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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 botulinum 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 discases. Moreover, fusion protein toxins
using endogenous ligands for tissue-specific targeting of cytocidal toxins are
an intriguing approach for treating, for example, special entities of cancer or
autoimmune discascs.

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 ADP-ribosylating toxins, which are still the best-understood bacterial
toxins. These chapters summarise recent progress in the structure—function
analysis of ADP-ribosylating toxins and comprehensively review the “classi-
cal” ADP-ribosylating toxins including diphtheria toxin, Pseudomonas
exotoxin A, cholera 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 Pseudononas
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 adenylate cyclase toxin from Bordetella per-
tussis, the vacuolating cytotoxin from Helicobacter pylori. the Escherichia 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 Yersinia, 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, J. WESCHE, and P.O). 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 é-toxin from Bacillus thurin-
gensis (L1 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.Ithas an enzymatically active part (domain I1I) 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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Fig.1. Schematic structure of toxins. Details are discussed in the text

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 al. 1986).
Domain I is responsible for binding the toxin to cell-surface receptors.

The A-Bs class of toxins comprises cholera toxin, Escherichia coli heat
labile toxin, Shigella toxin and Shiga-like toxins 1 and 2 (MerritTt and HoL
1995). These toxins have a similar overall structure, but they have different
functions. The toxins all consist of a pentameric B subunit 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 disulfide-
bridged trypsin- and furin-sensitive loop, which is easily cleaved to yield the
enzymatically active A, fragment and the small A, fragment. which is associ-
ated with the B-subunit (OLsNES et al. 1981; REISBIG et al. 1981). The B subunit
of all toxins in this group binds to glycolipids. The enzymatically active A sub-
units of cholera toxin and heat-labile toxin ADP ribosylate and permanently
activate the o~subunit of trimeric G-proteins, whereas the A-subunit of
Shigella toxin and Shiga-like toxins inactivate ribosomes by removal of an
adenine residue from the 28S RNA of the large ribosomal 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 (Ousnes 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 yicld 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
O1sNEs 1979). The A chain has the same enzymatic activity as the A subunit
of Shiga toxin (Enpo 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. bowulinum C2 toxin ADP ribosylates only the
cytoplasmic form (Akrtories 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 (LLEppLA 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 (Jusr 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 (Jusr 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 glucosc from the precursor uridine
diphosphate-Glc to a threonine residue in Rho and the related Rac and Cdc
42 (Jusrt et al. 1995a, 1995b). Lethal toxin from C. sordellii has the same
activity, which leads to the disassembly of stress fibers in the toxin-treated
cells (Porore et al. 1996; SELzER ct al. 1996). The toxins did not modify the
more distantly rclated G-proteins, rab and ARF. C. novyi toxin incorporatcs
N-acetylglucosamine rather than glucose into rho (Jusr et al. 1996).

CNFI1 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 ¢t al. 1997). The toxin induces deamida-
tion of a glutamine residuc (GIn63; FLatau et al. 1997; Scumipr et al. 1997),
leading to permanent activation of Rho. As a result, there is a strong overac-
tivity in actin polymerization, and formation of multinuclcated 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 duc to part of the same strategy that the toxin
inhibits apoptosis in the intoxicated cclls (FiorenTINI et al. 1997).

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

B. Binding to Cell-Surface Receptors

All bacterial protein toxins must bind to cclls in order to act. Since, for obvious
reasons, the cells have not developed receptors for toxins, the toxins must
employ cell-surface structures that are 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 rcceptors, growth-factor pre-
cursors, glycolipids and other molccules. 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 be
a common property.

Diphtheria toxin binds to the uncleaved precursor of a growth factor,
namely that of heparin-binding cpidermal growth factor (EGF)-like growth
factor (HB-EGF; NacLicH 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 KraGserUN 1997; TAKEMURA et al. 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 o,-macroglobulin (Kounnas et al. 1992). Cholera toxin
and E. coli heat-labile toxin bind to the ganglioside Gm,; (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 B; (LiNnG
et al. 1998), whereas the related Shiga-like 2¢ toxin binds to globoside B,
(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 GaRrDAS 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
(OvLsNEs 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 1965).
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 (KoeHLER 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. pertus-
sis which appears normally to enter through the surface membrane (RoGEL
and HaNskr 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
Ovwsnes 1982a). Other experiments indicating this phenomenon were carried
out by depleting cells of calcium (Sanpvic 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 18°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 brefeldin 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; NamBIAR and Wu 1995; Rarak 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 (VAN 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 CoromBarti 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 (VAN
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.

I1. 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, therc-
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 scquence, namely REDLK. Experiments have shown that this
sequence, as such, does not bind to the KDEL receptor; however, it binds if
the C-terminal lysine 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 ct 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
(Scuariro 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 (177kDa) 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 cx-
tracellular medium and an intact membranc 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 Hanskr 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 LeprLa 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



Fig.2. Current model of translocation of diphtheria toxin. The toxin binds by its B frag-
ment to cell-surface receptors and is endocytosed. Upon exposure to the low pH in
endosomes, the helical T domain is exposed and inserts into the membrane. pulling the
C-terminal end of the A fragment across the membrane. The disulfide bond is reduced
upon exposure to the reducing conditions in the cytosol. and the remaining part of the
A fragment is translocated to the cytosol

Fig.3. Translocation of anthrax toxin. The pl()lCLllVC antigen (PA) binds to cell-surface
receptors, and an approximate 20-kDa piecc is cleaved off. The remaining part of the
molecule aggregates with other cleaved PA molecules to form a heptamer. thereby gen-
erating binding sites for lethal factor (L.F) and edema factor (£F). The complex is endo-
cytosed. Upon acidification of the endosome, the heptamer inserts into the vesicle
membrane and facilitates translocation of LF and EF to the cytosol (Prrosa et al. 1997)
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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 (VaN DEeurs 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; Knor 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.

E. 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 Ovrsnes 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 1). 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 ubig-
uitinating enzyme contain very few lysine residues; however, diphtheria toxin,
which is translocated from endosomes and is therefore possibly less exposed



12 S. OLsNEs et al.

Table 1. The N-terminal residues of toxic proteins that enter the cytosol. The 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 N-terminal amino acid
Diphtheria toxin, A chain Gly*
Pertussis toxin, S1 subunit Asp'
Ricin, A chain lehn
Abrin, A chain Gluw/GIn'
Tetanus toxin, light chain Pro'
Botulinum neurotoxins (A, B, C1, E). light chain Pro*
Botulinum neurotoxin D, light chain Thr*
Shiga/Shiga-like toxin, A chain Lys™*
Cholera toxin, A chain Asn™
Pseudomonas exotoxin, cytosolic fragment Gly'
Mistletoe lectin I, A chain Tyr*
Anthrax toxin, edema factor Glu*
Anthrax toxin, lethal factor Ala®

“BrRAGG and ROBERTSON 1989.
b CALDERWOOD et al. 1987.
‘DELANGE et al. 1979.
YEscuUYERr et al. 1988.
‘HuUGUET-SOLER et al. 1996.
"KRIEGLSTEIN et al. 1991.
*KURAZONO et al. 1992.
"LamB et al. 1985.

'‘Nicosia et al. 1986.
'OGATA et al. 1990.
“STROCKBINE et al. 1988.
"Woob et al. 1991.
"YAMAMOTO et al. 1987.
"Funatsu et al. 1973.

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 (EnrricH 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 (RoMmiscH 1994) and become bound to
newly synthesized MHC class-1 proteins. The complex, together with [52-
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-1
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-1 molecules. The ability of protein toxins to enter the cytosol opened
up the possibility of using toxins as carrier molecules to transport passenger
peptides 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-1 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-1 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-1 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 OLsSNES 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 ADP-Ribosyltransferases

V. MASIGNANI, M. P1zza, 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 (UEpa
and HavaisHi 1985; ArrHaus 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 A/B 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; MekaLAaNOS et al. 1983), heat-labile enterotoxin from
Escherichia coli (LT; Spicer and NoBLE 1982; Yamamorto et al. 1984), pertussis
toxin (PT; LocHr 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 A/B
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 S1 (21 kDa),
which bears the enzymatic core; S1 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; and
G, (Karapa 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 (27kDa) 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 (11.7kDa each) that assemble into a pentameric
structure and are together responsible for the binding to the receptor (Moss
and VaucGHAN 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 cholerae and
on a plasmid of E. coli (So et al. 1978), respectively.

Slightly different are the architectures of DT (58.3kDa) and PAETA
(67kDa), which are nevertheless included in the class of A/B 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
BobpLEY 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 (Darras and Farkow 1980; Spicer et al. 1981; DOMENIGHINT 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 photoaffinity 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 (Doucras and CoLLIER 1987; WILSON et al. 1990;
LoBEerT 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



26 V. MASIGNANI et al.

finally led to the identification of a common architecture for the enzymatic
cores of most bacterial ADP-ribosyltransferases (DOMENIGHINI ¢t al. 1994:
DoMENIGHINT and RappuoL 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 al. 1994), DT (CuoE 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 ¢t
al. 1994).

In terms of tertiary structure, the active site is formed by a S-strand fol-
lowed by a slanted o-helix, which has a different length in the various toxins
(spanning from 12 residues for DT, PAETA and LT. to 21 residues in the case
of PT). The B-strand and the o~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).

Fig.2. Superimposition of the three-dimensional 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 Pseudomonas acrug-
inosa exotoxin A (PAETA). The catalytic residues brought by region | (Arg/His) and
by region 3 (Glu) and common to the two homologous groups (Fig. 3) are shown. In
addition, the two essential tyrosines of the DT group are indicated. Primary structures
of region 1.2 and 3 (and their alignments) 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, Glul12 of
CT and LT and Glul29 of PT). The above residues retain an equivalent spatial
position and orientation, residing in a short $-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 S-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; Parint et
al. 1990; Loser 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 play a 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 (Jounson and NicHorLs 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
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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 Gln, 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 Glul48 lies near the nicotinamide ring of NAD, at a distance of 4 A

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 11
(PIR = A29831), Bacillus sphaericus mosquitocidal toxin SSII (PIR = S27514), Borde-
tella pertussis toxin (SWISS = P04977), Pseudomonas aeruginosa exoenzyme S
(GenBank = 1.27629), Clostridium botulinum toxins (DDBIJ = 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 gibbsq159913), Staphylococcus aureus epidermal differentiation
inhibitor (PIR = JGO00L6), 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 = AF016465) from mouse,
the corresponding RT6-1 (SWISS = P17982) and RT6-2 (SWISS = P20974) from rat
and Yac-1 (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 RFIl-interacting ankyrin-related ADP-ribose
polvmerase, 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 S-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 o-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 play a role in stabilizing a chemical intermediate of NAD
during a Syl-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 B-strand and on the internal face of the o-helix,
respectively (Fig. 2).

Tyr 54 and Tyr 65 of DT and Tyr 470 and Tyr 481 of PAETA have been
shown to play a very important role in catalysis, since they anchor the nicoti-
namide ring, creating a « pile of three aromatic rings, which strengthens the
overall binding of NAD and stabilizes the complex (CarroLL and COLLIER
1984; L1 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 1000-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 S-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. 1989). In a similar manner, LT and CT mutants
where Ser63 is substituted by Lys (P1zza et al. 1994; FonTaNa et al. 1995) 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) (VAN DER AKKER et
al. 1997), 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 Glul12. 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
B-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-1 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

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 (leftr) 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). Glul12 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 CorLLIER 1988; Orson 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 (OLsonN 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 B-a box of the CT group or Thr56 of DT and Ala472 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 by the essential glutamic acid. which is likely to stabilize a positively
charged oxocarbonium 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 (NEmoro et al. 1991), C. perfringens
iota toxin (PEReLLE et al. 1995) and C. spiroforme and C. difficile ADP-
ribosylating toxins (Pororr 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. botulinum has recently been cloned and sequenced (Fus 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 (BARrTH et al. 1998; Fig. 3). Change of Glu389
to GlIn blocked the ADP-ribosyltransferase activity and the NAD-
glycohydrolase activity and prevented the cytotoxic effects of this toxin; thus,
Glu389 of C2I appears to be functionally equivalent to Glu148 of DT, Glu554
of PAETA, Glul12 of LT and Glul29 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 C2I 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 cssential 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 Ser6l of
LT and may play an essential role in NAD binding or catalysis.

The exoenzyme C3 of C. botulinum is a 25-kDa ADP-ribosyltransferase.
which apparently lacks the B moiety typical of the other toxins and. therefore,
cannot enter eukaryotic cclls. 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 ct al. 1992; Junc et al. 1993) and B. cereus exoenzymes
(Just ct al. 1995) and the epidermal differentiation inhibitor of Staphylococ-
cus aureus (SuGal 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 Glul74 as the residue likely
corresponding to the catalytic glutamic acid residue of bacterial ADP-
ribosyltransferascs. 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 sccreted virulence factors. In particular, it synthesizes two
ADP-ribosyltransferases, namely PAETA. which we have already described.
and ExoS (KuticH 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 intoxicatc individual target cclls by using a contact-dependent secre-
tion system to inject or deliver toxic proteins into the cytoplasm of cukaryotic
cclls; in particular, ExoS is the only ADP-ribosylating toxin that has been
shown to be delivered by a type 111 secretion system (YaHRr et al. 1996).

Studies of scquence 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, studics of site-directed mutagenesis show that the
catalytic Glul12 of LT and Glu148 of DT can be aligned with Glu381 of ExoS
(L1u 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 100-kDa mosquitocidal toxin SSII-
1 isolated from strains of B. sphaericus. The primary sequence of SSII-1 was
comparcd with those of known toxins, and some regional homology was
detected with bacterial ADP-ribosvltransferases (THANABALU et al. 1991).

In particular, Arg97 ot SSII-1 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-ADP-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
(DomeNIGHINT and Raprpuort 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 (McMaHoON 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 (OxazAkI 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 ART1 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 ADP-ribose acceptor. The -7 integrin has been recently shown to
be the target protein for cell-surface mono-ADP-ribosylation in muscle cells
(ZorLkiEwska and Moss 1993).

The ART1 enzymes have significant amino acid sequence identity o the
RT6 (ART2) family of rodent T cell differentiation and activation antigens
(TakaDpa 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; KocunoLre et al. 1996; Fig. 3) located on chro-
mosome 7. Rat and mouse ART2 sequences are roughly 80% 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 ART?2
may be assumed by other related ADP-ribosyltransferases.

ART3 and ART4 were recently cloned from human testis and spleen,
respectively, and they contain several regions of sequence similarity with
ARTI1. Moreover, the hydropathy profiles of the amino- and carboxyl-
terminal sequences of ART3 and ART4 demonstrate hydrophobic signal
sequences consistent with the possibility that these enzymes, like ARTI1. may
be GPI-linked.

An ARTS5 complementary DNA was cloned from Yac-1 murine 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
ADP-ribosyltransferase (Yac-2). again from lymphoma cells, was reported
(Oxazaki et al. 1996a); the nucleotide and deduced amino acid sequences of
Yac-1 and Yac-2 enzymes are 58% and 33% identical, respectively. The Yac-2
protein is membrane bound but, unlike the Yac-1, appears not to be GPI
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 NAD glycohydrolases (Fig. 3).

Other mammalian ADP-ribosyltransferases have been purified from rat
brain and adrenal medulla (Funra et al. 1995). These enzymes have been
shown to modify, to different degrees, ff/y-actin, smooth-muscle y-actin, G,, G;
and G,. 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-ADP-
ribosyltransfer reaction induced by a fungal metabolite, brefeldin A (BFA:
D1 Giroramo ct al. 1995). 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. 1997). In this case, the
data obtained suggest a possible role for ADP-ribosylation in the Golgi-
disassembling activity of BFA and also that the ADP-ribosylated substrates
are components of the machinery controlling the structure of the Golgi appa-
ratus (MiroNov et al. 1997).
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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
Argl26 is localized on a B-strand (region 1), Ser147 on a S-strand followed
by an a-helix (region 2) and the active site Glul84 on another S-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 ART1, ART4 and ARTS, a
region-1 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 ART1 and ARTS5, is
postulated to be analogous to the region containing Glu110 and Glu112 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, Glu110 and Glul12). 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 (MERRITT 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; GiuLiant 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. 1999).

