics. 
(2) Specifically engineered Yersinia strains could be used to deliver proteins 
of interest into eukaryotic cells (for example, to analyse the intracellular func
tion of a protein or for vaccination purposes). (3) Yops might prove to be new, 
highly specific tools to study basic cellular mechanisms like vacuolar traffick
ing, cytoskeletal rearrangements or apoptosis. Yersinia modulins might, there
fore, become similarly indispensable for cell-biological and clinical research 
like many of the bacterial toxins and modulins of different origins described 
in this book. (4) Finally, proteins of the type-III secretion system, which is 
widely distributed among pathogenic bacteria and, more specifically, Yop 
effector proteins, should be considered as targets for entirely novel therapeu
tic agents against infectious diseases. 

While this manuscript was inpress we identified the GTPase RhoA as target of YopT. 
YopT covalently modifies and inactivates Rho A by an unknown mechanism (Zumbihl 
et al. 1999, J BioI Chern 274:29289-29293) 
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nuclear factor kB 643 
- activation 644 

octulosonic acid 628 
ONTAK 91,104 
opisthotonus 408(fig.) 

PAETA 235, 373 
PAF 638 
Pap adhesin 361 

697 
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Pasteurella multocida 373-374 
pDTS 53 
peptidoglycan 638 
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- - vertebrate ADP-ribosyltransferases, 

functionaUsequence relationship 
247-248 

- exoenzyme T 238 



698 

- - molecular organization 238(fig.) 
- exotoxin A 1. 5. 8. 21-22, 67-82. 175, 

373 
- - bacterial cell. secretion 75-76 
- - disease, role in 70-71 
- - ETA production. environmental and 

temporal signals 71-72 
- - ETA production. regulation 72-77 
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- - Shiga toxins. infection. pathogenesis 

2.388 
Shigella flexneri 677 
shigelosis 388 
Shingomonas pallcimobilis. 
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- - molecular mechanism of action 

600-603 
streptolysin 0 (SLO) 557-558 
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- DAB389IL-2, treatment 103 
tetanus 407 
- man and animals 
- - clinical manifestations 410 
- - pathophysiology 410-412 
- - poisoning, modes 409-410 
- neurotoxin, kinetics and metabolic 

faith 423(fig.) 
- toxin 4 
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