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PREFACE

Cell growth, differentiation, development and inter- and intra-cellular
communication of all living cells or organisms depend upon highly
coordinated secretory processes. The classical, N-terminal signal se-
quence-dependent secretory pathway accounts for constitutive protein
export or in response to certain extracellular stimuli, for regulated se-
cretion of polypeptides through secretory granules. However, it is in-
creasingly appreciated and recognized that mechanisms for protein se-
cretion must exist that operate independently and/or in parallel to the
usual classical secretory pathways, as they do not require the presence of
typical hydrophobic signal peptides or involve classical storage granules.
Notably, many of these processes have major implications in the pathol-
ogy of human disease, including auto-immune and infectious disease,
cancer and hereditary abnormalities.

Thus, this book will provide a comprehensive discussion of cur-
rently known mechanisms of unusual routes for protein secretion as
described from bacteria to man. Secretion of bacterial proteases and tox-
ins such as hemolysin will be covered in detail. Peptide pheromone se-
cretion in lower eukaryotes such as yeast will also be reviewed. In addi-
tion, we shall deal with the function of the mammalian peptide trans-
porters required for antigen presentation. Facts and myths about pos-
sible release mechanisms for mammalian cytokines such as interleukin-1
and the fibroblast growth factors will be extensively discussed. More-
over, novel vesicular transport pathways in cells of the immune system
such as those involved in the generation of cell-surface targeted exosomes
will be discussed in detail. Finally, by analogy to bacterial and yeast ATP
binding cassette transporters involved in unconventional secretory path-
ways, individual chapters of this book are devoted to discuss a hypoth-
esized function of mammalian ABC transporters in the secretion of
polypeptides and proteins via hitherto unknown secretory pathways.



CHAPTER 1

PROTEIN SECRETION IN
(GRAM-NEGATIVE BACTERIA

Andréa de Lima Pimenta, Mark A. Blight,
Christian Chervaux and I. Barry Holland

I. INTRODUCTION

ince the initial characterization of the hemolysin secretion system (Hly)

from the Gram-negative bacterium, E. coli, by W. Goebel’s group in the late
1970s, there has been a surprising proliferation of discoveries of distinct pro-
tein secretion mechanisms in many Gram-negative bacteria. Both for the Hly
systemn and for other secretion pathways, developments have been the most
dramatic over the last 5 years and, therefore, in this review we have placed most
detailed emphasis upon this period up to approximately mid-1996. Previous
reviews have generally agreed on the classification of secretion Types I, II, III,
indicated in this review. Here (see also reference 5), we have proposed a classi-
fication for additional pathways: Type IV (auto-transporter systems like the
IgA pathway); Type V for surface pilins (E. coli Pap system), the functionally
related Type Va, although not homologous with the pilin system, are trans-
ported from the periplasm via a single outer membrane “translocator” protein;
Type VI for the special case of the filamentous phage (nucleo-protein) secre-
tory pathway. The secretion of flagellar proteins on to the cell surface, although
not discussed in this review, could be considered yet another pathway (for re-
view see reference 5a). However, the biogenesis of the flagellum involves at least
eight proteins with homology to proteins of the Type III pathway. We empha-
size that Types IV-V], as defined here, are useful working classifications but a
generally agreed classification for these secretion pathways in the literature has
not yet emerged. What can be generally agreed upon is that Types I, IIT and VI
are one step processes with translocation from cytoplasm directly on to the cell
surface or to the medium, while other pathways employ a two-step mechanism
involving initial export to the periplasm targeted by an N-terminal signal via
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2 Unusual Secretory Pathways: From Bacteria to Man

the Sec-machinery (general export pathway). The second stage then involves
translocation across the outer membrane by various mechanisms. Importantly,
the proteins of the latter group are apparently translocated across the outer
membrane in a fully folded form, while proteins translocated directly to the
outside of the cell (TypesI, III) and perhaps IV may be required to re-fold on the
surface.

In the case of the one-step secretion pathways, Type I (HIyA) targeting to
the secretion machinery or translocator complex involves a novel C-terminal
(noncleaved) secretion signal, while Type III (e.g., Yop proteins) employs a novel
N-terminal signal, again apparently uncleaved. As indicated above, the two-
step pathways involve initial targeting, by classical N-terminal, processed secre-
tion signals, to the periplasm via the Sec-machinery. Subsequent targeting to
the outer membrane “translocator,” which in many cases may be a relatively
well conserved homo-multimeric channel, appears to involve one or two rela-
tively large blocks of amino acids well separated in the molecule for at least one
Type 1I protein (pullulanase).

The composition of the transenvelope Type I translocator, including an ATP-
dependent ABC transporter, an additional inner membrane protein of the MFP
family(membrane fusion protein) which spans the periplasm, and an outer
membrane protein forming the presumed exit, is now well established. Never-
theless, the precise mechanism of translocation is largely unknown and studies
have so far been restricted to in vivo analyses.

In the case of Type III secretion, also involving a single secretion step di-
rectly to the medium, some proteins of the presumed transenvelope complex
have also been identified. More proteins than for the Type I translocator appear
to be required and, surprisingly, so far there is no indication of any functional
overlaps with the Type I system. In contrast, and a recurring theme in this re-
view, Type III export across the outer membrane does involve shared homologs
with other protein transport pathways, for example, with at least eight proteins
involved in flagellar biogenesis. Similarly, the Type II pathway, exemplified by
pullulanase secretion, requires proteins homologous to those involved in the
biogenesis of Pseudomonas (non-Pap) pili and in filamentous phage secretion
(Type VI). Several pathways are, therefore, composed of unique elements, in
addition to elements with shared homologies with one or more different path-
ways. Moreover, several pathways (Types II, IV, V) use an identical (Sec) ma-
chinery for first-stage transport to the periplasm. In remarkable contrast, prepro-
proteins of the Type IV pathway, following initial transport into the periplasm,
engineer their own secretion, without apparent ancilliary proteins, by
autotransport through a channel of their own making, followed by auto-
proteolytic release of a secreted fragment.
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In Gram-negative bacteria it clearly now transpires that protein secretion is
a very widespread phenomenon with frequently even the same species solving
the problem of transport to the exterior across the double envelope membrane,
by different mechanisms. As a climax to the flood of recent discoveries, we are
now coming to the end of the initial, relatively descriptive phase of these novel
secretion pathways and two major questions are emerging—how do proteins
utilizing the two-step pathway, first fold in the periplasm and then somehow
traverse the outer membrane, while proteins directly secreted from cytoplasm
to the exterior fold on the cell surface? The fundamental question—relevant to
all protein transport mechanisms as to precisely how these proteins cross the
cytoplasmic membrane—can also be addressed with these transport systems
which offer the advantage, with respect to genetic manipulations, that they are
nonessential. In many cases, the corresponding translocator proteins have been
identified and targeting signals in different protein substrates characterized.
Moreover, overproduction and structural analysis of some key translocator pro-
teins is underway and should soon be realizing major new findings. A limiting
factor is however at this stage the absence of any in vitro transport system and
this must now be seriously addressed especially for the less complex systems.
Finally, we are happy to draw attention to the fact that many of these secretion
pathways are implicated in major pathogenicity mechanisms both in plants
and animals and one can hope that this will provide the financial motor and
the academic stimulation to solve outstanding technical problems to access the
detailed mechanism of these novel secretion processes in the near future.

In Gram-negative bacteria proteins having an extra-cytoplasmic destina-
tion can be targeted to four different “compartments” within or outside the
cell: the inner membrane, the periplasmic space, the outer membrane or the
external medium. Transport of proteins targeted to the periplasm or to the outer
membrane takes place in most cases through an apparently universal mecha-
nism, the General Export Pathway (GEP).! This is primarily represented by the
Sec machinery, which translocates proteins across the inner membrane,
containing a specific N-terminal signal secretion sequence (Fig. 1.1).

However, in the case of the complete secretion of proteins to the medium
through both membranes of Gram-negative bacteria, it appears, as summa-
rized in Figure 1.1, that several different mechanisms have been evolved to de-
liver the allocrite (the “substrate of secretion”)? to the external medium. At least
six of these secretion pathways have been described so far,>> designated “secre-
tion routes I to VI” which includes the mechanism of transport of filamentous
phage nucleo-protein particles (Table 1.1). These can generally be divided into
two major sub-groups: (i) those in which secretion to the medium takes place
in two steps, with a periplasmic intermediate (routes II, IV and V); and (ii)
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Fig. 1.1. Secretion pathways used by Gram-negative bacteria to deliver proteins to
the extracellular medium (I, Il, Ill, IV and V). GEP = General Export Pathway, IgA, =
N. gonorrhoeae IgA protease; Shl = S. marcescens non-RTX hemolysin; Pul = K.
oxitoca pullulanase;Ysc =Y. pestis YOP proteins; Hly = E. coli hemolysin. Pathway
VI, responsible for filamentous phage secretion, was excluded from the diagram
for simplicity (but see text for details). ATP binding proteins are indicated by a
shaded elipse, e.g., SecA.

those delivering proteins directly to the external medium in one single step
(routes I, IIT and VI). In the cases where secretion occurs in a two-step manner,
the first step, i.e., translocation across the cytoplasmic membrane, takes place
through the GEP. Other more dedicated mechanisms then recruit these
periplasmicintermediates to accomplish the final step of their secretion through
the outer membrane to the external medium. Secretion directly to the medium,
on the other hand, takes place through GEP-independent routes which bypass
the periplasm and are totally specific to each allocrite secreted.

I1. TWO-STEP SECRETION PATHWAYS: THE GSP

As shown in Figure 1.1, three different secretion systems use the GEP as a
route to cross the inner membrane and deliver their allocrites into the
periplasmic space, from where they are finally translocated across the outer
membrane to the external medium. These three mechanisms, which may ei-
ther be considered individually as different secretory pathways or as different
terminal branches of what has been called the General Secretory Pathway (GSP;
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Table 1.1. The six secretion pathways used by Gram-negative bacteria

Secretion  Organism? Allocrite® Secretion Steps Export Periplasmic Accessory

Pathway Signal© GEP/Sec Intermediate proteins

dependent for secretion

| Escherichia coli HiyA (RTX) C-terminal 1 NO NO HlyB (IM),HlyD

(IM), TolC (OM)

Il Klebsiella oxytoca PulA ? 2 YES YES- At least

(N-terminald) Folded 14 proteins

I Yersinia pestis Yops N-terminal 1 NO ? At least

15 proteins

v Neisseria gonorrhoeae IgA Auto-transport 2 YES YES- Auto-transport
(C-terminal domain) Unfolded

Va Escherichia coli Pilins N-terminal 2 YES YES- PapC (OM); PapD

Folded chaperone (PE)

Vb Serratia Marcescens Sh1A N-terminal 2 YES YES Sh1B (OM)

W filamentous phages phage particle ? 1 NO NO pl (IM) and

PplV (OM)

aSpecific examples are indicated here, other organisms are mentioned in the text; bsubstrate secreted through each system by the organisms
mentioned in 2; IM = Inner Membrane; PE = Periplasm; OM = Outer Membrane; secretion signal responsible for translocation across the outer
membrane, as opposed to the classical N-terminal Sec signal-peptide; didentified between the residues 60-120, in the case of P. aeruginosae
exotoxin A.3°
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see reference 6) are represented by: (i) secretion pathway II, which uses the
products of at least 14 genes to translocate the allocrite across the outer mem-
brane; (ii) pathway IV, in which the last step of secretion depends only on the
allocrite itself and (iii) pathway V, in which translocation of the allocrite from
the periplasm to the external medium is accomplished by the products of one
or two genes, one being a periplasmic chaperone. These three pathways will
now be considered in some detail before describing the one-step routes, ITI, V1.
Finally, Type I secretion, the pathway most extensively studied so far, will be
presented in the last part of this review.

SECRETION PaTHway II: THE PuL SysTEM

This is the terminal branch of the GSP used by many Gram-negative bacte-
ria to deliver proteins into the external medium. Examples of secretion systems
included in this category are: the Pul systems of Klebsiella oxytoca” and
K. pneumoniae;?® the Out systems of Erwinia chrysanthem?® and E. caratovora;'°
the Xps system of Xanthomonas campestris;!! the Exe system of Aeromonas
hydrophila*?'* and the Xcp or Pil system of Pseudomonas aeruginosa.’? It is im-
portant to note here that homologous proteins of the Type Il secretion pathway
can be involved in the assembly of surface pili (i.e., Type IV pili as found in
Pseudomonas), DNA transfer mechanisms and filamentous phage release as well
as protein secretion in different organisms.!>'¢ The best studied Type II system
is the Pul system of K. oxytoca, which is responsible for the secretion of the
enzyme pullulanase (PulA), and the details of this pathway and proteins involved
are illustrated in Figure 1.2.

Pullulanare, PulA, is a 117 kDa lipoprotein which, together with the pro-
teins required for secretion, is encoded by a cluster of 15 genes organized as two
adjacent operons (pulABand pulCto pulO), plus an independently transcribed
gene, pulS. The first step of PulA secretion, across the cytoplasmic membrane
(see Fig. 1.1), is dependent upon the Sec system, the N-terminal signal sequence
presentin PulA, and the signal peptidase activity of LspA.'” Once delivered into
the periplasm in this GEP-dependent manner, PulA is apparently translocated
across the outer membrane by a transmembrane complex composed of the
products of 14 genes (pulC-O operon plus pulS). Following secretion, PulA
remains transiently associated with the cell surface, before being released when
cells reach the stationary phase.

An inner membrane-periplasmic complex for PulA translocation

PulE, essential for PulA secretion, is a soluble protein (non-membranous),
which nevertheless can be isolated in tight association with the inner mem-
brane.’® PulE contains an ATP-binding motif, but shares no other sequence
similarities with either SecA (the GEP protein translocase), or with members
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ORGANISM SYSTEM

K. oxytoca Pul
E. chrysanthemi Out
E. caratovora Out
P. aeruginosa Xcp
X. campestris Xps

A. hydrophila Exe

V. cholerae Eps
P. aeruginosa Pil
V. cholerae Tcp

. <, <o Q
oze/o /eo..vozavo & oo/ S e
£ W o O R
& O N & 0y
V V A ¢ ]F
FUNCTION — 1 .
OoM? M OM IMIM? ? ? ?2? M IMIMIMIM
Secretion: pullulanase SIBl A [ c] p [ ETFIGH[ITJIKT L [M[N]JO]
Secretion: pectate lyases, cellulases [S[B][ A ] ¢ D | EJ]FIGIH][ITJITKT] L [M[N]JO]
Secretion: pectate lyases, cellulases [CT oD TETFIGIHITITKIL M [0]
Secretion: toxin A, lipases, proteases, etc [QT P TRISTTIU[VIW[ X TY [z] [A]
Secretion: cellulases, proteases [ b T ETJFIGIHITTJ]
Secretion: toxins, proteases, acetyltransferase [ D T ETJFIG]

Secretion: cholera toxin, protease
Piliation

Piliation

Ce]
(B C]

(o]
CE] ]

Fig. 1.2. Type Il secretion systems and their homology related to the K. oxytoca Pul system, which is shown in the top line according to
the order of genes in the pul cluster. Only proteins presenting a score higher than 20% overall sequence identity to its Pul partner are
indicated. Proposed function and subcellular localization of the proteins are indicated above the panel: OM = Outer Membrane,
IM = Inner Membrane, C = Cytoplasmic. Proteins belonging to the P. aeruginosa Xcp system are also called Pdd or Pil. XcpA and PilD
are the same protein. PulD is equivalent to plV of the Type V! pathway.
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of the ABC protein translocase family. For example, the characteristic region
between the two Walker motifs.”® which is highly conserved in all ABC trans-
porters, is absent from PulE. PulE homology with PilB, a protein required for
the assembly of type IV piliin Pseudomonas aeruginosa,?® led to the proposition
that PulE could be an ATPase involved in some way in the assembly of the
pullulanase secretion machinery, together with PulO (see below).!®* However,
since PulE is located on the cytoplasmic face of the inner membrane, it is diffi-
cult to envisage how its ATPase activity can be utilized for the assembly of a
primarily periplasmic secretion apparatus. Interestingly, a PulE homolog, in-
volved in the secretion of cholera toxin from V. cholerae, EspE, was recently
purified by Sandkvist et al,?! revealing under in vitro conditions a kinase,
autophosphorylation activity rather than an ATPase. As suggested by the au-
thors this raises the possibility that EspE is involved in a signal transduction
process which is in some way linked to the activity of the secretory apparatus.
In addition, Sandkvist et al?! showed that EspL, a homolog of the PulL inner
membrane protein, was required for binding EspE to the membrane. This find-
ing provides the first evidence for a direct interaction between the cytoplasmic
PulE-like (EspE) protein and a component of the presumed membrane-
periplasmic structure required for secretion via the Type II pathway.