LTK63 is an excellent mucosal adjuvant. though the activity is repro-
ducibly reduced in comparison with LT (Doucke et al. 1997; Gruriani ct al.
1998), while CTK63 is a less active mucosal adjuvant (Douck et al. 1997).
In the case of LTKY7, the Val-Lys 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 Glul12, 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 S1 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

Fig.5. Three-dimensional structure of the S1 subunit of the wild type pertussis toxin
(PTwt left panel) and of the double mutant PT-9K/129G (right panel). Arrows indicate
the catalytic residues (Arg9 and Glu129 in wild type PT) and the corresponding muta-
tions (Lys9 and Gly[29 in PT-9K/129G). The scaffolding structure of the enzymatic cleft
is represented by the ribbons.



Common Features of ADP-Ribosyltransferases 39

active, some amino acids have been shown to be essential; replacement of
Arg9, Aspll, Argl3, Trp26, His35, PheS0, Glul29 or Tyr130, in fact, reduced
the activity of recombinant S1 molecules to levels equal or below 1 %.

The most interesting mutant contains two amino acids substitutions inside
the catalytic cavity: Arg9Lys and Glul129Gly (PT9K/129G; P1zza 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; RaprpuoLi 1997).
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CHAPTER 3
Diphtheria Toxin and the
Diphtheria-Toxin Receptor

T. Umara, 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 rox structure gene (FREEMAN 1951; UcHiDA et al. 1971).
Under optimal conditions for toxin production, diphtheria toxin is secreted
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and accumulated by the PWS 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 (f0ox) by an iron-
dependent mechanism (MurpHy et al. 1976; Bovp et al. 1990). The rox
operator locus was found to bear sticking homology to Fur (ferric-uptake reg-
ulator)-binding sites in the Escherichia coli chromosome (CALDERWOOD and
MEekALANOS 1987; De LoreNzo et al. 1987; Ta1 and HoiMEs 1988).

II. Toxicity of Diphtheria Toxin

Diphtheria toxin is produced as a single polypeptide chain with a molecular
weight (MW) of 58,348 Da, with two disulfide bridges (CorLiER and KANDEL
1971; GiLL and Dintus 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 (Gi.L
and Dintus 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 = 37,199 Da). 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; CorLiEr 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
(UcHipa 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. 1). 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; BLEWIIT et al.
1985; CaBraux et al. 1989), which are mainly in the fragment B (BoQUET 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 (MoskaUG et al.
1991; Umara and MEKADA 1998).
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Fig.1. Process of diphtheria-toxin intoxication

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 (Yamalzumi et al. 1978). This remarkably strong
toxicity of fragment A of diphtheria toxin could be explained by the follow-
ing: (1) 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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IIL. 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.c.. 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 a-helices and
B-sheets (CHOE et al. 1992). Several lines of evidence indicate that glul48 of
this domain is a crucial residue in the active site of the enzyme (CARrOLL and
CorLLIER 1984; CARROLL et al. 1985). His2l and Tyr65, both of which are involved
in NAD binding (PApINT et al. 1989, 1991; BLANKE et al. 1994). are also located
at the active-site cleft. CRM197 is a non-toxic mutant of diphtheria toxin
(UcHDA et al. 1972) with a substitution of Gly52 with Glu (GIANNINI et al.
1984). GlyS2 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 ADP-ribosylating 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 193-381), 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 al. 1981; Kagan et al. 1981). This domain is formed by nin¢ o-
helices (TH1-THY) arranged in three layers (CHoE et al. 1992; CoLLIER 1994).
THS8,TH9, and the connecting loop (TLS) form the innermost layer. Two acidic
residues, E349 and D352, located in the tip of TL5, have a critical role for low-
pH-mediated insertion of the T domain into the membrane (O'Kegre and
CoLLIER 1989; MINDELL et al. 1992; SiLvERMAN et al. 1994). Thus, substitution
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, THS, TH6, and TH7. Although the role of these
helices in the translocation of fragment A has been less characterized com-
pared with that of TH8/9 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, TH1, 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 TH8/9 and
TH5/6/7 could form in phospholipid membrane; TH1 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 (Umara and MEekapa 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 3kDa, esti-
mated as ~30 amino acids, which would include the TH1 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 THI1 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 TH5/6/7) would form an acid-induced channel in the endocytic
membrane; this would serve as translocation machinery for fragment A.
TH1 (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 THS5/6/7, 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 f-sheets arranged in a quasi-jellyroll configuration,
and resembles the immunoglobulin variable region (CHOE et al. 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 (Loutk et al. 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 S-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, G510, 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 scctions (MITAMURA et al. 1995,1997).
F530, which intcracts with G137 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.

I'V. 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 100ng/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 specics are quite resistant to its
action (LenNox and KapLaN 1957; Pracipo-Sousa and Evans 1957; GABLIKS
and SoLoToroVSKY 1962; MIDDLEBROOK and DorLAND 1977). There arc 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 al. 1982). Among
cells derived from susceptible species, the sensitivity to diphtheria toxin varies
from cell linc to cell line, as shown in Fig. 2, and some human ccll lines arc
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 (Yamaizumi ct al. 1978). A
number of cellular factors are involved in the intoxication process and could
influence toxin sensitivity. Onc example is furin, a membrane-bound serine
protease (TSUNEOKA ct 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 (MEKADA 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 (Umara 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 A1, 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 (KimM and Groman 1965; DRAPER and SiMonN 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 diphtheria 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 *I-labeled diphtheria
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toxin and Vero cells, specific binding of diphtheria toxin to cultured cclls was
demonstrated (MIDDLEBROOK et al. 1978). However, it took about 10years 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 ct 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 CoLLIER 1980) and inhibits its cyto-
toxic activity (MippLEBROOK and DorranD 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). CRM 197
does not bind nucleotides or the non-receptor diphtheria-toxin-binding sub-
stances (MEKADA et al. 1988) but binds to diphtheria-toxin receptor with an
affinity similar to or greater than that of diphtheria toxin (MekaDA and
UcHipa 1985).

We demonstrated specific binding of CRM197 to the diphtheria-toxin
receptor in a membrane preparation from Vero cells (MEKADA et al. 1988).
Scatchard analysis showed single-class binding with a K, valuc of 2.4 x 10°M ',
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 14.5kDa 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 '“I-CRM197 as a probe (MEKADA et al.
1988). Although the 14.5-kDa protein was the major form isolated from Vero
cell-membrane lysate, other sizes of diphtheria-toxin-binding molecules
(~20kDa and ~17kDa) were detected in diffcrent fractions from CM-
Sepharose ion-exchange chromatography (MekaDA et al. 1991). The 14.5-kDa
protein and the 17-kDa and 20-kDa proteins are dcerived 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). Mousc 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 platc assay (NAGLICH and
EmeLs 1990). A ¢cDNA (pDTS) 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
(NacLicH 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 (NacGLIicH et al. 1992),
first identified by HicasHivama 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 (Iwamoro
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 '“I-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. Scatchard analy-
sis demonstrated that diphtheria toxin binds to HB-EGF with an affinity
similar to that for intact Vero cells (K, of about 1+10°M™). 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 (HiGasHivama 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 (MirtamURrA 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, MiTamURra 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. 1996). Thus, mul-
tiple forms of HB-EGF with different molecular sizes are secreted. HB-EGF
secreted into culture media binds to diphtheria toxin (Iwamotro et al. 1994).
Thus, the diphtheria-toxin-binding site lies wholly or partially within this
region. The heparin-binding domain, which is located just upstrcam of the
EGF-like domain, is not necessary for binding to diphtheria toxin, because
deletion mutants lacking this domain bind diphtheria toxin with affinities
similar or higher than that of wild type HB-EGF (Mitamura ct al. 1995). These
results, together with results of human/mouse HB-EGF chimeras, indicate that
the EGF-like domain is essential and enough to bind diphtheria toxin.
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Results of human/mouse HB-EGF chimeras provide information about
important amino acids for diphtheria-toxin—diphtheria-toxin-receptor inter-
action. There are ten amino acid differences between 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 (MitaMURA et al. 1997).
The mutant proteins were transiently expressed in mouse L cells, and the diph-
theria-toxin binding was measured. Glutathione S-transferase fusion proteins
containing the mutated EGF-like domain were also examined. The largest
effect was observed with E141H, and the second largest effects were with
F115Y and L127F in all of the assay systems. Few but significant effects were
also observed with [133K and H135L. A computer model of the tertiary struc-
ture of the EGF-like domain of human diphtheria-toxin receptor/proHB-
EGF, based 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, Phel15, Leul27, and Glul41, 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
EipELs 1996). The crystal structure of diphtheria toxin-HB-EGF (Loulg 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/CDY

Iwamoro et al. (1991) isolated a monoclonal antibody (mAb007) that inhibits
the binding of diphtheria toxin to intact Vero cells. This antibody does not
inhibit the binding of diphtheria toxin to solubilized receptors, suggesting that
membrane integrity is necessary for the inhibition. Immunoprecipitation and
Western-blot analysis revealed that this antibody recognizes a membrane
protein with a mass of 27kDa (DRAP27) and does not bind to diphtheria-
toxin receptor. Immunoprecipitation studies of cell lysates prepared from cells
overexpressing diphtheria-toxin receptor with either anti-DRAP27 antibody
or CRM197 revealed that diphtheria-toxin receptor forms a complex with
DRAP27 (Iwamoto et al. 1994). mAb007 Probably binds to DRAP27 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 DRAP27 cDNA has shown that DRAP27 has
228 amino acids, contains four putative transmembrane domains, and is the
monkey homologue of the human CD9 antigen (MitamURA et al. 1992).

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-mousc hybrid cell line (3279-10) expressing diphtheria-toxin receptor
(Haves et al. 1987) but not DRAP27/CD9 antigen was transfected with cDNA
for DRAP27. The transfectants showed increased diphtheria-toxin binding
and were 3-25 times more sensitive to diphtheria toxin than non-transfected
cells (MitamuRa et al. 1992). However, when mousc 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 (Iwamoro et al.
1994). 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 cell transfectants expressing both diphtheria-
toxin receptor and DRAP27 had a 15-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-receptor
mRNA. Thus, DRAP27 upregulates diphtheria-toxin-receptor number and
diphtheria-toxin sensitivity through protein-protein interaction, though the
upregulation mechanism is still not clear (Fig. 4).

Fig. 4. Proposed model for the roles of DRAP27/CDY and heparin-like molecules
in binding of diphtheria toxin (DT) to DT receptor, the membrane-anchored form
of heparin-binding epidermal growth factor (DTR/proHB-EGF). a DTR/proHB-
EGF alone in the plasma membranes is not available for DT binding. b DRAP27/CD9
binds and orients DTR/proHB-EGF, making it accessible to DT. ¢ Cell-surface
heparan-sulfate proteoglycans (HSPGs) or free heparin bind to DTR/proHB-EGF at
the heparin-binding domain and induce a conformational change which results in
increased affinity of the DTR/proHB-EGF molecule for DT. d The DTR/proHB-
EGF-DRAP27/CD9-HSPG-DT complex (SHisnino et al. 1995)
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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 15
times less sensitive to diphtheria toxin than wild-type CHO-K1 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 (Suisnipo et al.
1995). Studies of the binding of 'I-labeled diphtheria toxin to heparan-
sulfate-deficient CHO cells transfected with human diphtheria-toxin recep-
tor/proHB-EGF cDNA 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-K1 cells or L cells. Enhancement of diphtheria-toxin
binding by the addition of heparin was also observed with CHO-K1 cells and
L cells that had been transfected with human diphtheria-toxin receptor/
proHB-EGF c¢DNA, 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/
CD?9 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 Sect.]ll, 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-EGF
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 penctrates 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. 1, 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. 1985; Mova et al.
1985). Diphtheria-toxin receptor, in particular its C-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, Tyr192. is in a region that resembles the signal necessary for
receptor-mediated endocytosis (NAGLICH et al. [992). 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 (ALMOND and
EpeLs 1994). 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 TMA4SF 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
(HicasHIyama et al. 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. I11. HB-EGF
belongs to the EGF family of growth factors (CARPENTER and WaHL 1990),
which includes EGF, TGFa (LEE et al. 1985), amphiregulin (SHovaB et al.
1989), and S-cellulin (SHING et al. 1993). HB-EGF binds to and gives a mito-
genic signal through the EGF receptor and possibly ErbB-4 (ELENIUS et al.
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 al. 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 (MIiTaAMURA et al.
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, TGF ¢, amphiregulin,
and B-cellulin (Mrtamura et al. 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 al. 1995), a process
referred to as juxtacrine stimulation (MassaGUE 1990). Furthermore, in
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analogy to diphtheria toxin, DRAP27/CD9 upregulates the juxtacrinc activity
of the membrane-anchored HB-EGF but does not affect the paracrine activ-
ity of sHB-EGF (HicasHivama ct al. 1995). More recently. we have observed
that the membrane-anchored HB-EGF shows growth-inhibitory activity by
juxtacrine mechanisms in culture conditions under which soluble forms of HB-
EGF and EGF stimulate cell growth (Mekapa, 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 in the membranc-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, both
DRAP27/CD9 (Iwamoro et al. 1991) and heparan-sulfate proteoglycan(s) are
revealed to bind to proHB-EGF (SHisHIDO et al. 1995). In addition to CD9Y, .
proHB-EGF forms a complex with integrin o381 (NAKAMURA et al. 1995). Fur-
thermore, other TM4SF-family proteins, including CD63. CD&81, and CDS2,
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, CD9Y, and integrin o381 co-localizes at ccll-cell
contact sites (NAKAMURA et al. 1995), 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 phorbol
12-myristate 13-acetate (TPA), an activator of protein kinase C (PKC; SANDVIG
and OLsNES 1981; OLsNES et al. 1986). GoisHi et al. (1995) showed that TPA
treatment of Vero-H cells (Vero cells over expressing diphthcria-toxin recep-
tor/HB-EGF) induces rapid cleavage of proHB-EGF at a Prol148-Vali49
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. Transfection of constitutively active forms
of PKCa, PKCS, or PKCe (and transfection of kinasc-negative forms of
PKC9) into Vero-H cclls revealed that PKCS§ is involved in TPA-induced
cleavage of proHB-EGF ([zumi el al. 1998).

Metalloprotease inhibitors inhibit both the constitutive and TPA-induced
cleavage of proHB-EGF (LANZREIN et al. 1995; Izumi et al. 1998), indicating
involvement of metalloprotease-family proteases in this process. To identify
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molecules downstream of PKCS§ in the TPA-induced cleavage process of
proHB-EGF, interaction screening of a cDNA library, using purified PKCd as
a probe, was performed; this identified MDC9, a member of the metallopro-
tease/disintegrin family, as a specific binding protein for PKCé. The evidence
that overexpression of MDC9 resulted in the cleavage of HB-EGF without
TPA and that the MDCY 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 PKCS 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 S-amyloid precursor protein, TGFe, interleukin-6, and receptor-like
protein tyrosine phosphatases (PANDIELLA and MASSAGUE 1991a, 1991b;
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:
Structure/Function, Production, and
Intoxication of Eukaryotic Cells

S.E.H. WEsTt

A. Introduction

Exotoxin A (ETA) is the most toxic of the numerous extracellular proteins
(LasA and LasB elastases, alkaline protease, protease 1V, 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 PV. Liu in 1966 as a heat-labile, trypsin-
sensitive protein exotoxin in culture supernatants of P. aeruginosa (L1u 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
(PaviLovskis et al. 1974). The ability of ETA to inhibit protein synthesis was
confirmed by IgLEwski and Kagar (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 (IGLEwsk1 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 (SAporF 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 (CarrorL and CorLLIER [988:
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).
[t is synthesized as a 638-amino-acid precursor which is processed during
secretion to a 613-amino-acid, enzymatically inactive proenzyme form (GRray
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; Guipi-RonTtant and Corrier 1987). Domain 1 encom-
passes amino acids 1-252 (1a) and 365-399 (Ib) arrayed in 17 antiparallel j3-
strands. Domain 11 includes residues 253-364 and is composed of six a-helices:
helices A and B are linked by a disulfide bond. Domain 111 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; GuUIibI-RONTANI
and CoLLIER 1987; HWANG et al. 1987; Guipi-RonTANI 1991 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. 1. Structure—function relationships of ETA. Structural domains are designated la,
Ib, II, and III; numbers refer to amino acid residues (ALLURED et al. 1986; Guip-
Ronrtant 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 o,-macroglobulin/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; Guipi-RoNTANI and
CoLLIER 1987; HWANG et al. 1987; Guipi-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 Ia 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, INnocencio et al. 1994; Gorpon 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). Figure1 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. > 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; DunNarD 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 DErgTIC
1996). P. aeruginosa 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 (Porrack 1995:
KruyrMans 1997; WisLIN 1997; GorpoN 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; VasiL
etal. 1986).Saelinger and colleagues (1977, 1985, 1987) demonstrated that ETA
is produced by P. aeruginosa 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). Paviovskis 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. aeruginosa PA103, an ETA-hyperproducing strain which produces low levels
of protease, significantly increased survival (Pavi.ovskis ct al. 1997). This result
suggested that ETA contributed to the lethality of 2 aeruginosain 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 (PoLrack et al. 1976, 1979, 1983:
Pavioskis 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-1
production from peritoneal macrophages (ZeHavli-WILNER 1988; MISFELDT
1990; MisreLpr et al. 1990; LeGaarp ct al. 1992; Dixon and MisriLptr 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; JaAFFaAR-BANDIEE
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; CUKoOR 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; Woobs et al. 1982; BLackwooD et al. 1983; Nicas and
IGLEwSKI 1985).

B. Production of ETA by the Bacterial Cell

I. Characterization of the foxa Structural Gene

The gene encoding the 638-amino-acid ETA precursor was first cloned by
Gravy et al. (1984) and was designated roxA. VasiL et al. (1986) found that the
toxA gene is present in 95% of P. aeruginosa 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 Sla and located 89bp 5" of the translational
start, appears to be used more frequently than the downstream site, designated
S1b, which is located 62bp 5 of the translational start. When the froxA tran-
scriptional start sites are aligned, the regions extending 45-46 bp upstream of
each start site are 58% identical (WEest et al. 1994a). Thus, the toxA promoter
region appears to consist of two similar, overlapping promoters. The 1oxA pro-
moter region shares no sequence similarity with other known P. aeruginosa
promoters or with the consensus sequences for Escherichia coli promoters.

IL. 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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1987). Lory (1986) showed that concentrations of iron above 2uM repress
toxA-mRNA production in a dose-dependent manner; at concentrations
above 30uM, production of both toxA mRNA and extracellular ETA are
repressed approximately 95%. Although not as well characterized as the
repression of ETA synthesis by iron, the addition of either 3.5% glycerol or
500uM Ca™ to the culture medium results in an approximately threefold
increase in the quantity of roxA mRNA (BLUMENTALS et al. 1987). In contrast.
the addition of 500uM Mn** to the culture medium decreased production of
foxA mRNA by 63% (BLUMENTALS et al. 1987). 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 84% decreases in ETA production in
the P. aeruginosa strains PA103 and PAOI, 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
[GLEwsKI (1988) found that, under iron-limiting conditions, foxA is transcribed
in a biphasic manner. During the early phase of logarithmic growth, a small
peak of foxA mRNA accumulates, which corresponds to the production of a
small quantity of intracellular toxin. A second and greater accumulation of
foxA 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 roxA transcription is stringently repressed by iron (FRaNK et al. 1989).
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 weruginosa cyclic
adenosine monophosphate (AMP)-receptor-protein (CAP) homologue Vir,
the novel proteins RegA and RegB, the quorum-sensing regulator LasR, the
iron-responsive transcriptional repressor Fur, the PtxR protein, and the alter-
native o factor PvdS, influence roxA expression (HEDsTROM et al. 1986;
HiNnpAHL 1988; Wick et al. 1990; GAMBELLO et al. 1993; WEST et al. 1994b;
OscHNER et al. 1995, 1996; Hamoop et al. 1996). Several of these regulatory
factors also affect the production of other P. acruginosa 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 Vibrio
cholerae and Bordetella pertusssis. 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
DNasel 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-I footprinting to interact
directly with the toxA promoter; Vfr also binds to the regAB and lasR pro-
moters (RUNYEN-JANECKY et al. 1996; ALBUS et al. 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 al, 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 Vir include the ETA regulators regA
and regB, lasR, which encodes a quorum-sensor regulator, and the gene encod-
ing protease 1V or its regulator (WEsT et al. 1994b; ALBus et al. 1997; ENGEL
et al. 1998). ETA production is reduced 99% in a vfr mutant (Wesr et al.
1994a). In a DNase-I footprinting assay, Vir protected the sequence
5’ACCACTCTGCAATCCAGTTCATAAA3Z centered 70bp 5 of the Sla
start site in the foxA promoter (RUNYEN-JANECKY et al. 1996).

The regA gene was identified by its ability to complement in trans the
ETA-deficient phenotype of the nitrosoguanidine-generated mutant PA103-
29 (HepstroMm et al. 1986; HinDaHL et al. 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. Hamoobp and IGLEWSKI
(1990) postulated that RegA is a transcriptional activator, because it contains
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a helix—turn-helix motit characteristic of DNA-binding proteins. However.
they were unable to demonstrate that RegA could bind the oxA promoter.
WALKER ct al. (1994) demonstrated that purified RegA stimulated a 15-fold
increase in in vitro transcription of toxA by purified P. aeruginosa RNA poly-
merasc; addition of P aeruginosa cell extracts resulted in another threefold
cnhancement 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
ct al. (1994) proposed that RegA and RNA polymerase interact.

The regB gene product is responsible for hyperproduction of ETA in
strain PA103 (Wick et al. 1990). The regB gene is located immediately down-
strcam of regA and has no apparent ribosome-binding site. There does not
appcar 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 el al. 1996). In a pvdS-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
dctected. When the pvdS gene was overexpressed under the control of the
inducible rac 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 ¢t al. 1996). It is
not clcar whether PvdS directly regulates both toxA and regAB or indirectly
regulates toxA through cither 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 fur-regulated genes. OCHSNER
ct al. (1995) demonstrated that purified Fur protein bound DNA fragments
containing the pvdS promoter but not the toxA or regAB promoters. Thus,
in responsc to changing iron levels, P. aeruginosa Fur appears to regulate
foxA production indirectly by repressing expression of pvdS (OCHSNER et al.
1996).

LasR is a quorum-scnsing rcgulator which enhances roxA expression and
also activates transcription of the elastase structural genes lasA and lasB and
the alkaline-protease structural gene apr (GamBeLLo ct al. 1993). In a P, aerug-
inosa PAO1 lasR mutant, ETA expression was reduced by 33%: the addition
of lasR on a multicopy plasmid increased ETA levels threefold. This effect
was not mediated through RecgA. 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 (Hamoobn et al. 1996). In an iron-deficient
medium, the presence of a plasmid carrying ptyR increased ETA synthesis by
four- to fivefold. In an in vitro. constructed prxR-deletion mutant, ETA pro-
duction was reduced 40-350%: however, upon extensive subculturing, 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-I1 general secretion pathway
(PucsLEY 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-terminal leader peptide which directs
the ETA protein across the cytoplasmic or inner membrane (GRray et al. 1984;
DoucLas 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. DoucLas 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 Klebsiella oxytoca
pul genes that are involved in the specific secretion of pullulanase (BALLy et
al. 1992; NUNN and Logy 1992; AkriM et al. 1993; PuGsLey 1993). The XcpQ,
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XcepT, XepU, XcpV, and XcpW proteins comprise the secretory apparatus:
XcpQ 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 XcpP. XcpX, XcpY.
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
PilD, 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; Barwy et al. 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.
XepV, 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 the 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-f-lactamase hybrid proteins, Lu and Lory (1996)
demonstrated that residues 60-120 within ETA domain Ia can target the secre-
tion of mature f-lactamase across the outer membrane of P. aeruginosa. Nor-
mally, B-lactamase is only secreted to the periplasm of P. acruginosa. In this
region of ETA, there are three anti-parallel S-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 be 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-Golgi to the endoplasmic reticulum, and



Pseudomonas aeruginosa Exotoxin A 77

(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 (Forristavr 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 op-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 FitzGeraLp 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.

Muccr 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 la 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
(Morgis 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 been pro-
posed as the mechanism by which ETA intoxicates eukaryotic cells. (1) Removal of the
terminal lysine residue from ETA (CHAUDHARY et al. 1990). (2) Binding of ETA 1o the
o,-macroglobulin/low-density lipoprotcin-receptor-related protein (LRP) (FORRISTAL
et al. 1991: THompsoN et al. 1991). (3) Movement of the ETA/LRP complex to clathrin-
coated pits (Morris et al. 1983; Morris and SAELINGER 1985. 1986; SAELINGER 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 (Ocara et al. 1990, 1992:
CHiroN et al. 1994; InoceNcio et al. 1994; Gorpon et al. 1995). (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 (IGLEwskI and KaBar 1975;
CHUNG and CorLier 1977a). Not all of these steps have been characterized
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clathrin-coated pits, which were pinched off to become coated vesicles. At
37°C, this step occurred 30s to 2.5min after the addition of the biotinylated
ETA to the LM cells. Within 10 min, ETA was found in endosomes, the result
of fusion of the coated vesicle with a non-coated vesicle. After 10-20min, 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 (FirzGeraLp 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; Gorpon et al. 1995) recently demonstrated that the trans-Golgi
endopeptidase furin cleaves ETA to generate an N-terminal 28-kDa fragment
and an enzymatically active 37-kDa C-terminal fragment. Furin is a subtilisin-
like Ca?*-dependent endoprotease which has been localized to the trans-Golgi
network and also to the cell surface (Nakavama 1997). Cleavage of ETA
occurred as early as 10min after internalization; this timing corresponds to
arrival of the ETA molecule in the trans-Golgi (OcGata 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; CHIRON et al. 1994). ETA molecules containing mutations that change
Arg-276 and Arg-279 to Gly are resistant to cleavage and are approximately
500-fold less cytotoxic. Mutations that change Cys-265 and Cys-287 to Ser or
Ala decrease cytotoxic activity about tenfold (MapsHus 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 (INoceNcro et al. 1994). 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 (Ocata 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-like 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 1% of the affinity of mutant proteins
containing a KDEL-receptor-binding consensus sequence at their C-teminus
(KREITMAN and Pastan 1995). HEssLER and KrREITMAN (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. Thus,
this step appears to occur before ETA enters the cukaryotic 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, L1 et al. (1995, 1996) determined, at 2.3-A resolution, the
crystal structure of domain 11l (amino acids 400-613) complexed with either
the hydrolysis-resistant NAD analog f-methylene-thiazole-4-carboxamide
adenine dinucleotide (8-TAD) or the products of NAD hydrolysis (AMP and
nicotinamide). Unlike the proenzyme form of ETA, domain [, 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. Lt 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 BRANDHURER et al. (1988). This cleft consists of two
approximately orthogonal, antiparallel S-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 11I bound to B-TAD occurred in the loop
between residues 457 and 464. In crystals of domain III bound to 3-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 11, 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 Garroway 1995). Han and Garroway (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-ribosyltranstferase and NAD"-glycohydrolase activities were reduced
20- and threefold, respectively. BEattTiE 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-ribosyltransferase activity (BRANDHUBER et al. 1988; Lukac and CoLLIER
1988). Mutation of Tyr-470 to Phe had no effect on ADP-ribosyltransferase
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 [GLEWsKI 1988; WozNi1aK et al. 1988). In CRM66, His-426 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 al. 1989). Using an
immobilized-elongation-factor-2-binding assay. KessLer and  GALLOWAY
(1992) have shown that CRM66 cannot bind to immobilized clongation factor
2, implying that His-426 interacts with elongation factor 2.

In summary, the NAD-binding and catalytic sites of ETA share a con-
served three-dimensional structure with other ADP-ribosylating enzymes
(DoMENIGHINI and Rapruoil 1996). Specifically, these toxins share a common
folding of the NAD-binding 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 by a -strand
followed by a slanted o-helix. Conserved motifs in these toxins include: (1) an
aromatic amino acid followed by a histidine (His-440 in ETA) or argininc
residue, (2) the motif Glu/Gln (Glu-553 in ETA)-X-Glu, and (3) in ETA and
diphtheria toxin, a Tyr-X,~Tyr NAD-binding motif (Tyr-470-Tyr-481 in ETA).
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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

J.R. MuUrPHY and J.C. 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;
UcHipa 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; Mova et al. 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; BEnNETT 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. 1980; ViTETTA et al. 1983). 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
KaGanN et al. (1981) and Donovan et al. (1981) demonstrated that the frag-
ment-B portion of diphtheria toxin retained in CRM45 (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. (1983) 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 50% (1C50) = 3 x 10M] 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-CRM45, 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 coli. 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 Sphl restriction endonuclease site
located in the C-terminal region of the fragment-B-encoding portion of the
tox gene. The construct was composed of fragment A and all but the C-termi-
nal 50 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 (o-MSH). This initial fusion-protein toxin was expressed
in precursor form and secreted into the periplasmic compartment of recombi-
nant E. coli. Partially purified DAB4860-MSH was found to be highly cytotoxic
for o-MSH-receptor-bearing human malignant melanoma cells in vitro,
whereas cell lines that were sensitive to native diphtheria toxin but did not
express the o-MSH receptor were found to be markedly resistant.

In these early experiments, it was apparent that DAB4860-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, DAB4891IL-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.
(1988) demonstrated that the cytotoxic action of DAB486IL-2 was mediated
through the high-affinity 1L-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 (e, B, y~chain)- and intermediate (, 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=1-10 x 10""*M), followed by cells that expressed the intermediate form
of the receptor (IC50 = 1-10 x 107""M). In contrast, cells that display the low-
affinity (o-, y-chain) form of the IL-2 receptor were resistant to the action of
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these fusion-protein toxins (IC50 > 107 M: RE et al. 1996). 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 DAB4861L-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 1L-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-related 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 (-
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 1L-2 receptor. In contrast, the further deletion of an additional 18
amino acids gave rise to a variant, DAB3711L-2, which was completely non-
toxic. Since DAB3711IL-2 bound to the high-affinity IL-2 receptor with essen-
tially the same K, as DAB389IL-2, it was apparent that amino acids between
371 and 389 of diphtheria toxin played an essential 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 (VANDERSPEK 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 1, 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 DAB3890-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 DAB4861L-2 and DAB389IL-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-related cytokine/peptide hormone fusion-protein toxins

Toxin Receptor targeted  1CS0 Reference
DAB4860-MSH o-MSH n.d. Murphy et al. (1986)
DAB389x-MSH a-MSH 3Ix 1o WEN et al. (1991)
DABA4861L.-2 IL-2 1x 10" WiLLiams et al. (1987)
DAB3891L-2 IL-2 1 %10 WiLLIAMS et al. (1990)
DAB389mlIL-3 mlL-3 3Ix 107 LiGeR et al. (1997)
DAB389mIL-4 mlL-4 2x 107" Lakkis et al. (1992)
DAB389IL-6 IL-6 2x 107" Jean and Mureny (1992)
DAB389IL-7 IL-7 1x 10" SweeNEy et al. (1998)
DAB389IL-15 IL-15 7% 107 VANDERSPEK et al. (1995)
DAB389EGF EGF 110" Shaw et al. (1991)
DAB389CD4 HIV gp120 1x 107 AuLLo et al. (1992)
DAB389sP sP 5x 10" FisHeRr et al. (1996)
DAB389-NT4 p75LNGFR/TrkB 2x 107" NeGro and Skaper (1997)
DAB389GRP GRP 2x 10" vANDERSPEK et al. (1997)
DAB389GM-CSF GM-CSF 1 x10™" BENDEL ¢t al. (1997)
DAB389GM-CSF ~ GM-CSF 7x 10" KrerrMaN and Pastan (1997)

EGF, epithelial growth factor; GM-CSF, granulocyte—macrophage colony-stimulating
factor; GRP, gastrin-releasing peptide; HIV, human immunodeficiency virus; /C50,
inhibiting concentration in 50% of subjects; /L. interleukin; LNGFR, low-affinity
nerve growth-factor receptors; m/ L, murine interleukin; 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 been
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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 DAB38YIL-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 DAB3891L-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 IL-2 receptor and
induces signal transduction, resulting in stimulation of RNA and DNA syn-
thesis (WaLz et al. 1989). Recent results (ZENG and MurpHy, unpublished)
suggest that, soon after binding to its receptor, the C domain of DAB3891L-2
becomes denatured and loses its ADP-ribosyltransferase activity. The fusion
toxin is then processed by the cellular endoprotease furin, which introduces a
“nick” in the o~carbon backbone of the fusion toxin at Argl94 (WiLLiaMs et
al. 1990; TsuNeoka et al. 1993). While the transmembrane domain of both
native diphtheria toxin and DAB389IL-2 are clearly required for facilitating
the delivery of the catalytic domain, the precise roles played by each of the
individual « 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 o-helix layer of the transmem-
brane domain (« 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 1 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 1 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-
alytic 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 DAB48611.-2 and DAB389IL-2 were sclectively 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 o~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 DAB4861L-2 from day zero to day six. Com-
pared with the control groups, treatment was found to be dose dependent and,
at 50 pug/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 DAB48611.-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 DAB4861L.-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 DAB4861L-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 C57B1/10 recipients.
Following transplantation, mice were treated with 1ug/day DAB486IL-2 for
10days. 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 al. (1996) examined the effects of DAB486I1.-2 administra-
tion following balloon angioplasty in rabbits. In this study, 11 rabbits were
treated with the fusion-protein toxin at a level of 100ug/kg/day for 10days
post-angioplasty. After 6 weeks, 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).