PulE fractionation with the inner membrane is most probably due to its
association with one or more inner membrane proteins belonging to the Pul
system. PulF, an integral inner membrane protein, has been proposed as the
best candidate for such an association. It was suggested that PulF could repre-
sent for PulE the equivalent of an inner membrane permease, a partner of the
classical ABC transporters of the HisP type.?2 It is important to note, however,
that the PulF sequence does not contain the “EAA” motif which characterizes
such inner membrane permeases.?? '

The products of the pulC, E K, L, M, N genes have been localized in the
inner membrane, although their roles in PulA secretion remain to be eluci-
dated.’® These proteins could, for example, be involved in an energy transfer
process from the cytoplasmic membrane to the outer membrane, or in the as-
sembly of the “pilus-like” structure, presumed to connect inner and outer
membranes required directly for secretion (see below and Fig. 1.1).

Several proteins probably constitute this pilus-like complex structure. Thus,
PulG copurifies with the bacterial envelope. However, two populations of PulG
molecules could be identified by sucrose gradient fractionation: one in associa-
tion with the cytoplasmic membrane and another which appeared to be associ-
ated with the higher density outer membrane fractions.?* Subcellular localiza-
tion of the other three prepilin-like proteins (PulH,L]J), remains to be experi-
mentally determined; however, it has been suggested that these proteins, to-
gether with PulG, could assemble into a structure that would span the periplasm,
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connecting both inner and outer membranes to facilitate the final secretion of
pullulanase to the medium (see Fig. 1.7). It has been proposed that this assem-
bly process could involve PulE, PulF and PulO and therefore require the ATPase
action of PulE."”

PulA transport across the outer membrane

Both PulD and PulS have been identified as outer membrane proteins. PulD
is tightly associated with the outer membrane while PulS is a lipoprotein, asso-
ciated with the outer membrane.? PulD, as its homolog OutD in Erwinia, shows
extensive homology with the pIV outer membrane protein of the filamentous
phage f1.26 OutD and pIV also show homology with YscC, involved in the se-
cretion of virulence factors by a Sec-independent mechanism in Yersinia pestis
(see below). This again illustrates an important sub-theme of this review, the
fascinating cross-connections between different secretion pathways, as key
“Lego” units are commandeered to fulfill a specific role in otherwise differing
pathways.

In relation to the potential role of PulD in the exit of PulA to the medium,
crosslinking experiments, followed by immunoprecipitation, showed that the
PulD homolog, pIV protein, forms homomultimers composed of 10 to 12
molecules, which insert into the outer membrane of bacteria infected by phage
£1.2¢ This pore-like structure presumably could then be used by the new-born
phage particles to leave the bacterial cell, without disturbing the integrity of the
cell envelope. Interestingly, OutD and pIV are able to associate as a
heteromultimers when both proteins are coexpressed in the same cell.® These
results seem to imply that PulD homologs are able to form multimers which
insert into the outer membrane as a pore to allow the secretion of specific ex-
tracellular proteins. Indeed, recent studies indicate that PulD can form
multimeric, SDS-resistant complexes, fractionating with the outer membrane.?”

Possible mechanism for Type II secretion

Both PulO, and its Erwinia homolog, OutO, display extensive homology
with PilD/XcpA, the peptidase specific for type IV prepilins of P. aeruginosa
(see Figs. 1.2 and 1.3). Moreover, PilD substrates contain a specific cleavage site
which remarkably is also present in PulG, H, I and J, which are in fact now
known to be processed and N-methylated by PulO.!>2428-30 Analogy with the Pil
system has led to the hypothesis that an intracellular “pilus-like” structure could
be involved in PulA secretion.?” Such a structure, spanning the periplasm, would
serve as a platform or scaffold for the assembly of other components, for ex-
ample in the outer membrane, required for secretion, and/or to target or guide
the proteins to be secreted to the outer membrane exit.?* On the other hand the
precise role of the numerous ancillary proteins required for pullulanase secretion
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Fig. 1.3. Schematic representation of the interrelationship between the Xcp/Pil systems
in Paeruginoa, with proteins implicated in Type Il secretion pathway (Xcp) and in
pilus assembly (Pil). Reproduced, with modifications, from Hobbs and Mattick.®

remains elusive, in particular the PulG, H, I, ] proteins and the 6 or 7 other Pul
proteins which appear to associate with the inner membrane in some way (see
Fig. 1.1). In particular, the need for such an “apparatus” is puzzling, since PulA
is initially exported to the periplasm by the GEP. One may envisage two possi-
bilities, not mutually exclusive, to explain the requirements for this large num-
ber of ancillary proteins. These proteins may either form a transenvelope com-
plex required for folding (see below) and precise targeting of PulA to the PulD
exit, or such a transenvelope structure, joining together the inner and outer
membrane, may provide the means to tap the proton motive force of the inner
membrane to provide “gating energy” to catalyze the activity of the PulD secre-
tion complex in the outer membrane.
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Finally, similarities between both Pil and the Pul/Out systems (Figs. 1.2,
1.3) are further supported by the finding that mutations in the P. aeruginosa
xcpA gene (PilD) are responsible for defects not only in pilus biogenesis but
also in the secretion of proteins via the Type II pathway in that organism.?**

Recently, a possible function has been assigned to another component of
the PulA secretory machine, the PulS lipoprotein. It has been shown that the
presence of PulS, which is associated with the outer membrane of bacterial
cells? is absolutely necessary for the stable assembly of PulD in the outer mem-
brane. Furthermore, in the absence of PulS, the majority of the PulD protein,
expressed from a IPTG inducible promoter, appeared in a degraded form. This
degradation could be overcome by overexpressing PulS under the same condi-
tions. These results indicate that not only PulD assembly but also its stabiliza-
tion is dependent on the presence of PulS.” It is interesting to note that similar
results were obtained in the case of the transmembrane complex responsible
for the secretion of hemolysin A (HlyA) from E. coli cells (secretion Type I, see
below). In this secretion system, the assembly of the inner membrane protein
HlyD is dependent on the presence of TolC in the outer membrane and HlyB in
the inner membrane, while HlyD itself is absolutely necessary for HlyB
localization in the inner membrane.*

Targeting signals for Type 11 secretion

Conflicting results have been obtained concerning possible targeting sig-
nals for secretion across the outer membrane via the Type II pathway. Thus, Py
et al* analyzing the secretion of the EGZ cellulase from E. chrysanthemi pro-
posed that the targeting signal may be linked to the 3D structure of the protein,
rather than through a specific, linear secretion signal. As described below, this
would be consistent with the evidence that proteins of the Type II pathway are
indeed folded before transport across the outer membrane. However, in some
contrast with the conclusions of Py et al,*® it has been recently reported that
random insertions inside the pulA gene shown to abolish pullulanase catalytic
activity did not affect secretion, suggesting that alterations in the structure of
the enzyme do not necessarily block its targeting to the export machinery.*

Moreover, a discrete domain within another protein secreted by a Type 11
pathway, exotoxin A, has recently been identified which appears to contain all
the information apparently necessary for secretion of this toxin, as well as of a
passenger protein (B-lactamase), from the periplasm of P. aeruginosa. The ex-
tracellular targeting signal in exotoxin A is localized between residues 60 and
120 from the N-terminus. This sequence has been shown by crystallography to
be rich in anti-parallel B-sheets, and in the three-dimensional view is located in
the surface of the toxin, easily accessible to the components of the secretory
machinery.® In the case of PulA, a more recent study has revealed a more
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complex situation. Two regions of 78 and 80 residues, one close to the N-termi-
nus, the other much closer to the C-terminus, were clearly shown to be essen-
tial for targeting to the medium.3*

Proteins of the Type II pathway may fold in the periplasm prior to
secretion

Evidence of the translocation of apparently fully folded proteins through
the outer membrane has previously been described in the case of the multimeric
protein, cholera toxin, secreted by Vibrio cholerae.® Cholera toxin is composed
of five identical B subunits of 11.6 kDa and one A subunit of 28 kDa, which are
exported to the periplasm via the GEP. Once processed and released in the
periplasm, the mature proteins fold and assemble into an ABs complex.>”3¢ Only
when fully assembled into its final conformation is the cholera toxin appar-
ently translocated across the outer membrane of V. cholera..3¢* The pathway
used for the secretion of this protein needs further characterization, but it clearly
follows a Type II secretion route.?!

Interestingly, it has been shown that disulfide bond formation in the
periplasm, involving DsbA, is an essential prerequisite for the final step in the
secretion of pullulanase from K. oxytoca, the endoglucanase from E. chrysanthemi
and pro-aerolysin from Vibrio spp through the outer membrane to the me-
dium.?4%4! These results indicate that both pullulanase, EGZ cellulase and pro-
aerolysin are folded in the periplasm before they are finally secreted across the
outer membrane. So far there have been no reports of other periplasmic factors
involved in protein folding of the Type II allocrites, but these might be antici-
pated to involve, for example, the bacterial PPIases*? or the Skp protein described
by Chen and Henning.*

SECRETION PATHWAY IV: THE “AUTOTRANSPORTERS”

In remarkable contrast to the extraordinarily complex Type II secretion path-
way, proteins translocated via a type I'V secretion pathway do not apparently
require any auxiliary factors to complete their translocation across the outer
membrane. This group of proteins includes a Neisseria gonorrhoeae and
Haemophilus influenzae immunoglobulin specific protease, IgA,*-4¢ other spe-
cific proteases secreted by different species of Neisseria?’ as well as the serine
protease of S. marcescens, SSP.* In addition, the VirG protein of Shigella, which
promotes actin polymerization® and the vacuolating cytotoxin of Helicobacter
pylori, VacA,™ are also secreted via a Type IV mechanism. These proteins sur-
prisingly rely for their secretion on functions present within the allocrite itself
(Figs. 1.1 and 1.4).

The N. gonorrhoeae IgA protease secretion system is the best studied ex-
ample of the Type IV secretion pathway (for a review see ref. 45). This protein
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Igap

signal
peptide

Fig. 1.4. Schematic model proposed for IgA protease secretion. Steps I+l reflect
signal peptide directed export of the polyprotein (IgA.,) into the periplasm
(Sec-dependent steps); (l11) insertion of the B-domain into the outer membrane,
forming the pore through which the IgA,,, domains are transiocated to the
external medium; (IV) autoproteolytic uncoupling of I1gA,,, from the membrane
associated 1gA; domain, upon cleavage at site c; (V) further sequential
autoproteolysis at sites a and b, producing the mature IgA protease, the a-protein
and the y-peptide. Reproduced with modifications from Klauser et al.*5

is synthesized as a 169 kDa precursor, the polyprotein IgA, containing five dis-
tinct functional domains: (i) an N-terminal domain corresponding to the sig-
nal peptide which allows transport through the cytoplasmic membrane; (ii) a
core region of 106 kDa containing the protease activity of the mature protein
(IgA,); (iii) a small 12 kDa region, the o-domain (IgA,), a short (30 aa) y-domain
(IgA,) and (v) a C-terminal B-domain (IgAy).

As shown in Figure 1.4, the first step in IgA, secretion is dependent upon an
N-terminal secretion signal, recognized by the Sec-system and cleaved as the
polyprotein is translocated to the periplasm.* Once in the periplasm, the C-
terminal IgA; domain integrates into the outer membrane forming a pore which
apparently then allows translocation of the domains IgA,, IgA, and IgA, to the
extracellular medium. Moreover, the IgA; domain appears to carry all the trans-
port specificity since Klauser et al”” have demonstrated that a heterologous pro-
tein (Vibrio cholerae toxin B subunit) fused as a passenger of the N-terminal of
IgA, is efficiently transported across the outer membrane onto the cell surface.

Integration of the C-terminal IgA; domain into the outer membrane is pre-
sumed to be a rapid process since no accumulation of periplasmic intermediates
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can be detected under conditions of normal secretion.® Interestingly, Klauser
and co-workers have argued, based on secondary structure predictions, that
the key structural feature of IgA, is likely to be a g-barrel, which is characteristic
of most integral outer membrane proteins.*’

After being translocated to the periplasm, the N-terminal domain of IgA
destined to be secreted (IgA,, IgA, and IgA,) must presumably be maintained in
an unfolded state, compatible with translocation through the channel formed
in the outer membrane by the IgA; domain. In fact, premature folding in the
periplasm of a fusion protein between the B-subunit of cholera toxin and IgA,
(CtxB-IgAy) blocks the final step of secretion through the outer membrane.
The efficiency of translocation is restored in the presence of the denaturing
agent B-mercaptoethanol or by using CtxB derivatives, lacking one or both cys-
teines involved in the formation of disulfide bonds.#” Translocation of unfolded
intermediates is of course characteristic of the Sec-system® but is in marked
contrast to the apparent transport of folded proteins via the Type II secretion
pathway. In turn, therefore, this Type IV pathway raises questions about the
mechanism of refolding of secreted IgA protease, in the medium following se-
cretion. This problem will be referred to in later discussion of the Type I pathway.

Once translocated through the IgA; pore, IgA,, adopts its active con-
formation and is released by autoproteolysis from the IgA; domain, which
remains attached to the outer membrane. Release of the protease into the
medium is the result of initial cleavage at site ¢ (Fig. 1.4) Extracellular IgA,,, is
then further processed by sequential autoproteolysis at sites band g, to produce
the mature IgA protease, the a-protein and the small y-peptide corresponding
to the intervening 30 residues between cleavage sites a and b.%’

The precise function of the alpha protein (IgA,) is still unknown. However,
this question has been addressed in an homologous system, responsible for the
secretion of the serine protease (SSP) from S. marcescens. In this system, a small
peptide of 71 residues, called the “junction region,” is also localized between
the central active domain of the protease and the C-terminal domain responsible
for its final secretion. Trans-complementation experiments have shown that
this junction region, which remains attached to the outer membrane,
surprisingly is essential for the activity of the secreted SSP, suggesting that this
region plays a role in the final folding of the mature protein. This result indicates
the existence of a third activity for these polyproteins, as “intra-
molecular chaperones,” capable of ensuring an autocatalytic, correct folding of
the final secreted protein.’ However, the actual mechanism by which this junc-
tion region acts as an intramolecular chaperone for the mature protein remains
to be established.
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SECRETION PATHWAY V: THE E. coLr PAp SYSTEM

The E. coli Pap system is responsible for the translocation and assembly of P
pili (fimbriae) onto the external surface of the bacterial outer membrane (for a
detailed review see reference 53). Several proteins constitute the final cell sur-
face pili (Fig. 1.5) which requires a specific assembly apparatus (see Fig. 1.6). It
is important to note that P pili are distinct from Pseudomonas pili which are
secreted via a different mechanism, a variation of the Type II pullulanase secre-
tion pathway. P pili are composed of two distinct structures, the rod and the tip
fibrillum, that extends from each pilus rod. The rod is formed by repeating
subunits of PapA arranged in a right handed-helical cylinder. The fibrillae are
mostly composed of subunits of PapE arranged in an open helical conforma-
tion, with the PapG adhesin, responsible for the specific recognition of the Pap
pilus receptor, at the distal end of each fibrillin tip. PapF and PapK are neces-
sary to ensure that the assembly of PapG adhesin precedes that of the pilus rod
(PapA), and that all pilus subunits are firmly connected.* A single copy of an-
other pilus subunit, PapH, is found on the base of the growing pilus, and it is
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Fig. 1.6. Model for Pap pili subunits secretion and assembly through the PapC
“platform”. Modified from Hultgren et al 5}

assumed that its role is to prevent further incorporation of other subunits, thus
controlling pilus length, and to anchor the pilus to the assembly platform. All
these Pap proteins are secreted to the outside of the outer membrane and two
other proteins, PapC and D, respectively an outer membrane usher and a
periplasmic chaperone, are responsible for the correct secretion and then as-
sembly of the six subunits into a functional pilus structure.®5 Pap], an 18 kDa
periplasmic protein showing homology with nucleotide-binding proteins, is
responsible for maintaining the integrity of the pilus structure. Mutations in
pap] result in large amounts of pilus antigen being released from the E. coli
cells, apparently resulting from internal breaks in the pilus. It has been sug-
gested that Pap] could function as a chaperone, participating directly or indirectly
in the correct assembly of PapA subunits.’

As indicated in Figure 1.6, all the pilin subunits are synthesized as precur-
sors possessing a typical N-terminal signal sequence, and are exported through
the cytoplasmic membrane via the GEP. After cleavage of the signal peptide by
LepB (the signal peptidase), the pilus subunits are released into the periplasm
where they form a complex with the specific chaperone PapD. Although it is
not clear when each subunit folds into its final conformation, it has been shown
that pilin subunits, associated to PapD, have disulfide bonds* and are recognized
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by many, but not all, monoclonal antibodies that bind to the native pilus.*’
Furthermore, it has been shown in vitro that PapG adhesin, purified from the
periplasmic fraction complexed with PapD, retains its ability to bind the recep-
tor-ligand, and is protease resistant.>® These results indicate that pilins are close
to their final conformation, if not fully folded, before secretion across the outer
membrane.

From the periplasm, the pilin subunits are escorted, in chaperone-complexed
form, to the pilus assembly platform, composed, it is supposed, of many mol-
ecules of the PapC outer membrane protein, which represents the translocator
responsible for secreting the pilins through the outer membrane. To form the
organized pilus structure, the different subunits, released from PapD, are se-
creted and assembled sequentially by the PapC assembly platform, in a rapid
process (less than 5 min) that seems to be independent of cellular energy and is
thermodynamically driven.”

As indicated above the assembly of the pili of the E.coli Pap system is differ-
ent from that of Type IV pilins in P. aeruginosa, N. gonorrhoea and several other
Gram-negative bacteria.’® Furthermore, although Pap pilins might appear to
be similar to Type IV pilins, their N-terminal signal sequences are not processed
at the same site or by the same peptidase.!>'®%

Secretion pathway Va: variations on a theme

At least four relatively simple two step secretion systems can also be classi-
fied, for the moment, as Type V secretion pathways. As illustrated in Figure 1.1,
these apparently involve a single outer membrane accessory protein and are
responsible for the secretion of the calcium-independent (non-RTX) hemol-
ysins of Serratia marcescens, ShlA,*! and Proteus mirabilis, HmpA,*? the Bordetella
pertussis filamentous hemagglutinin, FhaB® and possibly the E. coli extracellu-
lar heat-stable enterotoxin, ST} * Nevertheless, since the accessory proteins in
these systems are not homologous with those required for pilin secretion, we
propose to distinguish them as Type Va.

Final secretion of ShlA, HmpA and FhaB toxins is accomplished, as in the
Type V Pap system by a single outer membrane protein, respectively Sh1B, HmpB
and FhaC, encoded by genes adjacent to those encoding the toxins themselves.
In the case of STy, it has been suggested that the outer membrane protein re-
sponsible for its final secretion could be TolC.** These outer membrane trans-
port proteins are not, however, related to PapD and, at least in the case of ShIB,
appear to have an additional role in the secretion process—to activate the
secreted protein (see below).

The ShlA protein itself is synthesized as an inactive precursor which is trans-
located across the cytoplasmic membrane by the GEP. The ShlA periplasmic
form is inactive and activation seems to occur concomitantly with secretion
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through the outer membrane via ShIB. Periplasmic ShIA can also be activated
in vitro upon incubation with a cell lysate containing ShiB, which indicates
that ShIB is not only responsible for ShlA secretion but also for its activation.
Such an activation might occur by a covalent modification of the inactive toxin
during or after secretion, since once activated, ShlA remains hemolytic even
after removal of ShIB.* An exciting possibility is that ShIB in some way acts as a
chaperone, determining the final active conformation of the toxin during se-
cretion. Finally, the secretion signal responsible for targeting ShlA to the outer
membrane translocator has been localized to the first 238 residues of the N-
terminal of the toxin. Similarly, this region of the molecule appears to be essen-
tial for penetration of the erythrocyte membrane by the active toxin.® As in the
case of the other Type V proteins, it is not clear whether ShlA, HmpA, FhaB or
STy fold in the periplasm, during translocation, or following release to the me-
dium. However, at least in the case of STy it has been shown that DsbA is re-
quired for secretion. One may anticipate that if such proteins are already folded,
the outer membrane protein, as is the case of PulD, and the pIV protein in-
volved in filamentous phage secretion would have to be present in large
oligomeric structures , but this has not so far been reported.

II. ONE-STEP SECRETION PATHWAYS

Three secretion pathways, Types I, III and VI, are used to translocate pro-
teins directly from the cytoplasm to the external medium, bypassing the
periplasm. Secretion via a Type I system, for example, hemolysin secretion (see
below), is dependent upon transmembrane complexes composed of three pro-
teins specific to the allocrite. The total number of proteins implicated in Type
I1I secretion systems is not yet determined, although it is clear that this secre-
tion pathway combines characteristics of systems I and II. Secretion pathway
VI is mainly used to “secrete” encapsulated particles of filamentous phages,
and will only be considered briefly in this review.

SECRETION PATHWAY III: THE YERSINIA YSC SYSTEM

We shall use the Ysc system to illustrate first the principles of the wide-
spread Type III secretion pathway. The Ysc system has been identified as re-
sponsible for the secretion of a set of proteins involved in pathogenicity in Y.
pestis, enterocolitica and pseudotuberculosis.” These bacteria attempt to escape
the defense system of the host cell by secreting a V-antigen and at least 11 other
proteins called Yops (Yersinia Outer membrane Proteins). The Yop proteins were
initially detected in association with the outer membrane, but it was later dem-
onstrated that they can actually be secreted into the extracellular medium.*® A
simple model illustrating the participation of some of the proteins involved in
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Fig. 1.7. Major homologies among determinants involved in Type [l secretion pathways in different organisms. P. solanacearum
determinant, arbitrarily selected as a prototype, has its transcription units, relative position of genes and subcellular localization of
proteins indicated on top of the panel: OM = Outer Membrane; IM = Inner Membrane, CY = Cytoplasmic, Env = Envelope. [_|=
proteins sharing homology also with PulD superfamily (secretion Type II).
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the secretion of Yops is indicated in Figure 1.1. The corresponding genes and
their relationships to those of others Type III pathways is shown in Figure 1.7.

Production and secretion of Yops, induced upon incubation at 37°C in the
absence of Ca?", are under the control of several genes present in a 70 kbp plas-
mid, pYV.%® The yop genes are arranged in three loci, constituting a
thermoactivated regulon controlled by the gene virF.%° The virClocus contains
13 genes, organized in an operon, yscA to yscM.”"7! The virA locus contains at
least one gene, lcrD, coding for a 78 kDa integral inner membrane protein pre-
dicted to contain eight transmembrane domains, as determined by PhoA to-
pology analysis, and a large cytoplasmic domain.” yscN is located in the virB
locus and codes for a 47.8 kDa cytoplasmic protein containing two consensus
ATP-binding domains, Walker boxes A and B. By analogy with the secretion
mechanism of Type I systems it has been suggested that YscN could play a role
in providing the energy for the transport of the Yops. However, the similarities
between this protein and the ABC transporters are restricted to the Walker
motifs, and its precise contribution to the energization of Yop transport is un-
clear, although it has been demonstrated that mutations introduced in the ATP-
binding domain of YscN block secretion of the Yops.” It has also been sug-
gested that YscN could be considered as the functional counterpart of SecA in
Yersinia, recognizing the Yops associated with their Syc chaperones (see below)
in the same way as SecA binds to SecB-preprotein complexes.”

Three other proteins, YscC, D and G, encoded by genes belonging to the
virC locus and involved in the secretion of Yops have been recently localized.
YscC and YscD are respectively outer and inner membrane proteins, while YscG
was found to be equally distributed in both envelope and soluble fractions.”™

In contrast to proteins secreted via a Type I secretion system, a specific se-
cretion signal sequence for Yops was localized to the N-terminal 48 to 98 resi-
dues of different Yop proteins. The analysis of deletion mutants has in fact lo-
calized the secretion signal sequence to be within the N-terminal, 48,98 or 76
residues of YopH, YopE and YopQ, respectively. Furthermore, fusions of the N-
terminal domain of YopH and either the a-peptide of p-galactosidase or alka-
line phosphatase deprived of its signal sequence were efficiently secreted by
Yersinia. Since the N-terminal regions of these Yop proteins fail to reveal any
sequence similarity, it has been suggested that the secretion signal of Yop pro-
teins depends upon a higher order structure rather than a simple sequential
primary sequence.” Unlike the classical N-terminal secretion signal, the Yop
signal is not removed upon secretion.”

Remarkably in this secretion pathway, ATP-independent cytoplasmic chap-
erones, each one specific to each Yop, are necessary for the initiation of the
translocation process. Three such proteins, designated Syc (Specific Yop Chaper-
one), have been identified so far, SycE, H and D, responsible for the specific
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secretion of YopE, H and D, respectively.”*”” Similarly, dedicated chaperones
for Shigella flexnerilpa invasins were demonstrated.” It has been suggested that
the Syc proteins (or IpgC in S. flexneri) are necessary to avoid aggregation of
different Yop or Ipa proteins in the cytoplasm.”® This may be important since
different Yop or Ipa proteins may be required to form specific complexes fol-
lowing secretion. Alternatively, Syc proteins may be essential to target the Yops
from the cytoplasm to the membrane localized secretory machinery. However,
the precise role of these chaperones in the secretion process (reviewed in detail
recently by Wattiau et al”®) remains to be established.

The first step in the translocation process of Yops from the bacterial cells is
probably dependent on the YscN ATPase and on the inner membrane proteins
LrcD, YscD and YscG (see Fig. 1.1). YscR and YscS are probably inner mem-
brane proteins and remarkably, together with LrcD, with which they presum-
ably interact, these proteins share homology with proteins involved in flagellar
biogenesis. In fact as indicated in Figure 1.7, at least 7 Ysc proteins share ho-
mologies with proteins involved in flagellar biogenesis. Similarly, a recent more
detailed study (see also Fig. 1.7) has identified the same set of conserved pro-
teins in the Type III pathway in the plant pathogen, Pseudomonas solanacearum.®

The obvious homology of some elements of the Type Il pathway with com-
ponents of the transenvelope structure constituting the complex flagellar mo-
tor system has given rise to the idea illustrated in Figure 1.1 that secretion of
Yops also involves a transenvelope structure. Presumably in this case, as in Type I
secretion, it is accessible from the cytoplasm.

The only identified outer membrane component of the translocation ma-
chinery, YscC, is a homolog of PulD, OutD and pIV (secretion pathways, Types
IT and V1), and this protein is proposed to be involved in the last steps of trans-
location, possibly constituting a pore in the outer membrane for final export to
the medium.” Again this is a remarkable example of otherwise different path-
ways using a conserved protein at a common stage of the secretion process. It
may be relevant to recall therefore that at least OutD and pIV probably func-
tion as large oligomeric channels for secretion of proteins already folded. The
requirement for chaperones, possibly as anti-aggregation factors for Yops, may
indicate that these proteins are also folded before translocation, in which case
large oligomeric forms of YscC might be anticipated.

Type III secretion, a ubiquitous pathogenicity element

Similar Type III systems (see Fig. 1.7), responsible for secretion of virulence
factors, have been identified in different pathogenic bacteria, such as Shigella
flexneri , designated Mxi-Spa (responsible for the secretion of Ipas or
invasins),®!# Salmonella typhimurium (Inv),® enteropathogenic Escherichia coli
(EPEC - Sep system),* Xanthomonas campestris and Pseudomonas solanacearum
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and seringae (Hrp).2>* Details of the Salmonella and Shigella systems have been
reviewed in a recent publication, with emphasis on the fact that secretion in
these cases may well be linked to close contact between bacterial and host cells,
allowing efficient translocation of certain proteins from bacteria “directly” into
the cytoplasm of the host.57#

At least 10 bacterial species, ranging from animal to plant pathogens, have
in fact now been identified, expressing this highly conserved protein secretion
mechanism, coupled to uptake into target cells. As discussed in a recent review,
fascinatingly the proteins of the Type III secretion system and the toxic pro-
teins, which they discharge into target cells, appear to have been acquired by
bacteria more than 4 million years ago from an “unidentified source®

SECRETION PATHWAY VI: BACTERIOPHAGE PARTICLE EXTRUSION SYSTEMS

This is the secretion pathway used by large encapsulated phage particles,
such as M13 or F1, to reach the extracellular medium without disrupting the
integrity of the bacterial host cell (reviewed in reference 91). The assembly and
extrusion of F1 phage particles are coupled events initiated in the bacterial in-
ner membrane and involving the phage DNA, and viral coat proteins. In addi-
tion, the mechanism requires at least one host protein and two phage-encoded
proteins, pI and pIV, which are implicated in the formation of a trans-envelope
structure that allows direct “secretion” of phage particles to the medium;?**! pI
is an inner membrane protein with a large cytoplasmic and a small periplasmic
domain, separated by a single transmembrane region.”>*

pIV has been localized to the outer membrane, but can also be detected in
association with the inner membrane.**¢ Coimmunoprecipitation, crosslinking
and sedimentation experiments indicate that the structure of the outer mem-
brane pore responsible for the final secretion of f1 phages may be composed of
10 to 12 monomers of pIV protein. It has been proposed that pI and pIV form
a transenvelope structure that allows direct secretion of f1 phage particles to
the medium. Since no interaction between pI and pIV could be demonstrated
so far, it has been suggested that such a transenvelope structure is formed only
transiently, possibly coupled to the initiation of the phage assembly complex,
which involves the cytoplasmic domain of pl.%¢ Interestingly, as discussed above,
pIV is one of the PulD homologs, which are themselves involved in the last step
of the GEP-dependent Type II pathway (section 1.1).