RamaDpaN et al. (1996) examined the effect of the second-generation form
of the IL-2-receptor-targeted fusion toxin, DAB3891L-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 development
of granulomas and collagen deposition in the livers of infected animals.

In the studies summarized above, both DAB486IL-2 and DAB38YIL-2
were found to be potent immunosuppressive agents in several animal models
of disease and in a murine model of cardiac transplantation in vivo. These
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 K, for binding to the IL-2 receptor, and (4) their relatively
short half-life in circulation (BacHa et al. 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 DAB3891L-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 al.
(1996) have found that administration of daily low doses of recombinant
native 1L-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 10* to 10°
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-1-associated adult T-cell leukemia/lymphoma, and chronic lymphocytic
leukemia (UcHivama 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-1 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-I/II studies have been conducted in patients with refractory
rheumatoid arthritis, psoriasis, and type-1 onset diabetes.

I. Rheumatoid Arthritis

In a phase-I/Il protocol, SEweLL et al. (1993) treated with DAB486IL-2 19
patients who presented with methotrexate-resistant rheumatoid arthritis. The



100 J.R. MurpHy and J.C. VANDERSPEK

fusion toxin was administered intravenously at one of three dose levels daily
for Sdays or 7days. Arthritis response was assessed at 28 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 [4days 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 al. 1995). In the double-blinded phase of this study, 4 of 22
treated patients (18%) met the criterion for a clinical response; none of the
placebo group met this criterion. In the open-label phase of the study, 11 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 CD8+ 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 al.
(1995) evaluated DAB389IL-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 ultraviolet-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 100kU/kg (2 ug/kg) or 200kU/kg
(4ug/kg) DAB38IIL-2 administered intravenously daily for Sdays. Patients
were monitored for 23days 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 CDG8&+ subsets). Given that DAB389IL-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-I/Il clinical trials were conducted with DAB486IL-2 and
DAB3891IL-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
DAB4861L.-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 t;, 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%
(1/14) of the patients with Hodgkin’s disease, and 17% (6/36) of patients with
CTCL. One patient with tumor-stage CT'CL had a complete remission and has
remained disease-free for over Syears (HESKETH et al. 1993). As anticipated
from in vitro studies, it was notable that all patients who responded to
DAB486IL-2 therapy had demonstrable 1L-2-receptor expression, as shown
by immunoreactivity with anti-Tac (CD25) antibody.

These initial human clinical trials with DAB4861L-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 1L-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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DAB389IL-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 1L-2 receptors were enrolled.

As reported by LEMAISTRE 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
31ug/kg/day for 5days. 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-lymphoma patients. DAB389
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 10months. Since four of five complete responses
were found in those patients who presented with CTCL, phase-III studies of
DAB3891IL-2 were initiated in this patient population.

IV. Cutaneous T-Cell Lymphoma

As a clinical entity, CT'CL describes a series of low-grade non-Hodgkin's lym-
phomas in which malignant T cells invade the skin (Broper 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
3years. 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 pug/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 9ug/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 chills/fever, 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-11I 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 1L-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. MERrITT, 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 O1. In 1992, a new cholera epidemic
emerged, caused by the new serotype V. cholerae O139 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 (HormGrEN 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 HarLs 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 LoSpPaLLUTO
1969), are thus also applicable to LT-I and vice versa. The CT family also
includes two more recently discovered heat-labile enterotoxins, I'T-11a and LT-
IIb, which are secreted by certain E. coli strains (GREEN et al. 1983; GurH 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 be even better. 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 be complicated
by the recent finding that key pathogenic proteins, including the toxin itself,
are encoded by a filamentous bacteriophage, CTX®, and can easily be trans-
ferred from pathogenic V. cholerae strains to other, formerly non-pathogenic
strains (WALDOR and MEKALANOS 1996).

Several review articles have been published covering the exciting field of
research on LT-1 and CT structure—function relationships from its early begin-
nings in the 1960s until the early 1990s (HoLMGREN 1981; Sixma 1992;
SpANGLER 1992; HoLr et al. 1995; and several books devoted to meetings
covering bacterial toxins). We concentrate here on more recent work.

The toxins LT-1 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 Gy,,.
After membrane translocation, the A subunit catalyzes the adenosine diphos-
phate (ADP)-ribosylation of G,, 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 monophosphate (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 A1 and A2 cleavage products. After this “nick™, the Al subunit,
which bears the catalytic activity, and the A2 linker are still covalently coupled
by means of a disulfide bond between Cys187 and Cys199, which must be
reduced to obtain full activity (SPANGLER 1992; Chap. 1).

B. Three-Dimensional Structures of Holotoxins

The crystal structures of the ABs LT-1 and CT holotoxins were determined 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 structurc (as
expected, since the two proteins are 80% identical in sequence). The five B
subunits, of 104 amino acid residues each, form a large ring with a diameter
of ~60A 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 15A. 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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Fig.1. Secondary-structure representations of the ABS holotoxins heat-labile entero-
toxin (LT)-1 (Sixma et al. 1991) cholera toxin (ZHANG et al. 1995b), and LT-11b (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 light 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 white. 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 A1 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 (Sixma et al. 1992a). The one
notable difference between the holotoxin structures of LT-1 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 Al
domain (Fig. 1) can be divided into three substructures (ZHANG et al. 1995).
Subdomain A1-1, comprising residues 1-132, forms the framework of the
catalytic domain. Subdomain A1-2, comprising residues 133-161, forms an
extended linker from one end of the Al-1 subdomain to near the Al-1/A2
interface. The C-terminal A1-3 subdomain, formed by residues 162-199, is a
small, separate, irregular domain around the activation/cleavage site contain-
ing the Cys187-Cys199 disulfide bond and a stretch of hydrophobic residues
(ZHANG et al. 1995).

The B subunits of LT-1 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 ABs-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 1 (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 by Sixma et
al. (1991), was later also encountered in other ABs toxins, including verotoxin
(S1EIN et al. 1992), shiga toxin (FRASER et al. 1994), CT (ZHANG et al 1998b),
LT-IT (VAN DEN AKKER et al. 1997) and, with interesting variations, PT (StIN
et al. 1994a).

C. Toxin Assembly and Secretion

The A and B subunits of both LT-I1 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; Horstra and WirHoLT 1984). The assembly of the AB; holotoxin
involves AB; and AB, assembly intermediates and cannot occur from
preformed B pentamers (HARDY et al. 1988). The assembly of B subunits into
pentamers 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
(Okamorto et al. 1995). One of the mutated arginines is at the A/Bs 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 pentamers and can be
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 Hormes 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°C (Goins and FREIRE
1988).

V. cholerae contains a specific endoproteinase that nicks the A subunit
between domains A1l and A2 to partially activate the toxin prior to secretion
(FINKELSTEIN et al. 1983). LT-1 is not cleaved prior to secretion from E. coli.
Crystallographic analysis of partially activated LT-1 (MEerrrtT et al. 1994b) 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
CT secretion (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 Glull (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-
Ila and LT-1Ib, 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 AB; 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 pentamers 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 al 1992; LinG et al. 1998). LT-1 and
CT, however, exhibit a virtually identical receptor-binding site that specifically
recognizes the cell-surface pentasaccharide belonging to ganglioside GM1. LT-
I, but not CT, has also been shown to bind weakly to celi-surface glycopro-
teins in addition to binding GM1 (HoLMGREN 1994). No specific details of this
alternative binding interaction have been reported.

One GM1-binding site is present on each monomer of the B pentamer
(Srxma et al 1991; 1992; MEerritT et al. 1994; HoL et al. 1995); hence, the toxin
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Fig.2. The hydrophobic ring at the entrance of the Bs pores of heat-labile enterotoxin
(LT)-1, cholera toxin (CT), LT-1Ib 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 GM1 oligosaccharide has been
studied crystallographically at the unusually high resolution of 1.25A
(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 GM1 oligosaccharide) bound by a rclatively
flexible binding site on the toxin. In 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 residucs
become well ordered and contribute to the toxin-receptor interaction surfacc.
The role of individual toxin residues in receptor recognition has been probed
both genetically and structurally (JoBLING and HorLMEs 1991; MERrrITT 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, GIn56, Asn90, and Lys91. Addi-
tional binding interactions are contributed by the N-acetylgalactosamine and
sialic-acid sugar residues of GML1. 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 (PArRTON et al. 1994; OrLANDI and FisHMaN 1998; WoLF et al.
1998) or possibly by the endosomal pathway (Sorer 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;
Majout 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 A1 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 cukaryotic 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 G, (a trimeric G protein involved in
signal transduction) by ADP-ribosylating the catalytically crucial G, residue
Arg201, using nicotinamide adenine dinucleotide (NAD) as a substrate:

NAD* + G,, —» ADP-ribose—Arg201-G,, + nicotinamide + H* (N

The stereochemistry of this reaction has been determined for CT and LT-
I and reveals that B-NAD is converted to o- ADP-ribose (OPPENHEIMER 1978;
Moss et al. 1979), suggesting an Sy2 reaction mechanism. Two active-site
residues have been identified as being probably important for catalysis. The
first residue, Glul12, 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 G,, (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
(Locut 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.

L. 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 K,, for LT-I
(Srxma et al. 1993). Quite interestingly, in the Arg7Lys mutant structure of LT
(VAN 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
G,, 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 (MEekaLaNos et al. 1979), and diethylamino benzylidine—
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Fig.4. A The proposed catalytic adenosine diphosphate-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 Ala8 are extrapolated
from the nicotinamide adenine dinucleotide (NAD)-bound diphtheria toxin (DT)
coordinates (BerLL. and EISENBERG 1996) and the exotoxin-A structure complexed to
adenosine monophosphate and nicotinamide (L1 et al. 1995). B Postulated NAD-
binding mode in the active site of LT-I. The NAD-binding mode, shown in thick black
lines, is derived from a superposition of the active sites of LT-I and DT. The superpo-
sition yielded a root-mean-squared deviation of 1.6 A for 42 structurally equivalent Cox
atoms. Residues that are mentioned in the text and residues that arc postulated to inter-
act with NAD (as extrapolated from the NAD-bound DT crystal structure) are shown.

aminoguanidine (NARAYANAN et al. 1989) are used in CT or LT-1 enzymatic
ADP-ribosylation assays. The substrate with the best affinity for CT charac-
terized to date is m-iodobenzylguanidine, with a K, of 6.5uM (LoOESBERG ct
al. 1990). At position Argl46, the Al 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 (Lar et al. 1983; OkamoTo
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Fig.4. Continued

et al. 1988). The peptide substrates poly-arginine (La1 et al. 1981) and kemp-
tide, which has a K,, of 4.3mM for CT (Kuarapia 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, acetylpyridine-
adenine dinucleotide has an inhibition constant of 17 mM (GaLLowAy and VAN
HEYNINGEN 1987), while the inhibitor carba-NAD has an inhibition constant
of ~6mM (SLaMa et al. 1989) and is, moreover, a challenge to synthesize.

II. NAD-Binding Site

The precise mode of binding of NAD to LT-1 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 Ei1SENBERG 1996). The structure of ETA has been determined, first
in the presence of nicotinamide and AMP (L1 et al. 1995) and, subsequently,
complexed to the NAD analog f-methylene-thiazole-4-carboxamide adenine
dinucleotide (L1 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 458463 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 Al-subunit structure (GALLowAay 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-1 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 (FEIL et al. 1998). Figure 4b 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 L'T-1 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-1 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-1, 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-11, discussed below.

G. The LT-II Family

In the early 1980s, a new group of LT-1Is was discovered (GREEN et al. 1983;
GurH et al. 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
(GurH et al. 1986a). Recent studies suggest that LT-II-producing FE. coli are
more common in cattle and buffalo than in humans (SERIwATANA et al. 1988;
CELEMIN et al. 1994). LT-IIs 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-1Is behave very much like the toxins
LT-1 and CT. LT-IIs bind to Y1 mouse adrenal cells and intestinal cells (DoNTA
et al. 1992). LT-IIs have been shown to be toxic to mouse Y1 adrenal cells
(GurH et al. 1986b), causing rounding of Y1 adrenal cells, accompanied by
increased levels of intracellular cAMP (HoLMEs et al. 1986). In addition, LT-11s
have been shown to ADP-ribosylate G, (LEE et al. 1991) and activate (by
ADP-ribosylation) adenylate cyclase in human fibroblasts (CHANG et al. 1987),
suggesting a mode of action similar to those of CT and LT-1.

Like LT-I, LT-IIs contain an A subunit [molecular weight (M,) =
28000 Da] and five B subunits (M, = 11800 Da). The A subunit can be cleaved
by trypsin yielding an Al (M, =21000Da) and A2 (M, = 7000 Da) fragment
(Gurn et al. 1986b). The overall sequence identity of the A subunits of LT-11a
and LT-IIb is 71% and, for the B subunits, the identity is 66% (PIckET et al.
1987, 1989). The LT-11a and LT-IIb A-subunit sequences are quite similar to
that of LT-I (VAN DEN AKKER et al. 1996b), as the sequence identity between
the LT-IIs and LT-I is about 55% (PickeT et al. 1989). In contrast, no homol-
ogy could be detected when comparing the LT-Ila and LT-IIb amino acid
sequence with the LT-I and CT B-subunit sequences (P1ckET et al. 1989). Given
the limited sequence similarity between LT-1 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-II producing strains has
been suggested from hybridization studies (PickET et al. 1987, 1989). Despite
the very different B-subunit amino acid sequences, LT-1Ia and LT-11b A sub-
units and LT-I B subunits can form hybrid toxins (although with low cfficiency:
ConNELL and HoLMES 1992b).

Crystallographic study shows the LT-IIb holotoxin structure to be very
similar to those of LT-1 and CT for both the A and B subunits (VAN DEN AKKER
et al. 1996b). 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-ITb sequence after structural alignment with LT-1
and CT identified 11 conserved residues in the 99-residue B subunit (VAN DEN
AKKER et al. 1996b). The catalytic domain of the A subunit of LT-1Ib is struc-
turally quite similar to that of LT-I, 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-11b, 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-TIb 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-1Ib 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; FeiL et al. 1998), is found in LT-11b in the
same inactive conformation (blocking the active site) as the homologous loop
in wild-type LT-I structures. Sequence differences between LI-I and LT-IIb 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-Ila and LT-IIb (LEE et al. 1991).
Mutational studies of the residues in the 47-56 loop (FEIL et al 1998) support
its importance in substrate recognition and catalytic activity.