IV.HEMOLYSIN SECRETION FROM E. COLI

Secretion of a “hemolysin” by certain pathogenic strains of E. coli was first
recognized more than 90 years ago by Kayser et al.” However, we had to wait
until the early 1980s before the molecular mechanism of hemolysin (HlyA)
secretion from E. colibegan to emerge. Throughout this period and until recently
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it was assumed that HlyA was the only leaderless protein specifically secreted
by E. coli. Kenny and Finnlay®® have now shown that at least 5 proteins are se-
creted by EPEC (enteropathogenic E. coli) strains in the presence of epithelial cells.
The mechanism of secretion of these proteins is however not established.

In a book concerned with protein secretion by unusual routes, hemolysin
(HlyA), the protein probably studied in the most detail, clearly deserves an
important place. Happily for the groups who study it, the Type I secretion path-
way followed by HIyA is relatively simple compared to most other pathways.
Many aspects of hemolysin secretion, in particular concerning the genetic or-
ganization of Hly-determinants, regulation of expression of hly genes and acti-
vation and mode of action of hemolysin itself have been reviewed previously
and will not be covered here. Rather, we shall attempt to concentrate upon the
last five years where more specific detail of the HlyA secretion signal, the nature
of the translocator and the mechanism of secretion have appeared. At least 12
additional examples of the Type I secretion pathway (see Fig. 1.8) have now
been described and, where appropriate, these other systems will be introduced,
but most emphasis will be placed on the E. coli hly system.

Basic EsseNTIALS OF THE E. coLl HEMOLYSIN SECRETION PATHWAY

Secretion of hemolysin is only observed in some uropathogenic E. colistrains
with specific hly genes encoded chromosomally in human pathogens or on plas-
mids in strains found in many animal species. As shown in Figure 1.8, hlyA
determinants invariably contain the genes, hlyC, encoding a 20 kDa cytoplas-
mic protein, the hlyA structural gene encoding a 110 kDa protein, and hlyB,
hlyD encoding two inner membrane proteins of 79 kDa and 53 kDa, respec-
tively. HlyC, together with the acyl carrier protein, Acp, promotes specific fatty
acid modifications of HlyA, essential for toxin activity.” HlyC plays no part in
secretion,'® while HlyB and HlyD are absolutely essential for secretion, prob-
ably forming a transenvelope translocation complex with TolC, which is also
essential for secretion.!”! Secretion of HlyA does not depend upon the SecAY
protein export pathway. In contrast, a novel C-terminal secretion signal is es-
sential for an apparently single step transport mechanism, which takes HlyA
directly to the medium without a periplasmic intermediate.>'?

Secretion of hemolysin normally peaks in the late exponential phase of
growth although the basis for this regulation is not clear. HlyA itself is a pore
forming toxin, whose activity is dependent upon Ca?*.1 In fact, HlyA is a mem-
ber of the RTX family of proteins characterized by the presence of tandemly
repeated, glycine-rich nonapeptides in the C-terminal domain, as shown in
Figure 1.9. In the case of HlyA there are 13-14 such repeats located downstream
of the membrane binding region and approximately 150 residues proximal to
the secretion signal.
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Fig. 1.9. Functional domains of the hemolytic cytotoxin HIyA. Reproduced with
modifications from Ludwig and Goebel %

In succeeding sections we shall describe in more detail the nature of the
HIyA secretion signal and the structure and possible functions of the HlyB, D
and TolC components of the translocator. Finally, we shall discuss the possible
mechanism of HlyA secretion.

ANALYS1S OF THE HLYA C-TERMINAL SECRETION SIGNAL

Minimal size

Several lines of evidence have demonstrated unequivocally the presence of
a specific secretion signal at the C-terminal of HIyA. Thus, deletion of more
than 90% of the protein from the N-terminus of HlyA still allows the remain-
ing C-terminal fragment to be secreted, while C-terminal deletions of only a
few amino acids can greatly reduce secretion. The smallest reported C-terminal
peptide of HlyA which can still be translocated in the presence of HlyB and
HlyD is 62 amino acids.!** With the RTX-protein PrtB from E. chrysanthemi,
efficient secretion of a peptide containing only the 29 C-terminal amino acid
residues has been reported.'*

Strong evidence for a C-terminal secretion signal for HlyA was obtained
from its ability to promote the secretion of a variety of heterologous passenger
proteins, specifically in the presence of HlyB, D."%!%7 The smallest C-terminal
peptide shown to promote heterologous protein secretion was also 62 residues.'**
However, secretion efficiency is highest when larger C-terminal fragments up
to 213 residues are employed.'* Similar size dependence effects on secretion of
passenger proteins were obtained with the PrtB system.!® As discussed below,
we conclude from these results that the secretion of some passengers may be
inhibited by occlusion of the signal by the upstream sequences, and not because
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the secretion signal of HlyA and other RTX-proteins extends beyond 40 to 60
C-terminal residues.

Various deletion studies have also shown that a specific secretion signal
occurs at the extreme C-terminal of other RTX-proteins including leukotoxin'®
and adenyl cyclase toxin, although in the latter case evidence was provided that
alternative secretion signals, perhaps normally latent, were present between
approximately 100 and 300 residues from the C-terminal.'"

Extensive deletion and fusion studies from Wandersman and co-workers
have shown that the C-terminal secretion signal of a metalloprotease (PrtB)
from E. chrysanthemiis minimally contained within the terminal 29 residues.!%°
Moreover, Ghigo and Wandersman'% have shown that the C-terminal motif
DIVV is particularly important for function and that even a single residue
addition to the C-terminal blocks secretion.

However, these other signal sequences have not been subjected to detailed
genetic analysis. Notably, alignment of the C-terminals of these other proteins
of the Type I pathway, with that of HlyA, indicate only limited conservation of
primary sequences (see below and Fig. 1.10)

Detailed mutational analysis of the HlyA secretion signal

The C-terminal region of HlyA has been subjected to extensive mutational
analysis with many single and multiple residue substitutions identified. These
results are consistent with a specific secretion signal extending over the entire
46 C-terminal residues but perhaps no further. However, within this region,
many residues can be substituted without significant loss of activity indicating
that the signal is highly redundant. In contrast, at least seven residues have
been identified whose substitution leads to a substantial (50-70%) loss of se-
cretion efficiency.'!'* Such residues appear to be relatively dispersed through-
out the signal with a possible functional hot spot (EISK) at the extreme proximal
end (residues -43 to -46).'"3

As shown in Figure 1.10, the main primary sequence motifs and predicted
secondary structural features of the HlyA C-terminal are a Helix (Helix IT) turn
Helix (I), a charged region, DVKEER overlapping Helix I and an 8-amino acid
C-terminal enriched for hydroxylated residues. These features are, however,
only conserved in the closest relatives of HlyA. In particular, the charged region
and hydroxylated tail are absent from other RTX-proteins. Single residue mu-
tagenesis and deletion studies also failed to support a major functional role for
the charged residues in the DVKEER motif.!'>!"* Similarly, insertion of a helix
breaker, Pro, or severe truncation of Helix I do not have major effects on secre-
tion efficiency.''>!* In addition, recent site directed mutagenesis failed to con-
firm a major functional role for Helix I1."'? In contrast, two earlier studies have
emphasized the crucial importance of the relatively well conserved Phe (F989)
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Fig. 1.10. Alignment of the C-terminal residues of RTX-proteins secreted via the
Type | secretion pathway. The predicted secondary structures for the HlyA-like and
PrtB-like proteins are indicated at the top and bottom respectively. Highly conserved
residues are indicated in vertical boxes. Solid and open arrows indicate important
functional residues identified by mutagenesis by Holland and colleagues' 23115 or
Koronakis and colleagues,'" respectively. At the right is indicated the level of secretion
of each RTX-protein by the Hly translocator relative to secretion by the homologous
translocator as indicated in the literature.

residue (-35) in the predicted turn region between Helix II and Helix L.">'"
Chervaux and Holland"'® have now shown that many substitutions of F989 re-
sult in a substantial loss of function, with a Pro substitution giving only 5%
secretion of HlyA to the medium.

From all these studies and in consideration of physical studies of the signal
region of RTX toxins (see below), we conclude that several, dispersed individual
residues, including F989 and a cluster close to E978, are essential for recogni-
tion and/or docking with the HlyBD translocator, perhaps largely independent
of specific secondary structure.

Is the HlyA secretion signal bifunctional?

The novel HlyA secretion signal and the C-terminal secretion signal of other
RTX-proteins are quite distinct from N-terminal signal sequences both in size,
amino acid composition and overall size. Although it has been suggested''" that
the HlyA signal may initially interact with the lipid bilayer, no evidence has yet
directly supported this, and we prefer the more economical hypothesis that the
signal sequence interacts directly with the HlyBD translocator, in a specific rec-
ognition interaction. We have previously described a LacZ-HIyA fusion (carrying
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a wild-type secretion signal) which forms an abortive translocation complex
with HlyBD.!% This hybrid protein competes with coexpressed wild-type HlyA
for secretion and such competition experiments, involving fusion proteins with
wild-type and mutant signals, demonstrated that mutations in the region -15
to -46 were recessive, i.e., no longer competing. We proposed that this proximal
portion of the signal is involved in translocator recognition.!”® In contrast, we
have now identified a dominant mutation (as defined by competition experi-
ments) at the extreme C-terminal of the HlyA signal, which also appears to
reduce the rate of secretion.!' More strikingly, this mutation also blocks the
formation of active toxin and increases its sensitivity to trypsin (this lab, un-
published data). The properties of this mutant indicate that the distal region of
the secretion signal may also be involved in a final release/folding step in the
secretion process. The possible functional organization of the signal peptide of
HlyA is illustrated in Figure 1.11.

Structural studies of the secretion signal of HlyA and other RTX-toxins
Baumann and co-workers have published X-ray crystal structures of two
RTX-toxins, proteases secreted by Pseudomonas aeruginosa and Serratia
marcescens respectively, which clearly show the largely B-strand structure of the
C-terminal signal region.!'”:!!® Algorithms also predict that these regions are
rich in B-strand as shown in Figure 1.10. This figure also shows that RTX-tox-
ins can be subdivided into at least two subfamilies, HlyA-like and PrtB-like.
With the exception of the extreme C-terminal, the HlyA signal is predicted as
largely a-helical. In contrast to the X-ray studies, an NMR analysis of the signal
region of PrtB indicated a helical structure.!® Similarly, an NMR study of the
HlyA and LktA signal peptides indicated a structure containing two «-heli-
ces.'2 However, in both studies helical structures were detected for HlyA, LktA
and PrtB only in the presence of organic solvents, while the peptides were un-
structured in aqueous solution. Similarly, the HlyA signal peptides were un-
structured in aqueous solution when analyzed by CD-spectroscop}} (our un-
published data and reference 121). The obvious discrepancy between the crys-
tal structure of some PrtB-like secretion signals and the NMR analysis of the
PrtB protein in TFE suggest strong caution in interpreting these peptide struc-
tures obtained in organic solvents. Again in our view, as supported by the bulk
of genetic evidence, we prefer the idea that, in vivo, relatively unstructured or
unfolded signal peptides recognize or dock with the translocator involving a
few specific residues. This view does not conflict with the likelihood that after
translocation, signal peptides fold into B-strands or helical forms, according to
subfamily, upon emergence from the translocator. Indeed, this may be an
essential step in the final folding/rélease of the protein into the medium.
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LOCALIZATION OF MUTATIONS AFFECTING TWO
DISTINCT STAGES IN HLYA SECRETION

Key mutations -4 -35 -15
——S)T‘IGSQDNLNPLINEISKIISMGNFDVKEERSAASLLQLSGNASDFSYGRNSITI.'J.‘ASA (C-ter)
(N-ter

(I-1V-V) HiyA99

L | |

Region implicated in an Region implicated in a
early stage in secretion late stage
(RECOGNITION ) (FOLDING / RELEASE)

Fig. 1.11. Mutagenic analysis of the HlyA C-terminal secretion peptide has identified
two possible functional roles.

COMPONENTS OF THE TRANSLOCATOR—H1YB
HlyB is the prototype ABC transporter first identified by sequencing of the
gene by Welch and colleagues in 1986.12 HlyB (79 kDa) is composed of an
approximately 30 kDa cytoplasmic ATP-binding protein directly linked to an
N-terminal domain forming an integral membrane protein. This domain is
however not strongly hydrophobic and probably contains extensive inter-trans-
membrane domain (TMD) loops, making topological predictions difficult, a
feature typical of the ABC transporter superfamily which has been reviewed in
detail elsewhere.?> Experimental topological analysis (see Fig. 1.13) using
B-lactamase and other fusions indicates a minimum of 6 TMDs, as predicted
for many members of the family with possibly two additional TMDs in the
N-terminus of HlyB, which is larger than that of many typical members of the
family. HlyB is absolutely essential for hemolysin secretion with the presump-
tion that a highly conserved cytoplasmic ATPase energizes transport via the
membrane domain. The distal portion of the membrane domain shares small
but significant homology with other members of the superfamily, but the ma-
jority of this domain shows strong homology only with closely related proteins
involved in polypeptide transport. This observation has led to the presumption
that the membrane domain forms a specific transport channel for HlyA. Nev-
ertheless, the precise role of HlyB in polypeptide (HlyA) transport is still largely
obscure.
~ As shown in Figure 1.12, the prokaryotic ABC type ATPases involved in
solute uptake (for example, maltose), which form functional dimers, are encoded
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Fig. 1.13. Possible functional domains within HlyB. Bars represent transmembrane
domains experimentally identified. Note that this refined model represents an
amalgam of our previous B-lactamase fusion data combined with the data of the
Goebel laboratory (for details see reference 23). A and B = Walker motifs. Cl to ClI
and Pi et PIV refer to cytoplasmic and periplasmic loops respectively. Different
types of mutation are indicated in the Figure. Several additional mutations (not shown,
see peferences 114, 129), implicate Cll in particular in interaction with HIyA since
several mutations suppressing a deleted signal sequence map at this position. PIV,
one of the most conserved regions in the HlyB-MDR1 family is presumed to be
involved in some common function, for example energy coupling.

separately from the genes encoding the membrane (permease) domain. HlyB
is the prototype ABC transporter where the ATPase is fused to the membrane
domain in a single unit, in contrast to several eukaryotic ABC transporters which
are tandemly duplicated. HlyB is thought to form dimers or higher multimers
but specific evidence for this is not yet available.

In relation to the structure-function analysis of HIyB, at least 40 mutations
in HlyB have been isolated and sequenced and these have been reviewed in
detail elsewhere.? Therefore, only the major mutations and their effects will be
briefly considered here. The HlyB C-terminal domain contains typical Walker
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A and B motifs associated with ATPase activity which has indeed been detected
in vitro.'®® Sequences surrounding and between the Walker A and B motifs,
including the so-called linker peptide,'?* a 15-mer with the sequence in HlyA,
LSGGQRQRIAIARAL, are the most conserved parts of the molecule and are
virtually identical across the family and absolutely diagnostic for ABC
transporters (see Fig. 1.13).

Mutations within the linker peptide region and within the Walker AB mo-
tifs, which block secretion in vivo also block ATPase activity in vitro, although
in all cases ATP was still bound. These results demonstrated unequivocally that
the ATPase activity of HlyB is absolutely essential for its function.!? However,
the in vitro ATPase activity of the HlyB C-terminal (separated from its mem-
brane domain) is not apparently dependent upon the presence of either mem-
branes or the substrate HlyA and its activity is therefore presumably uncoupled
from its normal regulation under these conditions.!?* The HlyB homolog, PrtD,
was partially purified in intact form from E. chrysanthemi, which displayed low
level ATPase activity and specifically bound 8-azido-ATP. Curiously, this activ-
ity was inhibited in vitro by the corresponding substrate, the PrtB secretion
signal peptide,'®® a result which is difficult to interpret in relation to possible in
vivo utilization of ATP coupled to transport.

Additional mutations within the ATPase moiety have been isolated includ-
ing a temperature-sensitive (Ts) mutation resulting from a Leu substitution in
a conserved Pro-residue immediately upstream of the linker peptide.'? In the
homolog HisP, involved in histidine import in E. coli and S. typhimurium, an
identical change renders the ATPase activity constitutive in vivo.!?”12 Another Ts
mutation was identified in the relatively well-conserved extracytoplasmic loop,
PIII, between TMDs 7 and 8 (Fig. 1.13), in which several other mutations leading
to loss of function were identified.!2s However, the basis of the defect in these latter
mutations has not been investigated, due to the lack of suitable in vivo or in vitro
assays (but see below).

In attempts to study specific functions of HlyB, in particular substrate rec-
ognition, Ling and co-workers!'*!?* screened for hlyB mutations which sup-
press the effect of large deletions, essentially eliminating either Helix IT or Helix
I within the HlyA secretion signal. These HlyB mutations, which generally in-
crease 4-fold the low level of secretion of the signal deletion mutations, are
distributed in at least four clusters, mainly in cytoplasmic regions, CI, CII and
close to TMDS. Further studies will be required to establish whether any of
these mutations define secretion signal recognition sites or whether suppres-
sion is obtained through other mechanisms, for example, through changes in
levels of HlyB expression. Interestingly, this study also identified two muta-
tions, asp-433-gln and asp-259-gln, which reduced the level of secretion of HlyA



Protein Secretion in Gram-Negative Bacteria 33

containing a replacement signal sequence from the close relative, leukotoxin,
indicating a change in specificity of the translocator. However, it remains to be
established whether this effect is expressed at. the level of recognition of the
secretion signal.

Other genetic studies have indicated that the first 25 residues of HlyB are
dispensable for function'* and HlyB with a His-tag at the N-terminal is bio-
logically active (J. Young, unpublished data, this laboratory). Similarly, Kpnl
linkers can be inserted at the N- and C-termini without significant loss of func-
tion although such insertions at all other 6 sites abolished secretion activity.!*!

The inability to overproduce and isolate intact HlyB for in vitro reconstitu-
tion experiments has so far hampered efforts to analyze the regulation of AT-
Pase activity in wild-type and mutant HlyB molecules. Similarly, the appar-
ently low level of expression of hlyB in vivo has precluded detailed in vivo stud-
ies of the effects of mutations on hemolysin secretion. However, antibody is
now available'® and conditions for the overproduction and routine detection
of HlyB in vivo have recently been established which should greatly facilitate future
studies.!*

Experiments with the Has-system, responsible for a heme acquisition pro-
tein (HasA) in S. marcescens, have recently provided some evidence that the
HlyB homolog, HasD, participates directly and specifically in translocation of
its homologous substrate, HasA.1** HasA and the metalloprotease C (PrtC, E.
chrysanthemi) are both secreted from E. coli using their own homologous
translocators, however, while PrtC is secreted by both sets of translocator, se-
cretion of HasA is only possible with its own specific translocator. This allowed
Binet and Wandersman'* to carry out mix and match experiments which
showed that HasA secretion was absolutely dependent upon the presence of its
own ABC transporter, HasD, but that either MFP protein could function in
secretion. However, the level at which substrate discrimination by the ABC trans-
porter, recognition or translocation, occurred, was not established in these
experiments.

ANarysis or HLyD FUNCTION

HlyD is absolutely essential for HlyA secretion and is a member of the so-
called membrane fusion protein (MFP) family,!* present in Gram-negative bac-
teria and involved in varied functions requiring close contact between inner
and outer membranes. Earlier studies demonstrated that radiolabeled HlyD
fractionated primarily with the cytoplasmic membrane with some indications
of some molecules also fractionating with the outer membrane.!*!3” However,
recent studies in this laboratory utilizing equilibrium sucrose gradient analysis,
combined with HlyD antibody which is now available, have failed to confirm
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Fig. 1.14. Proposed model for the structure of the HlyD protein. HlyD is represented
with its N- terminal cytoplasmic domain (N-), followed by the hydrophobic
transmembrane domain (TMD) and the mainly o-helical region spanning the
periplasm, with its C-terminal (C-) interacting with the outer membrane, possibly
through TolC. IM/OM = Inner and Outer Membrane, respectively. o = a-helix; f =
B-strand; = coiled-coil helix. Some genetic evidence suggests that HlyD is a
multimer but stoichiometry has not been analyzed.

any significant cofractionation with the outer membrane and HlyD was clearly
localized to the inner membrane.*

As presented in Figure 1.14, topological analysis of HlyD'**!*% as with other
MFP proteins indicated a single transmembrane domain (TMD), with an ap-
proximately 58 residue N-terminal in the cytoplasm with a large C-terminal
domain which presumably spans the periplasm. This periplasmic domain is
characterized by an extensive (approximately 180 residues) o helical domain
including a conserved region of coiled-coil,'* with the C-terminal 150 residues
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or so predominantly of predicted B-strand. Within the close relatives of HlyD,
involved in secretion of other RTX proteins, the central helical region is poorly
conserved at primary sequence level. In contrast, the regions flanking the TMD
and most of the B-strand domain are relatively well conserved within this MFP
subgroup. In view of the similarity of the structure of HlyD and other MFP
proteins, and the complete absence of periplasmic intermediates in HlyA secre-
tion, we have proposed that HlyD forms a periplasmic chamber tightly sealed
with outer membrane lipids or proteins (for example, TolC). This might be
anticipated to require several molecules of HlyD and Schiilein et al'¥ have
provided genetic evidence for HlyD multimers.

Point mutations or deletions within the C-terminal 33 residues of HlyD
were previously shown to block secretion, including a substitution of the
C-terminal Arg for Leu, which reduced secretion by 70%.1” However, we have
recently found that the modification of residues at the extreme C-terminus of
HlyD can lead to substantial instability of HlyD in the envelope using anti-
body.3? Similarly, in the absence of TolC, HlyD is apparently less stable and
envelope levels are reduced. This may indicate direct interaction between HlyD
and TolC but this remains to be established. However, in the mix and match
experiments of Binet and Wandersman,'** evidence was also obtained which
indicated an interaction between TolC and the MFP protein, HasE, providing
additional evidence that these RTX-translocators may form a continuous
structure with the outer membrane.

While the C-terminal of HlyD and TolC may therefore interact, and this
interaction may be essential for function and for stabilization of HlyD, removal
of the N-terminal 40 amino acids of HlyD apparently does not destabilize HlyD
nor prevent its assembly into the membrane.’? Such an N-terminal deletion,
however, blocks secretion of HlyA suggesting a specific role for this region of
HlyD in an early stage in HlyA secretion.

In recent studies in this laboratory, random mutations were isolated in hlyD
and 12 such mutations were sequenced. Of these, 8 mutants gave null pheno-
types on blood agar and all appeared to be defective at an early stage in HlyA
transport, while at least one mutant, HlyD54, appeared to accumulate HlyA in
the envelope. In contrast, another mutant, D8, with a mutation in the C-termi-
nal B-strand region (see Fig. 1.14), appeared to secrete HlyA which was incor-
rectly folded. As will be described in detail elsewhere, these results suggested
that N-terminal and C-terminal regions of HlyD may be involved in both early
and late (folding/release) steps in the secretion pathway, respectively.'*!

THE TRANSLOCATOR COMPONENT, TorLC
TolC is an outer membrane protein present in all strains of E. coli and im-
plicated in the uptake of colicins, including ColEL'¥? Mutations in t0lC are
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Fig. 1.15. Model proposed for the secretion of HlyA through the transenvelope
translocator composed of HlyB, HlyD and TolC. IM = Inner Membrane; OM=
Outer Membrane. Stoichiometry of the different translocator proteins is arbitrary.

however extremely pleiotropic, including increasing sensitivity to a wide range
of drugs and detergents. This and other evidence (K. Schnaitman, personal
communication) may indicate that TolC is specifically involved in LPS biogen-
esis. Additionally, however, TolC appears to be specifically required for hemol-
ysin secretion.!” Strikingly, the secretion of some other RTX proteins includ-
ing PrtB is specifically dependent upon TolC homologs encoded by genes adja-
cent to the hlyB, hlyD-like translocator genes.'* This provides strong support
for the conclusion that TolC and its homologs participate directly in Type I
secretion pathways, perhaps as the exit point through the outer membrane.

PERSPECTIVES AND MODEL FOR HLYA SECRETION
In 1986, we proposed a model in which the C-terminal secretion signal of
HlyA was recognized by a transenvelope complex composed of HlyD and the
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ABC transporter HlyB, which then directly transported the hemolysin to the
external medium without any periplasmic intermediate. Subsequent studies by
Wandersman and Delepelaire!®! indicated that the transenvelope transporter
also included the outer membrane protein TolC. Based on the evidence reviewed
above, we may now refine this model further with some additional speculation
based on unpublished data. This is summarized in Figure 1.15.

We now envisage, therefore, that the 46 residue secretion signal peptide, in
relatively unfolded form, recognizes and docks with elements of the translocator,
including the N-terminal of HlyD and some region of the HlyB membrane
domain not yet identified. In line with proposals for the activity of other ABC
type ATPases such as HisP,'* we presume that interaction with the secretion
signal activates the HlyB ATPases. This in turn energizes initiation of transloca-
tion of an unfolded HlyA molecule across the cytoplasmic membrane, involv-
ing the membrane domain of HlyB acting in concert with HlyD. The membrane
potential across the cytoplasmic membrane required for HlyA secretion, is also
likely to play a role at this or a later stage.'** We then envisage that an oriented
translocation, HlyA-C-terminal leading, is completed through the envelope
involving a multimeric chamber formed by HlyD, tightly sealed into the outer
membrane through interaction with TolC. Final stages of secretion involving
the secretion signal itself, the RTX-repeat region and surface Ca®* may also
then play crucial roles in a coordinated process that ensures that the emerging
HlyA molecule folds correctly and is efficiently released from the cell surface.
Recent studies from this laboratory (Blight M.A., unpublished)'#! indicated that
Ca?' plays an important role in the secretion-refolding process. This is reminis-
cent of recent studies of the secretion of some proteins from Gram-positive
bacteria, which in the absence of chaperones appear to utilize Ca?* as a catalyst
to promote refolding.'** This model still retains many elements of uncertainty
to be resolved by future studies. Notably, the precise structure and stoichiom-
etry of the translocator, the structure of HlyA during transit and the mecha-
nism of folding-release to the medium are all unclear but the basic elements for
the resolution of these questions appear now to be in place.

An enigma however remains, why are some secretion pathways relatively
simple, while others, for example Type I1I, require initial translocation by the
secAY system and then such a complex apparatus to facilitate passage across the
outer membrane from the periplasm. The key to the contrast between the Type
[ and Type 111 pathways, for example, may lie in the differing requirements for
the secretion of apparently fully folded molecules via the Type III pathway in
contrast to probably unfolded molecules of HlyA. The apparent complexity of
the Type III system may confer two advantages over the Type I mechanism. In
the first instance, pullulanase secreted via Type III appears to be inherently far
more stable than hemolysin and it is tempting to speculate that folding in the
periplasmic compartment has considerable advantages over folding on the
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potentially hostile environment of the cellular surface. Secondly, the expres-
sion of the hlyBD, tolC, transporter complex!*® and in particular the concomi-
tant secretion of HlyA, renders E. coli (including wild-type pathogenic strains),
hypersensitive to several drugs in the 500 to 1500 molecular weight range;'?
(Pimenta A, Jaouadi N, Holland IB, unpublished data). These results clearly
imply that secretion of HlyA compromises the integrity of the surface enve-
lope, providing a “channel,” accessible to a number of drugs normally excluded
by the outer membrane. Restriction of hemolysin secretion to a narrow win-
dow during late exponential phase!?”” may, therefore, be an essential adaptation
to minimize this apparent penalty associated with hemolysin secretion.
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CHAPTER 2

UNUSUAL PROTEIN SECRETION AND
TRANSLOCATION PATHWAYS IN YEAST:
IMPLICATION OF ABC TRANSPORTERS

Karl Kuchler and Ralf Egner

I. INTRODUCTION

In eukaryotic cells, the molecular machinery responsible for protein translo-
cation across the endoplasmic reticulum (ER) membrane is well known. It
comprises the cytoplasmic signal recognition particle, membrane receptors,
chaperones and processing enzymes in the ER lumen.! Peptides and proteins
destined for secretion or which have to be transported to other intracellular
organelles such as the lysosome are usually synthesized as larger precursors con-
taining a cleavable signal peptide at or near the N-terminus of the polypep-
tide.2 Once properly assembled in the ER lumen, proteins are delivered to their
final destinations.through the exocytic pathway.? Protein sorting and targeting
is accomplished by vectorial generation of highly specialized transport vesicles
in the ER and Golgi of both yeast* and mammalian cells.? The yeast Golgi com-
plex also represents the cellular intersection where the proper sorting of plasma
membrane proteins from vacuolar polypeptides is achieved.>¢

There are, however, notable exceptions to this general scenario of protein
secretion and trafficking both in mammalian cells (see chapters 3 and 6) and in
yeast.” For instance, there are proteins and peptides that lack a typical hydro-
phobic signal peptide but are nevertheless secreted by mechanisms which ap-
parently do not require a functional secretory pathway. A well-described. ex-
ample is the mating pheromone a-factor, which is released from budding yeast.®*
It has been established that the cellular export of this peptide hormone is medi-
ated by Ste6,'%!" a prominent member the superfamily of ATP binding cassette
(ABC) transporters.

Unusual Secretory Pathways: From Bacteria to Man, edited by Karl Kuchler,
Anna Rubartelli and Barry Holland. © 1997 R.G. Landes Company.
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Fig. 2.1. Domain organization of eukaryotic ABC transporters. The structural
organization of all eukaryotic ABC proteins is very similar, with a membrane domain
(MD) and the most highly conserved ATP binding cassette (ABC). Substrate (S)
recognition and binding usually occurs at the same side where the ABC domain is
located, although some substrates may also be recognized and bound from within
the lipid bilayer.

ABC transporters comprise a novel family of membrane transport proteins
that are found operating from bacteria to man.'? The hallmark characteristics
of most ABC proteins include the presence of two highly conserved domains
for ATP binding (ABC), and two membrane domains each containing usually
six membrane-spanning e-helices (TMS). These four domains normally form
a (TMS,-ABC), or (ABC-TMS;), configuration, but half-size transporters with
a TMS,-ABC or ABC-TMS, topology as well as other topologies are also fre-
quently found (Fig. 2.1; Table 2.1).”!? Although the predicted structural orga-
nization has been highly conserved throughout evolution (Fig. 2.1), most ABC
proteins appear to be of rather limited substrate specificity. Thus, ABC trans-
porters are implicated in a remarkable variety of transport processes, including
the transmembrane transport of ions, heavy metals, carbohydrates, anticancer
drugs, amino acids, steroids, glucocorticoids, mycotoxins, antibiotics, pigments
and, of course, peptides and proteins.”*!* The mechanism(s) by which trans-
port of such a substrate and size diversity can be achieved, while each ABC
transporter maintains selectivity for its particular substrate, represents an in-
triguing and yet unsolved mystery. Most interestingly, some ABC proteins can
not only fulfill typical ATP-dependent substrate transport. Recent data show
that ABC proteins can also act as membrane-bound proteases, ion channels,
signaling molecules and even regulators of ion channels.'