The lack of sequence similarity between the B subunits of LT-1 and LT-
IIs is reflected in the differences in ganglioside specificity among these toxins.
Unlike LT-I, LT-Ila is not very specific and recognizes a wide variety of
gangliosides, including GM2, GM1, GD1la, GD2, GD1b, GT1b, and GQ1b
(Fukura et al. 1988). LT-IIb binds to GD1a, GT1b, and (weakly) to GM3 and
GM2 (Fukura et al. 1988). The hydroxyl groups of Serl13 and Ser14 of the B
subunits in both LT-1Ia and LT-IIb have been shown to be critical for the
toxins’ ganglioside affinity (ConnNELL and Hormes 1992a, 1995). The N-
terminal half of the B subunits of LT-IIa and LT-IIb 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. Patton, 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., ciprofloxacin (KHAN et al. 1996), and antisecretagogues,
e.g., the Ca**-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 (Ruro 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;
LEvVINE 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 (WaALDOR 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 monophosphate (cAMP) concentration and the opening of CI°
channels; FINKELSTEIN 1988) has become more complex. Intoxication includes
the actions of other signaling molecules, such as prostaglandin E,, 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
al. 1995; LUNDGREN and JopaL 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 guanosine
triphosphate (GTP)-binding proteins (Moss and VaugHAN 1993), the identi-
fication of several new families of molecules [i.e., adenosine diphosphate
(ADP)-ribosylation factors and the regulators thereof (Moss and VAuGHANM
1998), and eukaryotic mono-ADP ribosyltransferases (Okazaki and Moss
1998)], and the definition of CT adjuvant effects on mucosal immunc
responses (SNIDER 1995; SasBar et al. 1997; Hirst et al. 1998; OLIvER and ELson
1998).

CT and the very similar heat-labile toxin from toxigenic F. coli (LT) nol
only contain the machinery needed to exploit endogenous molecules for thei-
cell-surface attachment but, once bound, the subsequently internalized toxins
enzymatically modify several proteins with ADP ribose, including the posi-
tive regulator of adenylyl cyclase, G,. The ADP ribosylation factors (ARFs)
are 20-kDa guanine-nucleotide-binding proteins that are the major in vitro
stimulators of CT/LT-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
al. 1995; ParToN et al. 1997a). However, it remains to be shown whether ARIF
encounters CT/LT inside the cell and plays a role in CT/LT action.
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Fig.1. Cholera toxin-catalyzed adenosine diphosphate (ADP)-ribosylation. ADP ribo-
sylation factors stimulate the ADP-ribosyltransferase activity of cholera toxin in vitro.
Cholera toxin action on arginine-containing target proteins (the positive regulator
of adenylyl cyclase, G,) results in formation of the o-anomeric, ADP-ribosylated
product and free nicotinamide from f-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 (agmatinc) also
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 AB; 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 (YaAmamoro et al. 1984) and function (LEE
et al. 1991). All members of the AB; 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 (5kDa); CTB is a homopentamer of
11.6-kDa B subunits and binds to the cell-surface receptor, ganglioside GML1.
Crystal structures revealed that CTA, like LT (Sixma et al. 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 al. 1995b). The intact AB; 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 A, 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 al. 1993), whereas the
corresponding portion of CT is a helix throughout its length (ZHANG et al.
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 (MERrrITT et al. 1994a, 1994b, 1994c, 1995, 1997, 1998; VERLINDE
et al. 1994; VAN DEN AKKER et al. 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
VauUGHAN 1977b). To generate active CT or CTA, the A chain must be prote-
olytically cleaved between residues 192 and 195 (Moss et al. 1976; MEKALANOS
et al. 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 A1 and A2 chains must also be
reduced (MEKALANOS et al. 1979b; Tomasi et al. 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 MEReN 1978; JoHNsON et al. 1978; KasrLow et al.
1980; NorTHUP et al. 1980; ABooD et al. 1982; Van Dop et al. 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; MExaLANOs et al. 1979a; TaiT and Nassau 1984). In the transferase reac-
tions, CTAT1 utilizes f-NAD to generate an a-anomeric product (OPPENHEIMER
1978). CTAI can also transfer ADP-ribose to water (Moss et al. 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 al. 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; Barsieri et al. 1989) and Pseudomonas (exotoxin A or ETA: CARrroL .
and CoLLIER 1987). In LT, replacement of Glu112 with Lys (Tsuii et al. 199C.
1991) or Asp (LoBET et al. 1991) resulted in toxins that lacked or had greatly
reduced ADP-ribosyltransferase activity. Consistent with the function of
Glull2 as an active-site residue, an LT Glul12Lys mutant retained its ability
to interact with ADP-ribosylation factor (discussed below; Moss et al. 1993}.
The position of Glu112 in CTA1 and LTAI, as determined from models gen-
erated using both crystallographic (Sixma et al. 1993; ZHANG et al. 1995b) and
computer-modeling methods (DoMENIGHINI et al. 1994), accords with its rol:
as a critical active-site residue.

The major CT and LT substrate in cells is G, the o subunit of the het-
erotrimeric GTP-binding protein complex known to stimulate adenylyl cyclas2
(G1LL and MEReN 1978; JoHNsON et al. 1978; KasLow et al. 1980; NorTHUP et
al. 1980). In resting cells, G, exists in a guanosine diphosphate (GDP)-bound
state complexed with Gy, on the plasma membrane. When stimulated by an
external signal via a membrane-bound receptor, G, becomes GTP bound and
dissociates from Gy,: G,-GTP then stimulates adenylyl cyclase. ADP-ribosy-
lation of G not only causes the release of G, from Gy, (KaAHN and GILMAR
1984a) but also accelerates the release of GDP from G, (Burns et al. 1982)
and inhibits the ability of G, to hydrolyze GTP and return to its inactive statz
(CasseL and SELINGER 1977; JounsoN and BournNE 1977; Navon and Funs
1984). Thus, persistently activated G,, 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 al. 1997) and that
CT and LT may differ in their uptake and processing mechanisms. Work wita
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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
(OrrLaNDI and Fisuman 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 FisuMAN 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 A1 (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; MaJjouL et al. 1996,
1998; SANDvVIG 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 (ENomoro 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 (SDS) polyacrylamide-
gel electrophoresis] as a 21.5-kDa protein doublet (KAHN and GiLMaN 1984b)
that supported CT-catalyzed ADP ribosylation of G, in the presence of GTP
but not GDP (KaHN and GiLMaN 1986) and was thus named ADP-ribosyla-
tion factor or ARFE. GTP, GDP, and their corresponding non-hydrolyzable ana-
logues bound to ARF, but ARF hydrolysis of bound GTP was not detected
(Kann and Gicman 1986). Guanine-nucleotide binding was enhanced by 3mM
dimyristoyl phosphatidyl choline (DMPC) and 2mM Mg, whereas ad:nine
nucleotides did not bind under any conditions (KaHN and GiLMAN 1986) Sub-
sequently, a membrane-bound ARF (Tsal et al. 1987) and two soluble ARFs
(Tsar et al. 1988) with biochemical properties similar to those described carlier
were identified in bovine brain.

II. Biochemical Characterization of ARFs

ARFs act as allosteric activators of CTAL in vitro (Tsal et al. 1987, 1988: Nopa
et al. 1990). As shown with native bovine ARF3, ARFs lower the K, for both
NAD and agmatine (Nopa et al. 1990). Lipids and detergents not only enhance
the ability of ARF to bind GTP (Bopak et al. 1990) or the non-hydrolyzable
analogue GTPyS (Muravama et al. 1993) but, as was shown with 0.003% SDS
(Nopa et al. 1990), they cause an additional decrease in K,, and increase the
Vs 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 ARF1 and CTA1 have
been isolated only in the presence of 0.003% SDS (Tsar et al. 1991) or
azolectin/cholate (Franco et al. 1993), respectively, and only when using gel
filtration. Thus, lipids, detergents, and ARF appear to play a role in eniancing
CTA activity in a cellular or physiological environment. The optimal “emper-
ature for CTA-catalyzed ADP-ribosylation of agmatine without lipid or ARF
was 25-30°C and was shifted toward 37°C with addition of native bovine ARF3
and 3mM DMPC/0.2% 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 GDP-bound,
inactive state; in this state, ARFs are generally soluble and are generally iso-
lated from cell supernatants. The release of GDP and binding of GTP causes
AREF activation and binding to membranes (KanN et al. 1991; ReGazz1 et al.
1991; WALKER et al. 1992). Some data suggest that ARF is “loosely” associated
with lipid membranes in the GDP-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 absznce of a
particular lipid or perhaps by influencing nucleotide exchange on the ARF. In
support of this concept, the binding of soluble native ARF from P(-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 o-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 ~180-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 arfI",
arf2” double mutant (KaAHN et al. 1991), are capable of stimulating the ADP-
ribosyltransferase activity of CTA1 (with G, 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 o subunits (G,,) of
heterotrimeric GTP-binding proteins (MoorMaN et al. 1999). Region 1, with
the consensus sequence GX,GK, is critical for phosphate binding and nu-
cleotide hydrolysis. Region Il (DX,G) participates in Mg”** and nucleotide-
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ARF1l MGNIFANLFKGLFGKKEMRILMVGLDAAGKTTILYKLKLGEIVTTIPTIGFNVETVEYKN 60
ARF3 MGNIFGNLLKSLIGKKEMRILMVGLDAAGKTTILYKLKLGEIVTTIPTIGFNVETVEYKN G(
Class T  *xkkk kk .k h . hhhhhhhhhhhhhhkhhkh kA k kA kXXX XK KA KK Kk Kk k& Kk ok hk Kk K*
ARF4 MGLTISSLFSRLFGKKQMRILMVGLDAAGKTTILYKLKLGEIVTTIPTIGFNVETVEYKN G0
ARF5 MGLTVSALFSRIFGKKQMRILMVGLDAAGKTTILYKLKLGEIVTTIPTIGFNVETVEYKN 60

Class I1 I R e R R X )

ARF6 MG----KVLSKIFGNKEMRILMLGLDAAGKTTILYKLKLGQSVITIPTVGFNVETVTYK) 56

ARF1 ISFTVWDVGGQDKIRPLWRHYFONTQGLIFVVDSNDRERVNEAREELMRMLAEDELRDAY 120
ARF3 ISFTVWDVGGQDKIRPLWRHYFQNTQGLIFVVDSNDRERVNEAREELMRMIAEDELRDA"Y/
Class T  AAAhkhAhk kA kAR AKX KKK KKK AR KA R XA KA K KK K Kk Kk Kk ok K Kok kK ok ok K Kk ok Kk Kk koK kK K«
ARF4 ICFTVWDVGGQDRIRPLWKHYFQONTQGLIFVVDSNDRERIQEVADELQKMLLVDELRDAV 12
ARF5 ICFTVWDVGGQDKIRPLWRHYFQNTQGLIFVVDSNDRERVQESADELQKMLQEDELRDAV 120

Class I1I KHKKKKKKKKKXAK . kKKK - Ak A KA ARk ko kkkkk - kk hokk bk kk* * kK kK Kk K

ARF6 VKFNVWDVGGQDKIRPLWRHYYTGTQGLIFVVDCADRDRIDEARQELHRIINDREMRDAI 116

[

ARF1 LLVFANKQDLPNAMNAAEITDKLGLHSLRHRNWYIQATCATSGDGLYEGLDWLSNQLRNQ 180
ARF3 LLVFANKQDLPNAMNAAEITDKLGLHSLRHRNWYIQATCATSGDGLYEGLDWLANQLKNK 180
Clasg T  *kkkkxkk sk kkkhkkkkkkkkkkkk kkkkkkk ok hkkkkkhkkkkhkhkkk k kkk o Kk . % -
ARF4 LLLFANKQDLPNAMAISEMTDKLGLQSLRNRTWYVQATCATQGTGLYEGLDWLSNELSFR 180
ARF5 LLVFANKQDMPNAMPVSELTDKLGLQHLRSRTWYVQATCATQCTGLYDGLDWLSHELSFR 180

Ciass 11I Kok ikkkkhok ohhokk  hkk kA hhhKX Kk hhkh Ak hkhhhhkhkhhhkhkkk . khkkxk  kkkx7 &

ARF6 ILIFANKQDLPDAMKXPHEIQEKLGLTRIRDRNWYVQPSCATSGDGLYEGLTWLTSNYKS- 17

<
(5]

ARF1 K 181
ARF3 K 181
Class I =
ARF4 -
ARF5 -
Class II -
ARF6 -

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 SwissProt (SP) databascs are: hARFI
(BoBak et al. 1989, PENG et al. 1989) GB-416637 SP-P32889; hARF3 (BoBak et al. 1989)
GB-114125 SP-P16587; hARF4 (Monaco ct al. 1990) GB-114123 SP-P18085; hARFS
(TsucHhiva ct al. 1991) GB-114127 SP-PP26437; hARF6 (Tsucinya ct al. 1991) GB-
114129 SP-P26438. hARFs 1 and 3 constitute class-I ARFs, hARFs 4 and 5 are class-
Il ARFs, and hARF6 is the only class-III ARF. ARFs from other organisms 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-111
ARF most closcly resembling ARF6 (LEE ct al. 1994)

B-phosphate binding, whereas region II1 (NKXD) is required for positioning
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 ARF1-GDP (GreasLEy ct al. 1995), an¢ human
ARF1~GppNHp (a poorly hydrolyzable analogue of G'TP: GoLbpBirG 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 (KAnN 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 B-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 ARF1-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 GIn71, which is impor-
tant for GTP hydrolysis by ARFs (Tanicawa 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 GIn61 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 ARF1 lacking the first 17 amino
acids (ARF1,, also referred to as A 17ARF1; KanN et al. 1992), with GppNHp
bound. As was seen in the ARFI-GDP structures, the core of the activated
AREF is mostly composed of B-sheets. The bulk of the differences between
ARF-GDP and ARF-GppNHp were in residues 38-83, a region described as
encompassing switch I, strand 32, loop A3, strand 33, and switch II,in that order
(GoLDBERG 1998). In the inactive or GDP-bound state, residues from loop A3
form a hydrophobic binding site for one face of the N-terminal amphipathic
helix, and switch I forms hydrogen bonds with strand 2. In the activated state,
switch [ is not hydrogen bonded to 52 but adopts a conformation that allows
Thr48 to interact with the Mg®* and the yphosphate of the nucleotide. The
changes in relationship between switch I and strand 32 are thought to translate
to concomitant changes in strand 33, loop A3, and switch II, resulting in desta-
bilization of the N-terminus by changing the orientation of the amino acids in
loop A3 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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ARL1 MGG----FFSSIFSSLFGT--REMRILILGLDGAGKTTILYRLQVGEVVTTIPTIGFNVE 54
ARL2 MG------ LLTILKKMKQK-ERELRLLMLGLDNAGKTTILKKFNGEDIDTISPTLGFNIF 53
ARL3 MG------ LLSTILRKLKSAPDQEVRILLLGLDNAGKTTLLKQLASEDISHITPTQGFNILE 5

Class II ** Ak KK Lk ek ko k k. kkkKkkkkkkk ckk L. kkk | ko kKk KKK

ARL4 MGNGLSDQT-SILSNLPSF--QSFHIVILGLDCAGKTTVLYRLQFNEFVNTVPTKGENTE 57
ARL6 MCGNHLTEMAPTASSFLPHF - -QALHVVVIGLDSAGKTSLLYRLKFKEFVQSVPTKGFNTE 5

ARL7 MGN-------- ISSNISAF--QSLHIVMLGLDSAGKTTVLYRLXFNEFVNTVPTIGENT S 50
Clags IIZ * * Kk * oLk Kook ko kkk kkkk . skkkk . ok.kkk . kxkKk Kkhx b

ARL1 TVTY----- KNLKFQVWDLGGQTSIRPYWRCYYSNTDAVIYVVDSCDRDRIGISKSELVA 109

ARL2 TLEH----- RGFKLNIWDVGGQKSLRSYWRNYFESTDGLIWVVDSADRQRMODCQRELCS 108

ARL3 SVQS--~--- QGFKLNVWDIGGQRKIRPYWKNYFENTDILIYVIDSADRKRFEETGQELAE 109
Class II Lo ch kA kk pokk sokkk ok kok.okkkk  kk kk ok kKA KK K. LKk

ARL4 KIKVTLGNSKTVTFHFWDVGGQEKLRPLWKSYTRCTDGIVFVVDSVOVERMEEAKTELEK 117
ARL6 KIRVPLGGSRGITFQVWDVGGQEKLRPLWRSYNRRTDGLVFVVDAAEAERLEEAKVELFR 118
ARL7 KIKLSNGTAKGISCHFWDVGGQEKLRPLWKSYSRCTDGIIYVVDSVDVDRLEEAKTELFK 110

Class IIT  *%:: . % 2: s . X*kKKKXKKAKKAK h*k _* *hKk. . hhkk. . Kk Kkkk *%3 .