Several ABC transporters with demonstrated peptide translocation activity
have been described during the last few years. The first yeast ABC transporter
with peptide transport function was Ste6, which mediates the export of the
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peptide mating pheromone a-factor.” A structural homolog of Ste6, the human
MDRI gene product Mdrl or P-glycoprotein (Pg-p), otherwise implicated in
multidrug resistance development,'* can also pump numerous hydrophobic
peptides (see under II-A). Likewise, even yeast multidrug resistance ABC trans-
porters such as Pdr5'®!7 can mediate transport of peptide substrates.'® Addi-
tional ABC proteins that mediate peptide transport across mammalian mem-
branes include the heterodimeric Tap1/Tap2 ABC transporter of the ER mem-
brane (see also chapter 4). The Tapl/Tap2 ABC transporter translocates anti-
genic peptides, which of course lack a typical signal peptide, from the cyto-
plasm into the ER lumen before their cell surface presentation in association
with the MHC class I molecules.”

Cellular viability in all eukaryotic organisms is strictly dependent on a func-
tional organelle biogenesis. The function of organelles requires both proper
targeting and assembly of nucleus-encoded, cytoplasmically synthesized pro-
teins. Transport of proteins from their site of synthesis to their sites of action
involves specific recognition by both targeting and import machineries that
mediate membrane assembly and protein translocation across membranes.?

For instance, the signal sequence-dependent protein import machinery into
mitochondria has been intensively studied. Signal sequences and numerous
proteins required for protein targeting to distinct submitochondrial locations
have been identified.?">? The matrix-targeted precursors, for instance, appear
to follow a common import pathway: after their synthesis on cytoplasmic poly-
somes, the precursor proteins are prevented from folding into functional en-
zymes in the cytoplasm by binding to heat-shock proteins of the hsp70 family.
Import receptors on the mitochondrial surface recognize the precursors, which
are subsequently translocated to the matrix side of the inner membrane at con-
tact sites between inner and outer membrane. The unfolded precursors bind to
a mitochondrial hsp (mhsp) 70 family member, from which they are released
and subsequently folded within the matrix. Finally, the positively charged
N-terminal targeting signal sequence on most mitochondrial protein precursors
is proteolytically cleaved during import.?"*

Peroxisome biogenesis and proliferation also involves direct protein im-
port into the organelle across the single lipid bilayer.?* Protein unfolding may
not be necessary for import, as there is evidence that functional proteins can be
imported into peroxisomes.?*?” Known peroxisomal fargeting signals include
PTS1, the carboxy-terminal consensus tripeptide SKL, and PTS2, the N-terminal
consensus sequence RLX;HL (see also under I1I-C for more details). However,
the molecular machinery for peroxisomal protein import and membrane
assembly of peroxisomes remains to be identified.

In yeast, most of the resident vacuolar proteins reach this organelle through
the secretory pathway via the Golgi network.>® However, there seems to exist a
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direct protein translocation mechanism from the cytoplasm to the vacuole op-
erating independently of the classical secretory pathway.?? For instance, the
direct cytoplasm to vacuole transport of the vacuolar aminopeptidase I requires
an N-terminal amphipatic a-helix as a signal sequence which does not resemble
a typical signal peptide for ER-translocation.’**! Another vacuolar membrane
protein, a-mannosidase, also assembles at the luminal face of the vacuolar mem-
brane via specific or dedicated transport system(s), none of which has been
identified to date.

The scope of this chapter is to summarize recent developments in unusual
protein secretion and intracellular targeting in yeast. In particular, we will reca-
pitulate the mechanism of a-factor pheromone export, which is mediated by
the Ste6 ABC transporter, and operates independently of the classical secretory
pathway. Furthermore, we shall discuss additional novel protein export path-
ways that are distinct from both the secretory pathway and independent of Ste6.
Moreover, we will also discuss instances where organelle biogenesis involves
protein trafficking and membrane translocation events that are different from
the known mechanisms for protein targeting such as the vesicular exocytic and
endocytic pathways. Recent discoveries in direct cytoplasm to organelle pro-
tein import and the discovery of numerous ABC transporters in various dis-
tinct cellular membranes (Fig. 2.2)*° prompted us to review facts and myths
about the role of ABC transporters in intra- and intercellular protein transport
routes that do not use conventional cleavable signal peptide mediated trans-
port. We will discuss a possible role of a newly emerging subfamily of yeast
ABC transporters in transmembrane peptide transport, which appears to be
located in certain intracellular organelle membranes (Fig. 2.2).

II. UNUSUAL PROTEIN EXPORT ACROSS THE YEAST
PLASMA MEMBRANE

A. YEAST A-FacTOR PHEROMONE EXPORT REQUIRES A DEDICATED ABC
TRANSPORTER

The yeast Saccharomyces cerevisiae is a unicellular eukaryotic organism,
which exists in three distinct cell types. Conjugation or mating of two haploid
cells, MATa and MATu, results in the formation of a diploid a/a cell.>* Mating
requires the action of extracellular peptide hormones known as the mating
pheromones a-factor and a-factor, that are released from haploid MATa and
MATu cells, respectively. The pheromone produced by MATo cells, a-factor, is
a 13-residue peptide which is proteolytically liberated from a larger glycosylated
precursor, and secreted via the classical ER-Golgi secretory pathway.>

Mating pheromone a-factor is synthesized as a 36-residue and 38-residue
precursor from the MFal and MFa2 genes, respectively.** The precursors are
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Fig. 2.2. Yeast ABC transporters involved in unusual secretion and organelle
biosynthesis and/or possibly in peptide translocation. Evidence for nonvesicular
peptide secretion or translocation (2?); for further details see text.

proteolytically processed and posttranslationally modified in the cytoplasm 5%
Prior to its release to the extracellular space, a-factor is further converted to a
mature, bioactive 12-residue lipopeptide, whose C-terminal cysteine residue is
both farnesylated and carboxymethylated.?® The signal triggering these modifi-
cations was identified as the CAAX box, where C is cysteine, A is an aliphatic
residue and X may be any amino acid, found at the extreme C-terminus of all
prenylated proteins, including both yeast and mammalian Ras proteins® and
the unmodified a-factor precursors.*

The players in a-factor biogenesis and the export model

The biogenesis of active extracellular a-factor requires several gene prod-
ucts. First, two structural genes, MFal and MFa2, encode the known phero-
mone precursors.* Furthermore, a farnesyl transferase activity, several process-
ing proteases, a carboxymethyltransferase and a dedicated pheromone trans-
porter are required for a-factor biogenesis. A hypothetical and somewhat specu-
lative working model for a-factor pheromone secretion by haploid MATa cells
is depicted in Figure 2.3. Early events such as membrane association and post-
translational processing may precede export of mature a-factor which occurs
at the plasma membrane.
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Fig. 2.3. A hypothetical working model for yeast mating pheromone
a-factor export. The Ste6-dependent a-factor secretion apparatus
may be functional in the plasma membrane as a transport-
competent translocation complex. (A) Early events. Pro-a-factor is
synthesized in the cytoplasm as an inactive precursor that is
farnesylated at the C-terminal CAAX box by a heterodimeric
farneysltransferase (Ram1, Ram2). Farnesylation targets the
precursor to a membrane where it undergoes proteolytic removal
of the three C-terminal residues of the CAAX box (Afc1, Rcel; ).
Rine; personal communication). Modification of the CAAX box is
completed after carboxymethylation of the C-terminal cysteine by
a methyltransferase (Ste14). (B) Late events. It has not been
established when exactly the processing protease AxI1 cleaves the
pro-peptide at the a-factor N-terminus. However, it may precede
the actual translocation step, which is mediated by the Ste6 ABC
transporter in the plasma membrane.
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The proteolytic processing activities required for a-factor maturation have
been characterized at the biochemical level**¥ and the corresponding genes
have been recently identified. The AXLI gene product, which also plays a role
in bud site selection,* was identified as one of the pro-a-factor processing pro-
teases.® In addition, two novel genes, RCEI and AFCI, required for efficient
proteolytic CAAX box processing, which must precede carboxymethylation,
were recently isolated (J. Rine; personal communication).

Initially, a-factor is synthesized on cytoplasmic polysomes as an
unglycosylated precursor that lacks a hydrophobic signal peptide but has a hy-
drophilic N-terminal extension.''** After its biosynthesis, pro-a-factor is lipid-
modified at the CAAX box by the heterodimeric Ram1/Ram2 farne-
syltransferase.*>*> CAAX box prenylation most likely targets the pheromone to
an intracellular membrane for further maturation. The three C-terminal amino
acids of the CAAX box are then clipped through RCEI and AFCI-mediated
proteolysis (J. Rine; personal communication), before the pheromone can be-
come carboxymethylated by Stel4.#¢ Hydrophobicity analysis of the STE14
gene,” encoding the functional a-factor carboxymethyltransferase,* suggested
that Stel4 is membrane associated.

Interestingly, Afcl is a membrane protein which may be localized to the ER
membrane, because it has a KKXX consensus ER retrieval signal*-° at the ex-
treme C-terminus (J. Rine; personal communication) This raises the interest-
ing possibility that a-factor precursor processing could take place, at least to a
certain extent, on the cytoplasmic face of the ER membrane (J. Rine; personal
communication). Limited protease digestion experiments confirm that newly
synthesized pheromone does not enter vesicular compartments and remains
exposed to the cytoplasm, since the pheromone is highly susceptible to pro-
tease treatment after its synthesis.”' Preliminary results from immunolocalization
experiments also suggest a ER localization for the Stel4 methyltransferase, al-
though Stel4 does not carry a consensus KKXX ER retrieval signal (]. Rine;
personal communication).

The actual translocation of the a-factor pheromone, however, is most likely
to occur at the plasma membrane, where Ste6 mediates pheromone extrusion
directly from the cytoplasm or from the cytoplasmic aspect of the plasma mem-
brane. It is unclear where Axll, which appears to be a membrane protein of
unknown subcellular location,* is functional. Its role in N-terminal a-factor
processing, however, could indicate involvement in late events in pheromone
secretion (Fig. 2.3). Thus, the mechanism of pheromone export may involve a
“piggy-back” mechanism, in which a-factor travels to the cell surface, starting
at the cytoplasmic face of the ER membrane where initial processing occurs,
before Ste6-mediated transport across the plasma membrane. The Ste6 phero-
mone ABC transporter was indeed functionally localized to the plasma
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membrane.> Most interestingly, however, the bulk of Ste6 appears to be present
in a intracellular Golgi-like vesicular compartment as determined by immun-
ofluorescence experiments® and biochemical fractionation studies.>® In addi-
tion, proteolytic turnover measurements proved Ste6 an extremely short-lived
protein and showed that its plasma membrane localization is only transient.>>%

Compelling genetic and biochemical evidence suggested that bioactive
a-factor is translocated from the cytoplasm across the plasma membrane® to
the extracellular space in a rate-limiting export step mediated by Ste6.!! Export
of a-factor apparently bypasses the classical ER-Golgi secretory pathway, be-
cause extracellular pheromone is still being produced when MATa cells carry-
ing temperature-sensitive secretion-defective (sec) mutations are shifted to the
restrictive temperature.!%!*! Thus, a-factor secretion apparently does not re-
quire a vesicular secretory compartment and therefore represents a novel route
for protein secretion in eukaryotic cells.®® The order of events in a-factor matu-
ration was also confirmed in vitro by using a-factor maturation assays.” It is un-
clear at present why only fully processed a-factor can be efficiently secreted from
cells,!#456 but one may assume that a-factor release is coupled to its intracellular
processing, because very little, if any, mature a-factor can be detected
intracellularly.!#4

However, it is very important to point out that the Ste6 pheromone trans-
porter itself is targeted to the cell surface via the ER-Golgi secretory pathway.>>%
How then can one explain the paradox observation that blocking the secretory
pathway at all different stages® does not impair a-factor export? The sec-inde-
pendence could be explained if there was a large cellular pool of a-factor phero-
mone, maybe in the plasma membrane, which cannot be depleted during the
temperature shift to block exocytosis. Another more likely possibility would be
that a significant amount of extracellular a-factor pheromone stays cell-associ-
ated for a period of time that would persist the time of blocking of the secretory
pathway. Thus, even after stopping vesicular fusion at the cell surface, there
would be sufficient pheromone at the cell surface able to confer mating compe-
tence. This idea is supported by the extreme insolubility of a-factor in aqueous
solutions and by the low diffusibility of the pheromone.>!

Recognition of pheromone by Ste6

One may assume that pheromone interaction with Ste6 would presumably
take place at the inner aspect of the plasma membrane. This would require
distinct structural features such as a-factor binding sites on the cytoplasmic
loops in Ste6. Indeed, a significant homology of the Ste6 linker region between
the first ABC domain and TMS?7 to the third extracellular loop of Ste3 a-factor
receptor suggested this to be a potential pheromone binding site.!' However,
partial deletion of this linker region does not destroy a-factor transport func-
tion of Ste6 (R. Kolling, personal communication).



Unusual Protein Secretion and Translocation Pathways in Yeast 59

More recently, site-directed mutagenesis within the first ABC domain of
Ste6 revealed the importance of this cytoplasmic loop in substrate recognition
and transport.” Missense mutations introduced near or especially within the
conserved LSGGQ motif of the first Ste6 nucleotide-binding domain caused
severe a-factor transport defects. Importantly, the authors could demonstrate
that the mutations do not alter steady-state level and/or subcellular localiza-
tion of Ste6.5” Another possible explanation is that mutations in the highly con-
served domains influence the overall structure of Ste6 in the membrane, which
in turn could affect pheromone transport efficiency and/or pheromone binding.

The binding of the a-factor pheromone to Ste6 could also take place within
the phospholipid bilayer, since farnesylated a-factor is extremely hydrophobic
and associates with phospholipid bilayers even in the absence of Ste6 (K. Kuchler,
unpublished results). Moreover, the farnesyl moiety of a-factor has been shown
to promote association with artificial phospholipid bilayers in vitro,” and it
can mediate membrane association of a chimeric interleukin-la:a-factor fu-
sion protein.”® Hence, lateral diffusion of pheromone in the membrane could
bring a-factor to the Ste6 transporter before binding and extrusion to the me-
dium. Notably, variant a-factor genes were produced to generate isoprenylation
targets for geranyl-geranylation, CVIL and SVCC, replacing the normal CVIA
farnesylation motif.® Geranyl-geranyl-modified a-factor variants retain their
bioactivity and are exported by a Ste6-dependent mechanism. Thus, although
not farnesyl-specific, membrane association of a-factor and its recognition by
Ste6 clearly requires a lipid modification such as CAAX box prenylation.

A somewhat similar model for substrate binding and extrusion, the “mo-
lecular vacuum cleaner model,” was suggested for the mammalian
P-glycoproteins (Pg-p) drug efflux pumps.!*!* In this model, it was proposed
that hydrophobic drugs, in contrast to hydrophilic drugs, actually never enter
the cell, since these drugs would partition into the phospholipid bilayer due to
their hydrophobicity. Lateral membrane diffusion and interaction of drugs with
certain transmembrane a-helices of Pg-p would precede ATP-dependent drug
extrusion. Strikingly, numerous mutations in predicted membrane-spanning
domains of Pg-p lead to nonfunctional transporters or to a different substrate
specificity,'*¢! supporting the vacuum cleaner model. In the case of a-factor,
one may also speculate that accessory proteins such as plasma membrane bound
receptors, which would bind prenylated a-factor, could facilitate the interac-
tion of a-factor with its export machinery and/or membrane association of the
maturing pheromone. Indeed, there is preliminary evidence that farnesylated
IL-1o:a-factor chimeras are found exclusively in membrane fractions including
the plasma membrane.® Similarly, a heterologous protein A:CAAX box fusion
protein is exclusively targeted to the plasma membrane in mammalian MDCK
cells, but not to other cellular membranes, suggesting the existence of plasma
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membrane receptors for prenylated proteins.®? However, high affinity binding
sites for prenylated proteins have only been identified in rat liver microsomal
membranes.®

What is the secretion signal for pheromone export?

The actual secretion signal that drives a-factor export is poorly understood.
It has been speculated that the hydrophilic N-terminal extension of pro-a-fac-
tor promotes pheromone release to the medium, but the existence of many
mutations within the N-terminal leader sequence with no obvious phenotype
seems to contradict this idea.® In addition, expression of a variant a-factor
gene lacking this N-terminal extension, still produces extracellular pheromone
(J. Rine; personal communication).

The farnesylated and carboxymethylated C-terminus of a-factor represents
another potential secretion signal. Our own studies with murine interleukin-
la:a-factor fusion proteins expressed in yeast seem to support this view.> Ma-
ture murine interleukin-la (IL-1c) is involved in a variety of immunoregulatory
responses.®>% Like yeast a-factor, mammalian IL-1e lacks a hydrophobic signal
peptide (see also chapter 3), and it is secreted from mammalian cells bypassing
the classical secretory pathway.®” The cytokine remains cytoplasmic when ex-
pressed in yeast, unless a hydrophobic signal peptide is attached to its N-termi-
nus leading to its secretion.®® By contrast, a chimeric IL-1o::a-factor pheromone
expressed in a MATa Amfal Amfa2 yeast strain is quantitatively associated with
membranes, presumably because C-terminal CAAX box is farnesylated in vivo
and therefore mediates membrane insertion.” A MATa Amfal amfa2 cell, which
lacks both structural genes for a-factor, is absolutely sterile, due to the lack of a-
factor pheromone that is essential for mating.®® Surprisingly, quantitative mat-
ing assays demonstrated that the chimeric IL-1o:a-factor pheromone has re-
tained at least some A-factor bioactivity, since it is able to mediate conjuga-
tion.>® Thus, the chimeric pheromone must be at the extracellular space or on
the outside of the cell. Although the extremely sensitive mating assay allows for
detection of very low levels of extracellular pheromone, cell lysis cannot ex-
plain the appearance of extracellular IL-1a:a-factor chimera. IL-1o:a-factor-
mediated conjugation is solely dependent on a functional Ste6 transporter, as it
does not occur in the isogenic Aste6 mutant strain.>® Another possible explana-
tion for the appearance of pheromone in the medium could be intracellular
cleavage of the IL-1ci:a-factor chimera that would generate aberrant intracellu-
lar a-factor forms recognized and transported by Ste6. This seems unlikely,
however, because at least one chimeric pheromone construct is stable and does
not give rise to unspecific degradation products.

These results demonstrate that the size requirements for pheromone ex-
port by Ste6 may be more relaxed than previously anticipated, since Ste6 is
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apparently able to transport even an enlarged “a-factor pheromone” such as
the 17 kDa chimeric IL-1a:a-factor protein (compared to the 3 kDa of mature
a-factor).” These results suggest that the fully lipid-modified C-terminal CAAX
box in a-factor may represent a pheromone secretion signal, since it can confer
targeting to the extracellular space in a Ste6-dependent manner. Indeed, a
C-terminal CAAX box can target bacterial protein A to the plasma membrane
in mammalian MDCK cells.®> Moreover, farnesylation, but also carboxy-
methylation, and a polybasic domain near the C-terminus seems essential for
plasma membrane targeting of Ras proteins.®>7

The farnesyl moiety of a-factor has also been speculated to mediate pro-
tein-protein and protein-lipid interactions.’® Thus, the hydrophobic farnesyl
tail of the pheromone at the cell surface could facilitate initial contact of mating
cells. The farnesyl moiety of a-factor is essential for mating pheromone
bioactivity” and the pheromone potency may be determined by the lipid modi-
fication.”? An in vivo mating restoration assay demonstrated that synthetic
a-factor,”® when exogenously added to mating cells, can restore, albeit very in-
efficiently, conjugation. Mating is only observed if a-factor is added to cell mix-
tures containing MATa amfal amfa2 and MATu cells, but not when added to
MATa Amfal Amfa2 Aste6 and MATo cells.” This finding indicates that Ste6, in
addition to its essential role in a-factor pheromone export, could have further
yet unknown functions in mating. One could also speculate that Ste6 actually
translocates a-factor to the cell surface without efficiently releasing the phero-
mone from the cell surface to the medium. This way, Ste6 would somehow
present cell surface-associated a-factor to mating-competent MATuw cells. Re-
markably, mutations in Ste6 were recently identified which affect zygote for-
mation but not pheromone export per se, confirming a possible novel function
for Ste6 in cell fusion.”

Membrane topology and energetics of Ste6

The hypothetical model for the a-factor export assumes that the predicted
membrane topology of Ste6, which places N- and C-terminus and both ABC
domains at the cytoplasmic face of the plasma membrane, is correct.!! Such a
Ste6 topology was indeed demonstrated for the N-terminal half of Ste6. Fusion
of topogenic reporter genes such as alkaline phosphatatese and invertase to
N-terminal Ste6 TMS were expressed in E. coliand in S. cerevisiae, respectively.”
Accessibility of the reporter genes to posttranslational modifications such as
glycosylation of invertase and the enzymatic activity of alkaline phosphatase in
the extracellular space was consistent with the predicted six TMS organization
of the N-terminal half of Ste6.”® Limited protease digestion experiments of func-
tional Ste6 derivatives that carry specific Factor Xa protease cleavage sites in
both intra- and extracellular hydrophilic loops within the first half of Ste6 further
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support the predicted (ABC-TMSs), topology of Ste6 for at least two trans-
membrane spans (V. Huter and K. Kuchler, unpublished results). Moreover,
linker insertion and point mutations in predicted intracellular hydrophilic loops
of Ste6 lead to loss of function, although it is not known whether the same
mutations also cause a mislocalization of Ste6 (V. Huter and K. Kuchler, un-
published results). ~

From the energetic point of view, it seems clear that the a-factor transloca-
tion step across the plasma membrane requires energy. Indeed, Ste6 has been
shown to be an ATP-binding protein in vitro,” and mutations in the ABC do-
mains that impair ATP-binding also debilitate Ste6 function,’®*” suggesting that
ATP-hydrolysis powers pheromone export. In addition, both ABC domains are
required for Ste6 function, because only both halves of Ste6 co-expressed in the
same cell, but not the N-terminal TMS¢-ABC or C-terminal ABC-TMS, half
alone, give rise to a functional pheromone transporter.* It is not known, how-
ever, if ATP-binding and/or ATP-hydrolysis also serves a structural function for
the architecture of a transport complex in the membrane, as was previously
shown for the certain bacterial ABC transporters.” Taken together, both Ste6
halves and their ABC domains must tightly interact to form a putative mem-
brane pore through which pheromone extrusion can occur. This interaction is
quite similar to the assembly of the mammalian Tap1 and Tap2 ABC transport-
ers of antigen presentation. Their interaction results in a Tap1/Tap2 heterodimer
in the ER membrane, and leads to an antigen transporter that translocates
8-12-residue peptides into the ER lumen (see also chapter 4). The physical in-
teraction of Tap1 and Tap2 must be very strong, since it can only be disrupted
by sodium dodecylsulfate treatment, and because both proteins always co-purify
as a complex. In addition, the heterodimeric Tap1/Tap2 complex can be immu-
noprecipitated using monoclonal antibodies recognizing either Tap1 or Tap2.”?

Regulation of expression and the intracellular trafficking of Ste6

The expression of the Ste6 transporter is under hormonal control, as o-
factor-arrested cells express almost 10-times higher levels of Ste6.%2 In vegeta-
tively growing cells, Ste6 is present predominantly in intracellular vesicles that
subtend the plasma membrane.5?% Exposure of MATa cells to a-factor, how-
ever, induces Ste6 expression and leads to an apparent redistribution of Ste6
from internal vesicular pools to the cell surface.’ Simultaneously, Ste6 becomes
concentrated in the tip of the mating projection.? This morphological change,
also known as “schmoo,” is always directed toward the mating partner and in-
duced by pheromones.*>’® Schmoo-formation indicates a functional mating
signal transduction cascade and ensures that mating partners are arrested in
the G1 phase of their cell cycles.’? At the same time, the pheromone signal in-
duces a number of biochemical changes considered a prerequisite for fusion of
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haploid cells, which occurs exclusively at the schmoo-tips.**’® The polarized
Ste6 localization must result in a pronounced anisotropy of a-factor secretion
around the tip of the projection.® In addition, the hydrophobicity of a-factor
leads to a steep pheromone concentration gradient reaching from the cell sur-
face into the medium. Such a delocalized pheromone signal, and the highest pos-
sible levels of extracellular pheromone (as caused by increased Ste6 expression), is
believed to be necessary for courtship during mating partner discrimination.”

The Ste6 transporter is a short-lived protein with an apparent half-life of
only 10-15 minutes.’>** In addition, the metabolic stability of Ste6 is dramati-
cally increased in a pep4 vacuolar protease mutant strain,”>* suggesting that
endocytosis delivers Ste6 from the cell surface to the vacuole. Indeed, vacuolar
degradation of Ste6 is dependent on a functional endocytic pathway.>>>* Like-
wise, constitutive and pheromone-induced endocytosis has been shown to be
responsible for uptake and vacuolar delivery of the pheromone receptors Ste3
(a-factor receptor) and Ste2 (a-factor receptor) via endosomes.?*®! Notably,
endocytosis of both Ste2%? and Ste3% seems triggered by their ubiquitination at
the cell surface. Similarly, Ste6 is ubiquitinated in vivo® and Ste6 accumulates
in an ubiquitinated form in the plasma membrane of end4 mutant cells> blocked
in the first step of endocytosis, the formation of early endosomes.?

The rapid turnover of Ste6 also provides a plausible explanation for the
polar localization of Ste6 in the plasma membrane of pheromone responsive
cells.> While all of Ste6 present in cells before o-factor exposure is degraded
with a half-life of 10-15 min,*® newly synthesized, pheromone-induced Ste6
molecules are deposited mainly at the site of membrane growth along the mat-
ing projection tip.% This way, a predominant schmoo-tip localization of Ste6
can be achieved, while at the same time generating an anisotropy of a-factor
secretion.” In other words, a 10-fold induced Ste6 expression and its deposi-
tion at the schmoo-tip in response to pheromone, can easily compensate for
the endocytic removal of Ste6 from the cell surface outside the mating projec-
tion. Due to kinetic arguments, it seems unlikely that the polar Ste6 localiza-
tion is caused by increased Ste6 degradation or increased endocytosis at cell
surface areas outside the schmoo-tip.> Moreover, there is preliminary evidence
that Ste6 turnover does not change in a-factor pheromone-induced cells when
compared to normal cells (R. Kolling, personal communication). However, the
intracellular vesicular staining of Ste6 appears to decrease in pheromone-ar-
rested cells,” implying enhanced surface delivery of Ste6-containing vesicles
upon pheromone induction.”

The Ste6 presence in intracellular vesicles in normal cells was previously
interpreted to be due to exocytic secretory organelles such as Golgi or secretory
vesicles that contain Ste6 en route to the plasma membrane.?? This idea is in
agreement with a report demonstrating a Golgi localization for Ste6.% Likewise,
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Ste2, the a-factor receptor of MATa cells, shows an identical localization pat-
tern as Ste6, both in normal and in pheromone-treated cells.> However, be-
cause of the endocytic Ste6 trafficking to the vacuole, the vesicular spot and
dot-like staining of Ste6 in uninduced yeast cells*>* could also be due, at least
in part, to the presence of Ste6 in endocytic compartments.

Although it is established that Ste6 mediates the actual a-factor transport
step across the plasma membrane, it cannot be ruled out that additional yet
unknown proteins perhaps dynamically associate with Ste6 to build up a a-factor
translocation complex. To be able to more precisely define the a-factor binding
domains in Ste6, and to define the function of other proteins required for a-factor
biogenesis, including Axl1, Stel4 and Ram1/Ram2, Afcl and Rcel, more Ste6
transporter and processing mutants will have to be isolated and characterized
in the future. These studies will be greatly facilitated by the availability of a
reconstituted in vitro a-factor transport system. Studies along this line will help
to answer many remaining questions concerning the molecular mechanism of
Ste6-mediated of a-factor export.

Ste6 is a typical member of the ABC transporter family being most closely
related in primary sequence and predicted membrane topology to the mam-
malian P-glycoproteins.!®!! In fact, both human Mdr1% and mouse Mdr3#¥ when
functionally expressed in yeast can partially compensate for the loss of Ste6
function. Likewise, MRP (multidrug-resistant-related protein)® and the Plas-
modium falciparum multidrug ABC transporter Pfmdr1® are able to partially
restore mating in sterile ste6 null mutants, respectively.?*° These data demon-
strate the intrinsic potential of eukaryotic ABC transporters for peptide trans-
location in vivo. Moreover, overexpression of P-glycoprotein confers resistance
to certain peptide antibiotics such as dolastatin,’! protease inhibitors® and iono-
phores like valinomycin.*® Interaction of several peptides with the Mdr1 trans-
porter takes place at binding site(s) distinct from those for verapamil and
azidopine.” It was, therefore, suggested that export of hydrophobic peptides
may be a possible physiological function of mammalian P-glycoproteins, al-
though no direct proof for this idea is available until now.5"% However, it should
be emphasized that the physiological function(s) of mammalian P-glycopro-
teins are still far from being firmly established, despite accumulating evidence
for a function in intracellular phospholipid®*-7 and/or steroid transport®® in
vivo.

B. UnusuaL PROTEIN EXPORT INDEPENDENT OF THE STE6 ABC TRANSPORTER
The yeast Ste6 pheromone pump was the first eukaryotic ABC pump whose
physiological substrate, the a-factor pheromone, could be identified.® Until re-
cently, this was the only known nonclassical protein export pathway existing in
Saccharomyces cerevisiae. In mammalian cells, an increasing number of secreted
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proteins with physiological importance are identified that lack a typical secre-
tory signal sequence.®®* For example, the cytokine interleukin-18,%
thioredoxin,'® FGF-1 (fibroblast growth factor) and FGF-2!*' or galectin-1'*2
are actively secreted despite the lack of a typical signal peptide. Mammalian
galectin-1, a 14 kDa homodimeric lactose-binding lectin that lacks posttrans-
lational modifications other than an acetylated N-terminus, was recently also
expressed in yeast.! Intriguingly, mammalian galectin-1 is exported via the
yeast plasma membrane bypassing the secretory pathway.!®® Furthermore, se-
cretion of galectin-1 from yeast does not require the Ste6 a-factor pheromone
transporter for its export.