ARL1 MLEEEELRKAILVVFANKQDMEQAMTSSEMANSIGLPALK -DRKWQTFKTSATKGTGLDE 168

ARL2 LLVEERLAGATLLIFANKQDLPGALSSNAIREALELDSIR-SHHWCIQGCSAVTGENLLP 167

ARL3 LLEEEKLSCVPVLIFANKQDLLTAAPASEIAEGLNLHTIR-DRVWQIQSCSALTGEGVOD 168
Class II * * **:*: .‘:********* * L. * *_*:*_:** L * **_***:***‘:

ARL4 ITRISENQGVPVLIVANKQDLRNSLSLSEIEKLLAMGELSSSTPWHLQPTCAIIGDGLIE 177

ARL&6 ISRASDNQGVPVLVLANKQDQPGALSAAEVEKRLAVRELAAATLTHVQGCSAVDCLGLQ 178

ARL7 VTKFAENQGTPLLVIANKQDLPKSLPVAETEKQLALHELIPATTYHVQPACAIIGEGCI.I'E 170

Class III P ::***_*:*::***** :*. :*:** ‘k*: * K _:* :k:* '*: * * *
ARL1 AMEWLVETLKSRQ---------- 181
ARL2 GIDWLLDDISSRIFTAD------ 184
ARL3 GMNWVCKNVNAKKK--------- 182

Class II *::*: . ::.::
ARL4 GLEKLHDMIIKRRKMLRQQKKKR 200
ARL6 GLERLYEMILKRKKAARGGKKRR 201
ARL7 GMDKLYEMILKRRKSLKQ-KKKR 192
Class III  *:::*::*k x%.x : kX

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/clustalw/clustalx). Refer-
ences and accession numbers for GenBank (GB) and SwissProt (SP) databases are:
hARLI (ZHANG et al. 1995a) GB-728888 SP-P40616; hARL2 (Cragk 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. hARLI1 appears to be the single human member of class I,
whereas ARLs 2 and 3 and ARLs 4, 6 and 7 constitute classes 11 and I11. respectively.
Like ARFs, ARLs from other species may also fall into these groupings

demonstrated. There are six human ARLs that, similar to the huma1 ARFs,
appear to fall into classes based on amino acid sequence similarities (Fig. 3).
ARLs do not have the ability to rescue the arfl ", arf2 double mutant in yeast,
stimulate either NAD-G,, or NAD-agmatine ADP-ribosyltransferase activ-
ity of CTA1 or enhance PLD activity. Thus, they have generally been thought
of as a related, but different class of proteins. Human ARLT1 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 al. 1998).

ARL1 was first identified in Drosophila (TamkuN et al. 1991). The dARL1
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 ARL1 in rat kidney cells (Lowk et al. 1996),
ARL2 in PC-12 cells (IcarRD-LiEPKALNS et al. 1997), and ARLI in yeast (LEE
et al. 1997b) was demonstrated by immunofluorescence microscopy. Rat
ARLI1, upon BFA treatment, redistributed from the Golgi to the cytosol at a
rate different from that of ARF or B-COP (coat protein; Lowk 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 Ca**-dependent acetylcholine release when overexpressed in PC-12
cells (Icarp-LiEPKALNS et al. 1997). Following ischemia, ARF4L (analogous to
ARLS) in gerbil hippocampal neurons was elevated, as were levels of ARF1,
ARILA4, and B-COP (Karayama et al. 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 ARDI1 is 55-60% identical and 69-72% similar to other ARFs.
Human and rat ARD1 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 ARD1 (MisHiMA 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 ARD] 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 MgCl, (VITaLE et al. 1997b). As observed for ARFs, certain
phospholipids, especially cardiolipin, markedly enhanced binding of GTPyS
to ARDI1. Accordingly, ARD1 enhanced CTA ADP-ribosyltransferase activ-
ity in a GTP- and phospholipid-dependent manner (VITALE et al. 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 ARD1, the 15 amino acids corresponding in position to the N-terminal o-
helix of ARF influence GDP dissociation (VITALE et al. 1997a) in a manner
similar to that of the o-helix at the N-terminus of ARF1 (HoNG et al. ~994,
1995; Ranpazzo et al. 1995). Site-specific mutagenesis suggested that hy-
drophobic residues in this region have a critical effect on GDP dissociation
from ARD1 (VITALE et al. 1997a). Because a guanine nucleotide-dissociation
inhibitor (GDI) protein for ARFs has yet to be identified, it has been postu-
lated that ARFs and ARD1 have an analogous, intrinsic, regulatory GDI
domain (VITALE et al. 1997a).

Although the ARF domain of ARD1 (like ARFs) had no intrinsic G1Pase
activity, ARD1 hydrolyzed GTP at a significant rate (ViTALE et al. 1996). The
46-kDa N-terminal extension, synthesized in F. coli separately from the ARF
domain, acted as a GTPase-activating protein (or GAP) for the ARF domain
of ARD (ViTaLE et al. 1996). The smallest GTPase-activating domain in ARD1
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 (AuMaDIAN et al. 1996). The GAP domain of ARDI can be divided
into a region important for physical association with the ARF domain
(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 et al. 1998b). Muta-
tions that abolished the physical interaction of the GAP and ARF domains of
ARDL1 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 S-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 al. 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. 1996). 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 ARDI was found to be associated with lysosomal and Go gi mem-
branes isolated from human liver by immunoaffinity (VITALE et al. 1998a).
Accordingly, when overexpressed in NIH3T3, COS 7, or HeLa cells, ARDI
had a subcellular localization typical of the Golgi apparatus and lysosomes,
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which was distinct from that of other ARFs (VITALE et al. 1998a). ARDI1,
expressed as a green, fluorescent fusion protein, was initially associated with
the Golgi network and subsequently appeared in lysosomes, suggesting that
ARDI1 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 ARD1 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 Nucleotide-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 ARD1
(WEIss et al. 1989; Tsal et al. 1994; Franco et al. 1995; VITALE et al. 1997b).
Although there is still debate whether phosphatidylinositol bisphosphate
(PIP,) 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).

GDP GTP
. ‘ GEP \
(Inactive) * 77 T (Active)
_#~ GDP/GTP-exchange ™._
L // Protein \ -
_ARF-GDP ° { ARF-GTP
T 7\\ GTPase-activating /// T
T~ Protein -~
(Cytosolic) GAP ’ (Membrane-

Pi associated)

Fig.4. Model for adenosine diphosphate-ribosylation factor (ARF) activation in cells.
AREF 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
(MoriNaAGaA et al. 1996, 1997). Sec7 is essential for protein secretion in yeast
and moves between membrane and cytosolic fractions (FrRaANzusorr and
ScHEkMAN 1989). Interestingly, overexpression of human ARF4 or yeast
ARF1/2 rescues Sec7 mutants (DEi1z et al. 1996), consistent with the idea that
Sec7 is upstream of ARF, as expected for a GEP. Geal 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. 1996). A
series of deletion mutants showed that the Sec7 domain of the ~200-kDe 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 (Sars 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 (" 'sAr et
al. 1994, 1996), and the cytohesin family, which includes cytohesin-1 (MEgacci
et al. 1997), cytohesin-2 or ARF nucleotide-binding-site opener (ARNO:
CHARDIN et al. 1996), and cytohesin-3 or GRPI (KrarLUND 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 GEJ’ activ-
ity (Paris et al. 1997). PH domains are also important in GEPs for several Ras
family GTPases (HEmMINGs 1997). Specific binding of phosphatidyl nositol
3.4,5-triphosphate to the PH domains of cytohesin-1 and cytohesin-3 suzgested
that these ARF GEPs may be regulated by signaling pathways involving phos-
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 (RApDHAKRISHNA and DoONALDSON
1997), it was postulated that ARNO is a BFA-insensitive GEP for ARF6. The
function of ARNO as a GEP for ARF6, however, remains controversial
(Franco et al. 1998; Frank et al. 1998). In vitro studies performed with recom-
binant ARNO and myristoylated ARF1 are consistent with the conclusion 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 «-helices,
the first seven of which are arranged in a right-handed superhelix, with the
last three forming a cap at one end (BErz et al. 1998; CiERFILS 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 (CHEerriLs et al. 1998; Mossessova et al. 1998).
Within the active site, a glutamate finger acts to displace Mg** and the f-
phosphate, resulting in destabilization of ARF-bound GDP (BEraup-Durour
et al. 1998; GoLpBERG 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-1 (residues 41-55) and switch-1II (residues 70-80) regions of
ARF are protected in the ARNO sec7 domain/(A17)ARF1 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 (Bocuski 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-1 accelerated GTP binding to a ARF1/3 mixture, ARDI1, 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-1.

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 (Bocuski 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 ARDI,
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 (Ranpazzo 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 1s a distinct species. These
GAPs have different phospholipid dependencies. PIP,, phosphatidic acid
(PA), and phosphatidyl serine stimulated GAP2 more than GAP1. For these
GAPs, substrate specificity is restricted to ARF1I-ARF5 (Ranpazzo 1997b).
Activity of GAP1 and GAP2 required the N-terminus of ARF (Ranpazzo et
al. 1994). An apparently distinct ARF GAP of mass ~50kDa, purified from rat
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spleen, had a broader specificity, including ARF6 and ARLI (DING et al. 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 acceler-
ate GTP hydrolysis (DING et al. 1996).

GAPI was recruited to Golgi membranes by oligomerized ERD2 (A.0E et
al. 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). GAP1 then inactivates ARFI.
producing a phenotype specific for ARF inactivation (Aoe et al. 1997).
Because diacylglycerols with monounsaturated chains, produced mainly from
phosphatidyl-choline (PC) hydrolysis by PLD, dramatically increascd the
activity of a recombinant fragment of GAPI, it was suggested that PLD activ-
ity could be a major regulator of ARF GAP (ANTONNY et al. 1997). Similar
effects were observed with Gesl, 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 ARIF GTP
resides. In support of this, PIP, was shown to promote the association of GAP
with ARF (Ranpazzo 1997a). Thus, GAPs that are activated by PIP, or other
phosphoinositides are presumably subject to regulation via distinct pathways.
In agreement with studies of the GAP domain of ARDI (ViTALE et al. .998b),
truncation and site-specific-mutagenesis experiments on GAP1 demonstrated
that a zinc-finger motif is critical for GAP activity (CUKIERMAN et al 1995).
Accordingly, Gesl also contains a conserved zinc-finger motif (Poon 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 GIT1 interacts with fB-adrenergic receptor kinase and leads to re-
duced fB-adrenergic receptor internalization through its GAP action on ARF
(PremMoNT et al. 1998). The phospholipid-dependent ARF GTPase-activating
proteins termed ASAPs, described by Brown et al. (1998). associate with SH3
domains of Src family members and are phosphorylated by them (Brown et
al. 1998), thus possibly linking ARF inactivation to yet another group of sig-
naling pathways.

Based on the crystal structures of Ras GAP (ScHEFFzEK et al. 1996)
and Rho GAP (Barrerr et al. 1997) and on results obtained from naimerous
mutational analyses, it was speculated that an arginine finger is 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. 1997). Data from measurements of the activity of the GAP domain
of ARDT1 also favor the arginine-finger hypothesis (VitaLk et al. 1998b). in
which arginines stabilize a transition state during GTP hydrolysis (SCHEFFZEK
et al. 1997). It is, therefore, very likely that ARF GAPs function in a similar
fashion.
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VI. Other ARF-Interacting Molecules
1. Phospholipase D

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-CameroNERO 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 al. 1991), two groups
identified ARF1 (Brown et al. 1993) and ARF3 (Cockcrort 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 al. 1994), required PIP,
(BrownN et al. 1993; MASSENBURG et al. 1994; BrowN et al. 1995). ARFs from
all three classes stimulated this PLD (MASSENBURG et al. 1994); myristoylation
of ARF was not required but did enhance stimulation (Brown et al. 1993;
MASSENBURG et al. 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 PIP, 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 PLLD1a, was shown to have similar characteristics (HaAMMOND
et al. 1997). PLD2, which is localized primarily at the plasma membrane
(CoLLEy et al. 1997),1s 50% identical to PLD1a. Although it had been believed
that PLD2 was not stimulated by ARF (CoLLEy et al. 1997; JENco et al. 1998),
activation was recently reported (LopPEZ et al. 1998).

Elements of ARF structure required for the stimulation of partially puri-
fied rat-brain PLD1 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 al. 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 al. 1998), along with the known stimulation by PIP,, 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 al. 1996; Lukowski1 et al. 1998) or hydrolyze
(Han et al. 1996; CHuNG et al. 1997) PIP,. Regulators that act independently
of PIP, are the clathrin assembly protein AP3, which inhibits PLD1 (LEE et
al. 1997a), and the synucleins, which inhibit PLD2 (JENnco et al. 1998). More-



150 W.A. Parton et al.

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 ARF1, but only in
the GTP-bound active state. Arfaptin 1 was recruited to Golgi membrunes in
an ARF-dependent and BFA-inhibited manner. Insight into arfaptin function
came from subsequent studies, in which arfaptin | inhibited activation of
both CT and PLD in vitro (Tsar 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 erfaptin
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 ARF1 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 (8. cerevisiae). Disruption
of both yARF1 and yARF?2 genes was lethal (STeEarNS et al. 1990a), but dis-
ruption of the yARF3 gene was not (LEE et al. 1994). These observations 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 B-COP to Golgi-derived vesicles (DoNaLDsON et al. 1992a; PALMER et al.
1993) via a process that was shown to be inhibited by BFA (DoNALD3sON et al.
1992b). ARF and B-COP, which is one of seven COPs that constitute the COPI
protein complex, function in ER and Golgi transport (RoramMaN 1496). Pro-
motion of ARF-dependent S-COP (and thus COPI) binding to membranes by
AlF; suggested a role for heterotrimeric G proteins in the regulation of COPI-
coated vesicle formation (DoNALDSON et al. 1991; FiNnazzi et al. 1994). ARF
also mediates the binding of both clathrin adaptor protein (AP)-1 (Stamnis
and RoraMmaN 1993; TRAUB et al. 1993; DiTTIE et al. 1996; Znu et al. 1998) and
AP-3 (Oor et al. 1998) to membranes. In contrast, the Sar proteins (but not
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ARF) control the formation of and are associated with COPII-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
COPI (KTistakis 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 (Kristakis 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 (B1 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
COPI-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 ARF1 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-1 members (Tsar et al. 1992; TaNiGawa et al.
1993; TeAL et al. 1994, ZHANG et al. 1994; KanN et al. 1995). Although endoge-
nous ARF5 (class II) was reported to bind to Golgi membranes (Tsar 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-I11 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 al. 1998). In adrenal chromaffin cells, native ARF6 was found to be
associated with secretory granules (Garas et al. 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 encounters 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 function. 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 reguleted by
protein and lipid cofactors, and the presence of several ARFs within ¢ single
cell, lead to the postulation that their role in cells is more than simply regula-
tion of bulk vesicular transport. [t 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. LocHrt, R. ANTOINE, A. VEITHEN, and D. Razg

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 105kDa and is
composed of five dissimilar subunits (Fig. 1). The PTX subunits are named
S1-S5 according to their decreasing molecular weights (TAMURA et al. 1982).
They range in size from 11kDa for the S5 subunit to 26kDa for S1 (LocHT
and KEerrH 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 S1 subunit, expresses enzymatic
ADP-ribosyltransferase activity, and the B oligomer, composed of subunits
S2-85, 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 S1 subunit rests on the top of the
pyramid. The center of the pyramid consists of a barrel composed of five o~
helices, each one belonging to a different B-oligomer subunit. The C-terminus
of the S1 subunit penetrates halfway into the pore of the barrel (Fig. 1). The
barrel is surrounded by 30 antiparallel S-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
KErrn 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 S1 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 S1 into the B-oligomer pore, S1 forms many
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A-protomer

Fig.1. Schematic structure of pertussis toxin (PTX). The A protomer (top), composed
of the S1 subunit, rests on top of the B oligomer (botron). composed of subun ts S2-S5,
by the half-way insertion of its C-terminal end in the center of the triangular 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 S1 (ANTOINE and LocHT 1990).

Two disulfide bonds are conserved in all the B subunits. S2 and S3 each
contain an additional N-proximal disulfide bond. The associations between
adjacent B-oligomer subunits involve antiparallel B-sheets. The stror gest asso-
ciations are those of S2 with S4 and of S3 with S4. The dissociation of these
heterodimers requires 8M urea, whereas incubation of PTX in 5-M urea
results in the dissociation of the toxin into the S1 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 mannose-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 tteir surfaces,
but these seem to vary from cell type to cell type. The receptors are generally
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believed to be glycoproteins, but PTX can also bind to the glycolipid Gp,, with
high affinity (HausmMaN and Burns 1993).

The glycoprotein receptors vary in size from roughly 43kDa on the surface
of human T lymphocytes (RogGEgs et al. 1990) to over 200kDa on pancrea-
tic § 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
NeuAco(2,6)-Galp4GIcNAc on glycoproteins become resistant to the toxin
(BRENNAN et al. 1988). Therefore, the terminal sialic acid and at least part of
the Galp4GlcNAc¢ 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-104,
and the sugar ring of the sialic acid makes hydrophobic contacts with the aro-
matic rings of Tyr-102 and Tyr-103. 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-103 or Asn-105 of S2 are deleted
or replaced (LoBET 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-102
and Tyr-103 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-10 or Lys-93, also
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affects toxin activity in CHO cells, indicating that the N-terminal domain
of this subunit may also be involved in receptor recognition. This domain ap-
pears to direct some specificity of PTX-binding to distinct target cells. The N-
terminal domain of recombinant S2 has been shown to reconstitute adherence
of toxin-deficient B. pertussis strains to ciliated cells, whereas that of recom-
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 perhags 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-105 in S2 and of Lys-105
in S3 abolish the mitogenic activity of PTX for T cells from mouse spleen
(LoBEr et al. 1993). However, alterations of these residues did not affect the
mitogenicity for human lymphocytes, which was instead significantly dimin-
ished by changes of Tyr-82 of S3 (LoosemORE et al. 1993). This difference 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 83 (Lti 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 production r 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 the S2-LPS
interaction (LEr and MorrisoN 1993), suggesting that S2 may directlv bind the
lipid-A component of the LPS molecule. The sugar portion of the lipid-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 mediated 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. The transloca-
tion step occurs after the toxin has been incorporated into intraczllular 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
(R1-R4). Lipid A is linked to 2-keto-3-deoxy-D-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
0(2,6) bond (B)
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Brefeldin A, which causes disassembly of the Golgi apparatus, protects CHO
cells (Xu and Barsiert 1995) and insulin-secreting pancreatic cells (E1. Bava
et al. 1997) from PTX action. In cell lines, such as MDCK 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 Bava et al.
1997), again supporting the involvement of an essential Golgi step. Ir addi-
tion, unlike the case for diphtheria toxin, translocation of PTX does not strictly
depend on a pH gradient (HausmMan and Burns 1992), arguing against t-anslo-
cation at an early, acidified endosomal compartment. However, the addition
of NH,Cl (Xu and Barsier1 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 fractiona-
tion studies of PTX-treated CHO cells have confirmed that PTX enters cells
via coated pits and then reaches the endosomal compartment and th: Golgi
complex (EL Bava et al. 1997). The partial inhibition of PTX trafficking
by microtubule-disrupting agents, such as nocodazole (Xu and FEARBIERI
1996), suggests that the toxin transits via both a nocodazole-sensitive and
a nocodazole-insensitive pathway, consistent with the notion of receptor-
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 Goup 1998). Xu and
BarBIERI (1995) proposed a model in which the toxin travels back tc 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 Goub 1998), relatively little information is
available on the intracellular trafficking of PTX.

In addition, where exactly the membrane translocation step of the Sl
subunit occurs is not known. Xu and BARBIERI (1995) proposed that S| remains
membrane associated even after translocation, because only membra ie-bound
PTX-substrate proteins are ADP-ribosylated in vivo, but not solub'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 (HausmMaN 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 S1 subunit binds efficiently to the model membranes, whereas the binding
of the B oligomer remains low. Isolated S1 avidly binds to membranes even
in the absence of ATP as long as reducing agents are added, indicating that
ATP essentially serves to release S1 from the B oligomer and suggesting that
the S1 subunit (in a reduced state) may directly interact with lipid membranes



Pertussis Toxin: Structure-Function Relationship 173

without the help of the B oligomer. Cleavage of the C-terminal 40-60 amino
acid residues of S1 abolishes binding of this subunit to the membranes. This
region corresponds to the major hydrophobic domain of the subunit (ANTOINE
and Lochrt 1990), suggesting that the hydrophobic C-terminal portion of S1
may be the translocation determinant.

The enhancement of S1-mediated toxin binding to membranes by ATP
does not appear to require the hydrolysis of ATP, since ADP (Bugrns and
MaNcLARK 1986) or non-hydrolyzable ATP analogues, such as App(NH)p, also
stimulate toxin activities (Moss et al. 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 ATP has been shown to directly bind to the isolated B oligomer and to
the holotoxin molecule, albeit in somewhat different buffer conditions
(HausMan et al. 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 al. 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 o
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 S1 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 S1 subunit may cause a destabilization of the S1-B oligomer
interactions and thus promote the release of the S1 subunit from the B
oligomer.

Since ATP is usually found in the cytosol of eukaryotic cells, the ATP-
mediated release of S1 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 (BrRaakMAN et al. 1992), which also contains protein
disulfide-isomerases that may help reduce the intramolecular disulfide bond
of S1. 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 o’ pertussis
toxin (PTX). In a first step, PTX binds to a cell-surface receptor (7) and is irternalized
by receptor-mediated endocytosis (2). The toxin is then transferred to early (EF) and
late (LE) endosomes (3) and reaches the trans-Golgi network (TGN: 4). It may
undergo an unconventional retrograde transport across the Golgi before rcaching the
endoplasmic reticulum (ER; 5). In this compartment, the A protomer may dissociatc
from the B oligomer under the effect of the presence of adenosine triphosphate (6).
The A protomer can then translocate across the membrane. possibly without the help
of the B oligomer (7). N nucleus

triggering the dissociation of SI from the B oligomer. Within this compart-
ment, S1 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 tke removal
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of improperly folded proteins. However, instead of being degraded in a
ubiquitin-dependent fashion by this process, the S1 subunit may simply cross
the membrane to exert its effect on the cytosolic site. Hazes and Read (1997)
proposed that S1 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 (Lorp 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 S1

Once internalized into the cytosol, the S1 subunit can catalyze the transfer of
the ADP-ribose moiety of nicotinamide adenine dinucleotide (NAD)" 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 o 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
adenylate cyclase activity in response to a receptor-mediated extracellular
signal. G proteins are usually composed of three subunits: the «, 8 and ysub-
units. The o 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 « subunit is
triggered by the activation of the cognate receptor. Intrinsic GTPase activity
of the Gio 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 irhibit
adenylate cyclase activity are no longer able to do so. As a consequence, the
cyclase activity is constitutively de-repressed, and the intracellular levels of
cyclic adenosine monophosphate (cAMP) are artificially elevated (LochTt and
ANTOINE 1997). Since cAMP is an important secondary messenger involved in
the regulation of many important metabolic processes, abnormal intracellular
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 diferent
names originally given to PTX, such as lymphocytosis-promoting factor, islet-
activating protein and histamine-sensitizing factor.

E. The Enzyme Mechanism of S1-Catalyzed
ADP-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-terminal 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. [solated ¢ subunits are poor
substrates, and the presence of both the B 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 (GRrAF et al. 1992).

Cysteines are unique substrates for bacterial-toxin-catalyzed ADP-
ribosylation. Although free cysteine has been reported to serve as an
ADP-ribosyl acceptor substrate (LoBBAN and VAN HEYNINGEN 1988). 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-1ibosylthi-
azolidine, the physiological ADP-ribosylcysteine 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 by PTX in
the NAD'—glycohydrolase reaction. The physiological thioglycosidic bond
involves the cysteine sulfhydryl group and the ribosc anomeric carbon. The
reaction product has an « configuration at the ribose ring, whereas the NAD"
substrate has a § configuration (SCHEURING and ScHrRAMM 1995). Th2 PTX-cat-
alyzed ADP ribosylation thus occurs with inversion of the configuration at the
1" 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 sutstrate may
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A.

Fig.4. Comparison of the structure of S-nicotinamide adenine dinucleotide (NAD)*
and the o-adduct on cysteine. The structure of f-NAD" 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 (ADP)-ribosylation
product of cysteine catalyzed by the S1 subunit of pertussis toxin in an ¢ configuration
(B).The ADP-ribose moiety of NAD" or ADP-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 Sy2-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 2.14 A
(ScHEURING and ScHRAMM 1997a). In this reaction, water is a weak nucleophile,
with the water oxygen no closer than 3.5A from the reaction center. The
nicotinamide-ribose N-glycosidic bond length in the transition-state structure
was slightly reduced to 2.06 A when the isotope effects were measured in the
ADP-ribosyltransferase reaction using the 20-residue-long C-terminal Gia
peptide (SCHEURING and SCHRAMM 1997b). In that case, the incoming thiolate
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Fig.5. Proposed cnzyme mechanism of
Sl-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-129 with the 2° OH group of
the ribose. This weakens the N-glycosidic
bond, which is subjected to a nucleophilic
attack by the sulfur of the acceptor cys-
teine activated by His-35 via hy.Jdrogen
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 Sy2 character in a loose transition state, with a strong oxocarbenium
character in the ribose. The kinetic isotope effects observed are consistent 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'—glycohydrolvze reac-
tion. The catalytic rate of the PTX-catalyzed ADP-ribosyltransferase reac-
tion is consistently about one order of magnitude higher than that of the
NAD*—glycohydrolyze reaction (CorTiNa et al. 1991; ANTOINE et al. 1993).

The oxocarbenium intermediate is stabilized by its positive chargs created
by the delocalization between the C1'-O4” and C1’-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. Tte equiva-
lent N-glycosidic bond orders in the transition states of NAD"—glycohydrolyze
and ADP-ribosylation suggest that the enzyme mechanism for tae 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 SI 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 ScuHraMM 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 al. 1994).
Whereas a change from His-35 to glutamine in a truncated recombinant S1
resulted in an approximately 50-fold reduction in the k., value of the NAD*-
glycohydrolase activity (ANTOINE and LocHT 1994; Xu et al. 1994), the same
change within the full-length S1 molecule resulted in a 500-fold reduction of
the k., value of the ADP-ribosyltransferase activity (Xu et al. 1994). Neither
the K,, 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 K, determination or by
photo-cross-linking 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
O-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 Locur 1994),
suggesting that the &-N rather than the &-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 e-N of the histidine imidazole is probably more involved
in polarization of the water molecule than in its ionization.

The k., for NAD"—glycohydrolysis varied slightly over a range of 2.5
pH units, with an estimated pK, between 6.5 and 7 as deduced from the
log(kca )/ K. ratios. This slight variation in k., 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 Locur 1994; Xu et al. 1994), supporting
the role of His-35 on the acceptor substrate during catalysis.

The only other catalytic residue identified in S1 is Glu-129. This residue
lies within hydrogen-bonding distance of His-35 in the active-site structure of
the enzyme (STEIN et al. 1994a). Despite the low degree of sequence similari-
ties among ADP-ribosylating bacterial toxins, the Co 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, acruginosa exctoxin
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 toxins, Glu-
129 of PTX is essential for enzymatic activity (LocHt et al. 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 al. 1993), whereas binding
to NAD" was not significantly affected, as evidenced by K, measurements of
NAD" and by fluorescent quenching studies.

Irradiation of PTX at 254 nm 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 al. 1989; CierLAK et al. 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 ymethylene carbon of the catalytic glutamate, implying that
the ymethylene 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 (LochTt 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 (SCHEURING
and ScHraMM 1997a). Therefore, it is more likely that the carboxylate-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
al. 1991), suggesting that a tryptophan residue may be located close to the
NAD*-binding site of S1. A truncated, recombinant version of the SI subunit.
which contains only the first 187 residues but stll expresses full NAD -
glycohydrolase activity (LocHt et al. 1987), contains only a singe tryptophan
residue, at position 26. A deletion of this residue or a change to threonine



Pertussis Toxin: Structure—Function Relationship 181

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 S1 polypeptides, in which Trp-26 is replaced by tyrosine or
phenylalanine, indicated that these substitutions resulted in a substantially
increased K,,, whereas the k_, 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 al. 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 S1 essentially by increasing the K., 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 S1
subunit. Although the first 187 amino acids of S1 are sufficient for the expres-
sion of full NAD'—glycohydrolase activity, the region downstream of residue
187 is required for full ADP-ribosyltransferase activity (LocHrt 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 f# and ysubunits of the G proteins. Deletion of the
last 40 amino acid residues from S1 not only results in decreased G-protein
binding (as evidenced by an increase in the K,, 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 S1 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 al. 1988). The side chain of Arg-9
projects into the active-site cleft (STEIN et al. 1994a), and the Arg-9-to-
lysine change decreases the ability of the S1 protein to be photolabeled by
NAD" (CiepLAK et al. 1990), suggesting that it affects NAD*-binding. Inter-
estingly, Arg-9 lies in a region of S1 that is very similar to the A subunits of
cholera toxin and E. coli heat-labile toxin (Locur and Kerra 1986), two
ADP-ribosylstransferases that share many properties with PTX.

H. Conclusions

PTX s the most complex bacterial toxin known. As a member of the A-B toxin
family with ADP-ribosyltransferase activity, it is a major virulence factor
produced by B. pertussis and an important component of whooping, cough
vaccines. Although vaccines against whooping cough have been availatle since
the 1940s, side effects have, in the last two decades. decreased conficence 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 uctivities
(P1zza 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 of attenu-
ated live B. pertussis vaccines capable of protecting after a single intranasal
administration (MIELCAREK et al. 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; LerkowiTz 1998).

PT, a 105-kDa, hexameric bacterial exoenzyme produced by Bordetella
pertussis, was originally implicated in the pathogenesis of whooping cough
(PrrrmaN 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 (LocHr, 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 preactivated 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 dorainant
signal-transduction machinery in mammalian cells (WarsoN and ARKINSTALL
1994; HELDIN and PurToN 1996). This concept is underscored by the fact 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 GPCRs (GUDERMANN et
al. 1995). Accordingly, hundreds of receptor ligands exhibiting a remzrkable
chemical heterogeneity use this system through interaction with more than
1000 receptors (HELMREICH and Hormann 1996; Ji et al. 1998; WEss 1998).
In turn, ligand-occupied GPCRs 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 secoad mes-
sengers by modulating other enzymes or ion channels (GETHER and KoOBILKA
1998; Hamm 1998).

Recently with the aid of PT as an experimental tool, evidence ¢merged
that has extended our thinking about G proteins beyond their classical 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 1996).
Therefore, G proteins are considered to be universal switches involved in
modulation of housekeeping and intra- and intercellular communicative 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-diological
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 (U1 1984; Moss and VAuGHAN 1988;
Gierscuik and Jakoss 1993; YaMANE and FunG 1993; Locut 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 o 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 Go (MEYER et
al. 1988; NURNBERG et al. 1994). PT-sensitive G proteins are almost congruent
with the G; subfamily members of heterotrimeric G proteins, including three
forms of G, two splice variants of G, two transducins and the gustatory G
protein, G, (but not G, and the longer splice variant of G;;; NURNBERG 1997).
Additionally, detected PT substrates, such as a fourth, 43-kDa Go; isoform
(IYENGAR et al. 1987) or a third Ge, isoform (NURNBERG et al. 1994; WiLcox et
al. 1995), which presumably represent a splice variant of the Ga; transcript
(Carty and IYENGAR 1990) and a deamidated Go,, (i-e.,Ga,s; 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., Gog, or Gag,, (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 Go-subfamily
members. In contrast, most PT-insensitive Go isoforms belong to three other
G-protein subfamilies: (1) those harboring G, 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, proteins, which are activators of
phospholipase C-f-isoforms; and (3) those of the poorly characterized Gy;
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 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 Gfy complex of the PT-modified G
protein responsible for a cellular effect.
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I1. 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 Go subunits that have a cysteine residue located
four positions upstream from the C-terminus (see above and Table |; West
et al. 1985). Introduction of a cysteine at this position in a PT-insensitive G
like Gy turns it into a PT-sensitive isoform, though it was found to be a poor
substrate for the toxin (FreissMuTH and Gu.man 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 various
monomeric GTPases. Notably, the C-terminal aromatic amino acid of the PT-
recognition motif determines the sensitivity of Go 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 Go (AVIGAN et al. 1992). Synthetic pep-
tides resembling C-termini of Ge isoforms not only inhibit PT-mediated
ADP-ribosylation of G proteins in a competitive, concentration-dependent
manner but also serve as substrates for PT (Grar et al. 1992; ScHEURING and
ScaramMm 1997). As outlined below, this finding was somewhat surprisinz, since
it was suggested that G is only marginally modified by PT in the absence of

Table1. C-terminal amino acid sequences of Go isoforms
belonging to four subfamilies, i.e., Gai, Ga,, Ga, and Ga,,

Isoform Amino acid sequence

oy I KNNLK DCGLF
i II KNNLK DCGLF
Qizy AP APPLS SDSVP
i3 II KNNLK ECGLY
Olos u ANNLR GCGLY
Ol I1 AKNLR GCGLY
Ol II ADNLR GCGLY
Ol 8 KENLK DCGLF
e 1 KENLK DCGLF
Olyust 11 KENLK DCGLF
o, 1l QNNLK YIGLC
0 IL QLNLK EYNLV
oy IL QLNLK EYNLV
Olig 1L QLNLR EFNLV
Olisrio VL ARYLD EINLL
Oy 1Q RMHLR QYELL
Ol 10 RMHLR QYELL
Oy 10 RMHLR QYELL
Ol IQ RMHLK QYELL
o2 IL QENLK DIMLQ

o3 IL HDNLK QLMLQ
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G Bycomplexes (WATKINS et al. 1985). In addition to Gy, other cofactors sup-
porting PT activity under in vitro conditions include adenine nucleotides,
phospholipids and detergents (Moss et al 1986). The exact role of Gfy com-
plexes in enhancing the velocity of the PT-catalyzed enzymatic reaction is still
unclear, but it is unlikely that they simply prevent Go from denaturation
(GierscHik and Jakoss 1993). It is assumed that Gy facilitates PT-mediated
ADP-ribosylation in a catalytic manner by cycling among different molecules
of Go (Casky et al. 1989; UEDA et al. 1994). Since substoichiometric amounts
of Gfyare supportive, rates of PT-catalyzed ADP-ribosylation do not permit
direct assessment of the relative affinities of Gy for Go. It has also been
reported that, under certain experimental conditions, the proportion of G
that is ADP-ribosylated is proportional to the amount of Gy added (GRAF
et al. 1992). In fact, PT-mediated “P-ADP-ribosylation of a known amount of
purified Go; in the presence of unknown concentrations of Gfy can be used
to quantify the amount of functionally active Gy (INIGUEZ-LLUHI et al. 1992).

2. G-Protein Specificity

G proteins are heterotrimers composed of three different subunits, termed ¢,
B and v, 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 G, the functional interaction between Ga and the tightly asso-
ciated Gy complex appears to be crucial (GierscHIK and Jakoss 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 Go. For example, ADP-ribosylation
of bovine brain G, requires higher Gy concentrations than ADP-ribosyla-
tion of Ge, or Ga, purified from the same source (Hurr and NEER, 1986;
NURNBERG et al 1994). This observation coincides with the fact that purified
Goy, and Goy, have a lower affinity for bovine brain Gfycomplexes than Go,,
does (SternwEIs and PANG 1990; EXNER et al. 1999). Obviously, changes in the
primary structure of the Go N-terminus, as the site of interaction with Gfy,
affect PT sensitivity (WEDEGAERINER et al. 1995). This includes absence of a
covalently linked myristate as well as removal of approximately 20 N-
terminal amino acids of Gea, 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 Ge, isoform, Ga,;, which only differs from Go,,; by
exchange of a single amino acid (***Asn to Asp), was suggested to be a worse
substrate for PT than G, (NURNBERG et al. 1994). Studies on the initial
rates of PT-mediated ADP-ribosylation of purified Ge,; and Ga,; revealed
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Fig.1. Structure of a pertussis-toxin (PT)-sensitive heterotrimeric G protein based on
Goafy. Ga, in its inactive, guanosine diphosphate-bound conformation, is complexed
with Gf and Gy. The PT-sensitive C-terminal cysteine of G is indicated. Orientations
of the proteins towards the membrane is speculative but supported by the close
proximity of myristoylation and isoprenylation sites of G and Gy, respectively (data
from LAMBRIGHT et al. 1995)

significant differences in the velocity of ADP-ribosylation between the two
species, though no difference in maximal incorporation of “P-ADP-ribose
into either protein was observed after prolonged incubation of G in the pres-
ence of equimolar amounts of Gy complexes (ExNER et al. 1999). Further
analysis with increasing amounts of bovine-brain Gfy complexes showed that
excess amounts of Gy resulted in similar maximum rates of “F-ADP-
ribosylation in Ge,,; and Go,,;, with an approximately fivefold difference in
Gpy ECy values. This strongly suggests that differences in PT-mediated *P-
ADP-ribosylation were caused by different interactions of G, and Ge,; with
G By dimers. This finding emphasizes the assumption that differences in PT-
mediated ADP-ribosylation are secondary to ofy-heterotrimer formation
rather than representing an immediate consequence of the different C-termini
of Go. In accordance with this suggestion, Ge,, and Ga,; were found to be
associated with distinct G and Gy isoforms, pointing to the involvement of
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the C-terminus of Go in subunit association (WiLcox et al. 1995; ExNER
et al. 1999). Further support comes from cross-linking studies employing
derivatives of NAD", e.g., **P-2-azido-NAD", that were used as substrates by
PT (VaILLANCOURT et al. 1990, 1995). These studies revealed intramolecular
interactions of Go N- and C-termini and intermolecular cross-linking of the
C-terminus of Ga with Gy. Other derivatives used for structural analysis of
Go 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 Ge, thereby most
likely inhibiting interaction of alkylated Go with Gy (DHANASEKARAN et al.,
1988; HingoraNI and Ho 1988; KasLow et al. 1989; HosHINo et al. 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 GBycomplex for PT-mediated modification of Ge.

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

Accordingly, integrity of the Gfycomplex is indispensable for proper function
of PT. For instance, PT has been helpful in screening for Gy combinations
unable to dimerize, such as Gf,y;, which consequently fails to support ADP-
ribosylation of Ga (INIGUEZ-LrunI et al. 1992). This strategy is facilitated by
the fact that all PT-sensitive G isoforms complex with most Gy 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 Gfy isoforms supporting PT-catalyzed ADP-ribosylation have
been found. While transducin G was equally well modified by PT in the pres-
ence of transducin By from rod outer segments and placentar Gy, recombi-
nant Gog; was a better substrate for PT when co-incubated with placentar Gfy
than with transducin By (Fawzi et al. 1991; GraF et al. 1992). In the latter study,
G By complexes from red blood cells or bovine brain had intermediate effects
(GraF et al. 1992). In addition, purified recombinant Gfy dimers of defined
composition were tested (INIGUEZ-LLUHI et al 1992; MULLER et al. 1993; Uepa
et al. 1994). These studies revealed that differences in the abilities of the puri-
fied proteins to support ADP-ribosylation of Ga, were negligible. In contrast,
recombinant Gpf,y significantly differed from all other Gfy dimers tested
when recombinant Ge;, was employed. Furthermore, various recombinantly
generated Gy dimers lacking the isoprenoid modification of Gy failed
to support PT-mediated ADP-ribosylation of Ge, corresponding to a
significantly decreased ability of non-prenylated Gy to complex with Go
(WEDEGAERTNER et al. 1995). Similarly, carboxymethylation of the C-terminal
cysteine of Gy has been predicted to stabilize the association of guanosine
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diphosphate (GDP)-bound G 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 Ge¢; and Ge in the presence of
various methylated Gy dimers compared with non-methylated counterparts.
one report found no difference on PT-catalyzed modification of Ge, after
demethylation of Gf,% (Fukapa et al. 1994; ParisH and RanDo 1994; Paristi
et al. 1995; ROoSENBERG et al. 1998).

In conclusion, these data strongly suggest that structures of all three G-
protein subunits, i.e., Ga, GB and Gy, and differences in their post-translational
processing affect the ability of PT to modify Go. Putative reasons certainly
include differences in the affinities of Gas for GBy 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 Cy
subunits (FUukaDA et al. 1990; Cook et al. 1998; Yasuba et al. 1998; Ugca
et al. 1999).

In this context, a fifth GB isoform, Gf;, has recently attracted much atten-
tion. It exhibits a significant difference in its amino acid sequence, with only
53% identity to other G subunits, whereas the deduced amino acid sequences
of G, 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 GJ, a differential coupling pattern of Gf to
receptors and effectors as compared with other Gf isoforms was fouad
(ZHANG et al. 1996; BavewitcH et al. 1998a, 1998b:; LINDORFER et al. 1993).
Furthermore, binding experiments with immobilized Gy dimers suggested a
selective binding of Gfsy to Gay,y, proteins but not to PT-sensitive G, or
Go isoforms (FLETCHER et al. 1998). In agreement with these reports, Gf-
immunoreactive proteins predominantly co-eluted from an anion exchange
column with Go, rather than Gey, 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 Gfs and Gay, arguing against an
immediate physiological relevance of these findings (AHNERT-HILGER and
NURNBERG, unpublished). Consequently, as an unequivocal proof of func-
tional subunit interaction, Gfsp was studied for its ability to support ADP-
ribosylation of Gos. In fact, membranes from baculovirus-infected Sf9 cells
containing recombinant Gog, and GBsp or Gf,% showed a marked increase of
G, —ADP-ribosylation compared with membranes lacking either GBydimer
(MaIER et al., 2000). Moreover, functionally active recombinant Gogyy;.3s%
have been isolated from Sf9 cell membranes by affinity chromatography. and
GpBsy dimers were specifically released from immobilized Gy, following
incubation with AlF,", an activator of heterotrimeric G proteins. These find-
ings emphasize the aforementioned interaction of PT-sensitive Gor subunits
with Gfycomplexes of different composition. Surprisingly. in contrast to other
Gpydimers, purified preparations containing Gfs lost their ability to support
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PT-mediated ADP-ribosylation. Subsequent search for possible causes
revealed that Gf; exhibits a unique tendency to dissociate from Gy (FLETCHER
et al. 1998; BasgicH et al.,, in preparation). As a Gyfree Gf; monomer, it is
soluble in the absence of detergents and unable to interact with Go, proteins
(BaBIcH et al., in preparation). The physiological relevance of this remarkable
decreased affinity of Gf; for Gyis currently unclear, though a recent report
has shown the association of Gf; with G-protein ysubunit-like domains, which
was found in various regulator of G-protein-signaling (RGS) proteins, e.g.,
RGS7 and RGS11 (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 Go 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; Hamum 1998). Transition from
the inactive to the active state is catalyzed by GPCRs and coincides with the
release of GDP from G and the uptake of GTP. Mg is very tightly associ-
ated with GTP and Ga in this complex and is required for activation of the
Go subunit and for subsequent hydrolytic activity (HiGasHIIMA et al. 1987).
Upon G-protein activation, the Ga subunit changes its conformation, which
decreases its affinity for Gpy, allowing dissociation of the heterotrimer
(RUNNELs and ScarLate 1999). Both the activated Ge subunit and the Gy
complex modulate effector proteins until hydrolysis of the Go-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 (BErRMAN and GrLmaN 1998; WiELAND and
CHEN 1999). Following GTP hydrolysis, the inactive GDP-bound Go subunit
dissociates from the effector and reassociates with the Gy complex to form
a Gapfyheterotrimer. Therefore, it should be kept in mind that the active state
of Ga governs the signaling kinetics of the Gfy complex; in other words, G
can be considered as a negative regulator of Gy function (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 (J1 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-messenger-generating enzymes,



196 B. NURNBERG

agonist-occupied
mastoparan and receptor
and other direct
G-protein activators

N

GDP

\‘A+

GTP
afy
PT
agTpPY

ogppPY
& RGS (GAP)
'7“:4 b
cT

P, :
\4 v
effectors

Fig.2. Activation/inactivation cycle of G proteins. «, f And y represent the Go, G
and Gy subunits of the G protein. Pertussis toxin (P7) functionally uncouples the G
protein from the receptor, whereas cholera toxin (CT) abolishes the guanosine triphos-
phatase (GTPase) activity of the G protein. Regulators of G protein signaling (R('S)
and GTPasc-activating proteins (GA Ps) modulate the intrinsic GTPase activity of Go

transporters and ion channels, including various adenylyl cyclases, phos-
pholipases A and C-f, phosphoinositide-3 kinases 8 and ¥, cyclic guanosine
monophosphate phosphodiesterases and channels for calcium, potassium and
sodium. Vice versa, G proteins activated by GPCRs show a decreased sensi-
tivity to PT. Therefore, quantification of **P-ADP-labeling of G proteins fol-
lowing incubation in the presence of PT and receptor agonists has been used
as a read-out system with which to examine coupling of receptors to indi-
vidual G proteins (Oxkamo10 et al. 1991; KORNER et al. 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 Ge.
Hence, PT is considered to be an important pharmacological tool with which
to examine Gy, -sensitive receptor—effector signal-transduction pathways (see
below). Though it is well established that PT modification does not alter ¢cnzy-
matic properties of the G protein, basal GTPase activity and GTP9S 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
HEerz 1989).

PT-modified G proteins are still able to exchange GDP for GTP and to
dissociate into activated Ga and Gfy. Therefore, both regulatory subunits of
the GTP9S-activated PT-modified G protein keep their ability to interact with
effectors. Nevertheless, the time required to observe the maximal effect by
GTP9S can be markedly increased, probably due to steric hinderance of the
ADP-ribose moiety at the C-terminus of Go (Jakoss et al. 1984; AHNERT-
HiLGER et al. 1998). Nonetheless, it is currently unclear whether these slowed
kinetics are also inherent in effector modulation by Gfydimers 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 Gy, signaling (NURNBERG et al. 1999). With striking similarity to
receptor-induced G-protein activation, mastoparan interacts with N- and C-
terminal regions of Go, thereby activating G proteins by stimulating the
release of GDP from Ga without altering the rate of hydrolysis of bound GTP
(HigasHUIMA et al. 1988, 1991; WEINGARTEN et al. 1990). In addition, it has been
shown that mastoparan blocks the ability of G, to increase the affinity of mus-
carinic agonists, suggesting that mastoparan and the receptor may compete for
a common binding site on G, (HicasHuMA 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 Gy,
proteins and is less effective in stimulating G,, G, or G, 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 al. 1994). Notably, both cationic
amphiphilic o-helical peptides and various established drugs and experi-
mental compounds directly activate PT-sensitive G proteins in a receptor-
independent fashion (NURNBERG et al. 1999). In contrast to receptors, these
compounds do not require the presence of Gfycomplexes 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 al., unpublished). Therefore, PT has become an important tool
with which to screen new chemical entities for a selective mode of action on
G proteins (NURNBERG 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 pres-
ence (open symbols) of pertussis toxin (PT) were treated with increasing concentri-
tions of Mas or S21 [N-(2,5-diaminopentyl)dodecylamine]. Guanosine triphosphae
(GTP) hydrolysis was quantified by measuring the amount of “P phosphate released
from [y?P]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 be
kept in mind that cells may respond ditferently to the toxin. In particular,
platelets are able to resist the entry of PT, either because they lack surface
binding sites for the toxin-B oligomer or because they are unable to intecn-
alize the bound toxin (Brass et al. 1990; KoesLinG and NURNBERG 1997). PT-
sensitive G proteins expressed in insect Sf9 cells (ovary cells from the insect
Spodoptera frugiperda; S9 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 before
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 appre<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>