A genetic screen to identify yeast genes for galectin export allowed for the
cloning of ncel and nce2 (for nondassical export).!”® While NCEI encodes a
small protein of 53 amino acids of yet unknown function, Nce2 is a 173-residue
protein with a predicted molecular mass of 19 kDa and four potential TMS.
Nce2 has no significant homology to any known protein in databases. Deletion
of the nce2 gene is not detrimental to yeast viability, although it leads to a dras-
tic reduction of galectin-1 export.!®® This confirms the link between Nce2 and
another novel Ste6-independent non-classical protein secretion pathway in
Saccharomyces cerevisiae.

Furthermore, an additional novel hydrophilic protein of 25 kDa named Nce3
was identified.!®* Nce3 appears to represent an endogenous substrate for non-
classical secretion in yeast. Nce3 export is independent of the secretory path-
way, as shown with a mutant defective in the secI4 gene.' Notably, Nce3 secre-
tion also does not require the function of either Ste6 or Nce2. These results
suggest that yeast cells contain additional nonclassical protein export machin-
eries in addition to the Ste6 and the Nce pathways. Further work will be neces-
sary to uncover the obvious role of Nce2 in nonclassical protein export. Nce2
may be a subunit of a multimeric export complex in the plasma membrane, as
suggested by the presence of several predicted membrane-spanning domains
in Nce2.19 Alternatively, one can speculate that Nce2 is an accessory protein for
a core component of the non-classical export machinery or the role of Nce2
may just be indirect. It will be of great interest to identify the gene products
possibly interacting with Nce2 and required for Nce3 secretion to uncover this
novel but still unknown protein export mechanism. Moreover, these yeast com-
ponents and/or genes may become important tools for the identification of
functional analogs of non-classical export pathways from mammalian cells.

III. UNUSUAL PROTEIN TRANSLOCATION ACROSS
INTRACELLULAR MEMBRANES

The biogenesis of membrane-surrounded subcellular compartments in all
eukaryotic cells requires the import of cytoplasmically synthesized proteins into
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the organelle lumen as well as the assembly of organellar membranes. Protein
import can occur via vesicle fusion or by direct translocation across the or-
ganelle membranes. In the case of direct protein import, transport of proteins
to their sites of action involves the specific recognition by an import machin-
ery. Several translocated proteins from different cellular compartments and even
their targeting signals were uncovered during the recent years. However, except
for the mitochondrial protein import, the translocation mechanisms remain
largely unknown. In the following section, we will summarize examples of di-
rect protein translocation into yeast organelles and discuss a possible role for
ABC transporters in this process.

A. VACUOLE

The yeast vacuole is equivalent of the mammalian lysosome, in which the
bulk of cellular protein turnover is accomplished. Proteins destined for degra-
dation can enter the vacuole via endocytosis!®!% and autophagocytosis.!°107
The majority of vacuolar proteins are transported to the vacuole through the
classical secretory pathway.>® However, certain resident vacuolar proteins such as
o-mannosidase and aminopeptidase I are imported into the vacuole directly from
the cytoplasm bypassing ER-to Golgi transport through the secretory pathway.282

The vacuolar a-mannosidase is a multimeric enzyme comprised of a 107,
73 and a 31 kDa polypeptide subunit. All three polypeptides are derived from
processing of a single gene called amsI. The 73 and 31 kDa subunits are gener-
ated from the 107 kDa species by proteolytic cleavage within the vacuole. Al-
though o-mannosidase is not an integral membrane protein, it is peripherally
associated with the luminal face of the vacuolar membrane.?® The protein is
not glycosylated despite the presence of seven potential N-glycosylation sites in
the ams] gene, and there is no apparent signal peptide for ER-translocation.
Newly synthesized o-mannosidase is delivered to the vacuole even when the
secretory pathway is blocked by a subset of sec mutations.?®

A detailed characterization of o-mannosidase biosynthesis suggested that
the protein is sequestered directly from the cytoplasm into the vacuole but not
via the secretory pathway. However, attachment of a cleavable carboxypepti-
dase Y (CPY) signal sequence to the N-terminus of o-mannosidase leads to the
appearance of a-glycosylated protein, suggesting that only the variant CPY:Amsl,
but not the normal Amsl enzyme, can enter the ER lumen.? Further, experi-
ments with C-terminal deletions of o-mannosidase fused to invertase suggested
that the targeting sequence for Ams1 import into the vacuole is located within
the last 157 amino acids of its C-terminus. Overexpression of native
o-mannosidase revealed that the import machinery for a-mannosidase is satu-
rable.® While these results clearly suggest a mechanism for a-mannosidase
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import into the vacuole independent of the secretory pathway, individual
components required for Amsl membrane translocation have not been
identified.

Yeast aminopeptidase I is a 600 kDa soluble multimeric leucine aminopep-
tidase of the vacuole. The 514 amino acid precursor of aminopeptidase I, en-
coded by the apel gene, contains a N-terminal pro-peptide, which is removed
upon entry into the vacuole by vacuolar endoproteinases such as proteinase A
and proteinase B.*3° The pro-peptide of aminopeptidase I does not resemble
or act as an ER signal sequence. Like o-mannosidase, vacuolar localization of
aminopeptidase I occurs independent of the secretory pathway. Maturation of
the enzyme is not blocked in sec12, sec23, sec18 and sec7 mutants that are defec-
tive in transport through the early secretory pathway.? In contrast to
a-mannosidase, the vacuolar targeting sequence for Apel, which is necessary
and sufficient for vacuole translocation, is found within its pro-peptide.?*

Studies on the processing of pro-aminopeptidase I have identified a inter-
mediate form of aminopeptidase I in the vacuole, which was cleaved near amino
acid 17 of the pro-peptide, suggesting a signal sequence-like function for the
released peptide.® Indeed, after expression of a mutant aminopeptidase I lack-
ing the first 16 amino acids (AL-16), the protein was no longer converted to the
mature form and remained in the cytoplasm. The same was observed for a
mutant aminopeptidase totally lacking (A1-45) the pro-peptide.*® There is evi-
dence that the translocation of aminopeptidase I starts with the insertion of the
pro-peptide into the vacuolar membrane.’® Similar to a-mannosidase,
overexpression of aminopeptidase I results in the accumulation of the precur-
sor in the cytoplasm, suggesting the existence of a saturable import machinery
in the vacuolar membrane.?

The predicted secondary structure of the Apel pro-peptide comprises a
amphipatic a-helix followed by a B-turn and another a-helix, all together form-
ing a helix-turn-helix structure.»'% Analysis of randomly generated mutations
in the pro-peptide of Apel revealed the importance of the first amphipatic -
helix for proper vacuole import.’! All mutations that affected Apel processing
are in the predicted amphipatic a-helix in a region spanning amino acids 6-15,
except a proline to leucine substitution at position 22 in the pro-peptide g-turn.
Amino acid changes in the region of amino acids 6-15, which alter the hydro-
phobic nature of the first amphipatic a-helix, result in a complete Apel pro-
cessing block and lead to the accumulation of mutant pro-aminopeptidase I in
the cytoplasm.’!

The function of the aminopeptidase I pro-peptide as a sorting and/or tar-
geting signal could be brought about by a direct interaction of the amphipatic
a-helix with (i) a cytoplasmic factor, (ii) the vacuolar membrane or (iii) a
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membrane bound receptor/protein or pump. Mutations in the amphipatic o-
helix prevent binding of aminopeptidase I to the vacuolar membrane and main-
tain the enzyme soluble. Notably, the proline to leucine mutation at position
22 in the B-turn of the pro-peptide blocks aminopeptidase I processing but not
Apel precursor binding to the vacuolar membrane.®! This suggests that the
Apel pro-peptide has several functions, including the binding of the precursor
to the vacuolar membrane and mediating or facilitating subsequent step(s) of
transmembrane translocation into the vacuole.

The cytoplasm to vacuole targeting of aminopeptidase I was reconstituted
in vitro in a permeabilized cell system.!” The import process is both tempera-
ture and ATP-dependent, and import requires a functional vacuolar ATPase.!*
A genetic screen yielded a collection of yeast mutants defective in the cytoplasm
to vacuole protein targeting pathway of aminopeptidase L.11° Five complemen-
tation groups were specifically defective for the targeting and translocation of
aminopeptidase I. These cvt mutants (for cytoplasm to vacuole fargeting) spe-
cifically accumulate the unprocessed Apel precursor in the cytoplasm, without
disturbing secretion or vacuolar biogenesis via the secretory pathway.!'® Inter-
estingly, a phenotypic and genetic overlap between autophagocytosis and
cytoplasm to vacuole targeting in yeast was recently demonstrated.!!! The results
suggest that import of aminopeptidase I into the vacuole shares a number of
components required for bulk autophagocytosis. Aminopeptidase I specificity
and its constitutive import appears to rely on additional interacting proteins.
Alternatively, the aminopeptidase I maturation defect in aut mutants defective
in autophagocytosis'”” could be a secondary effect due to alterations in the
vacuole membrane composition. The future analysis of the ¢vt and aut gene
products will hopefully provide information about the components involved
in the direct cytoplasm to vacuole translocation of resident vacuolar proteins.

The Apel precursor was not detected inside a membrane-surrounded
compartment before its vacuolar appearance, neither in the wild-type situation?
nor in ¢vt mutants.'' These observations make a translocation mechanism via
vesicle formation and fusion from the cytoplasm as seen during auto-
phagocytosis!®!%7 or endocytosis'®® unlikely. Instead, a direct Apel membrane
translocation mediated by a translocation complex or even a membrane pump
such as an ABC transporter® of the vacuolar membrane appears more likely.

A vacuolar member of the yeast family of ABC transporters is the 1515-
residue ycfl gene product (for yeast cadmium factor), a homolog of the human
cystic fibrosis transmembrane conductance regulator, CFTR.!'2 Ycf1 was cloned
in a multi-copy based genetic screen in which yeast cells were selected based on
their ability to grow in the presence of increased cadmium concentrations.!2
One can envisage, that cadmium detoxification presumably involves vacuolar
sequestration of intracellular metal ions into the vacuole. Moreover, recent data
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indicate that Ycfl is also required for the import of glutathione-S-conjugates
into the yeast vacuole.!® Notably, Ycf1 expression is indeed regulated by stress
response factors such as Yapl!*!1%5, since yapl mutants exhibit cadmium
hypersensitivity.!1¢

Interestingly, in the fission yeast S. pombe, the 830-residue Hmtl half-size
ABC transporter of the vacuolar membrane can mediate both heavy metal re-
sistance and peptide translocation.!'>!"® Hmtl is most closely related to P-gly-
coproteins from Leishmania implicated in heavy metal resistance of the para-
sites.!!” Recently, Hmtl has been demonstrated to be an ATP-dependent trans-
porter of phytochelatins, which are metal-binding, peptide-Cd?* complexes.!!®
Thus, like Ycf1, Hmtl mediates heavy metal tolerance through sequestration of
metal ions into the vacuole. Taken together, these data demonstrate that yeast
ABC transporters can indeed mediate transport of peptides across the vacuolar
membrane.!'*!"® However, it is not known whether Ycfl or other yeast ABC
transporters play a role in Apel or Amsl translocation. The future analysis of
mutants blocking the cytoplasm to vacuole transport of aminopeptidase I''°
may help to elucidate the molecular identity of this translocation machinery
and verify a possible role of ABC transporters in the biogenesis of the vacuole.

B. MrrocHoNDRI1A AND ENDOPLASMIC RETICULUM

Most proteins that are imported from the cytoplasm into the mitochondria
contain a N-terminal signal sequence. The corresponding protein import ma-
chinery has been well studied?»*120 and will therefore not be discussed here.
Protein import of most mitochondrial polypeptides is thought to occur at con-
tact sites between inner and outer membrane (IM and OM, respectively) re-
quiring ATP-hydrolysis in the mitochondrial matrix.2*?212! ABC transporters
have also been speculated to play a role in the biogenesis and assembly of mito-
chondria and chloroplasts.”!?? Indeed, chloroplasts of Marchantia polymorpha
contain a ABC protein, MbpX, but its function there is unknown.!?*

A search for novel yeast ABC genes required for mitochondrial biogenesis
and eventually for protein import into mitochondria was recently initiated. PCR-
cloning allowed for the isolation of at least ten different gene fragments encod-
ing various ABC proteins.!?* While some sequences were corresponding to novel
ABC sequences,'* others turned out to be identical to already cloned ABC genes,
including Adp1'%5, Ssh1/Md128126 and Mdl1.%¢ One newly identified ABC pro-
tein gene, atml (for ABC transporter of mitochondria), was indeed found to
encode a mitochondrial protein.'? Deletion of the atmI gene results in a slow-
growth phenotype on rich medium and cessation of growth on minimal me-
dia. Moreover, a complete absence of mitochondrial cytochromes is observed,
although a defective heme import could be ruled out as a possible cause.'?
Atml is a 694-residue TMS,-ABC half-size ABC transporter. Based on cell
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fractionation and immunofluorescence experiments, Atm1 localizes to the in-
ner mitochondrial membrane, with the ABC domain facing the mitochondrial
matrix.'?* The inner membrane localization of Atm1 could be consistent with a
function for Atml in mitochondrial protein import, since one can speculate
that Atm1 could provide structural and/or energy-providing component of the
import site. The architecture of such a pore is likely to form a hydrophilic,
proteinacous channel across both mitochondrial membranes to allow for pro-
tein import to occur. Notably, puromycin, a known substrate for mammalian
P-glycoproteins,!® is a potent inhibitor of protein import, as it inhibits ATP-
consumption in the matrix.!¥” Similar to the mitochondrial protein import, it
was proposed that the bacterial HlyB/HlyD transporter for hemolysin forms a
protein pore stretching across both bacterial membranes at the membrane junc-
tions,”® although in bacterial hemolysin export the direction of protein trans-
port is the opposite of mitochondrial import. At present it is not known whether
Aatm] mitochondria have a defective protein import machinery or if the slow-
growth phenotype of datml cells is the result of another yet unidentified
transport function of Atm1.

An intriguing alternative possibility would be that Atm1 is responsible for
export of substrates from the mitochondrial matrix rather than import.'* From
the observation that mammalian P-glycoproteins can act as phospholipid-spe-
cific flippases' and steroid transporters,*® one could perhaps speculate about a
possible function for Atm1 in intramitochondrial lipid transport or lipid ho-
meostasis. Certain membrane phospholipids such as phosphatidylserine and
cardiolipin are either exclusively decarboxylated or localized in the mitochon-
dria, respectively.!?*1? Thus, Atm1 could play a role in membrane lipid homeo-
stasis at contact sites of the mitochondrial membranes.’*® For instance,
cardiolipin depletion of the IM must be prevented, to ensure proper mitochon-
drial function. This process is particularly important at the contact sites where
lipid translocation and/or intra-mitochondrial membrane lipid exchange is sus-
pected to occur.!®® Further, decarboxylation of phosphatidylserine to
phosphatidyethanolamine occurs exclusively in the IM. In turn, phosphatidyle-
thanolamine acts as a precursor for phosphatidylcholine biosynthesis in the ER
membrane and must therefore be exported from the inner mitochondrial mem-
brane,'”® presumably via the membrane junctions of OM and IM.!** While a
function of Atm1 in these lipid translocation processes has not been established,
it should be easy to test this idea in the near future.

In mammalian cells, antigen presentation of viral peptide antigens requires
the action of a heterodimeric Tap1/Tap2 ABC transporter of the ER membrane
(see also chapter 4). Recently, we have co-expressed human tapl and tap2 in
yeast, leading to a fully functional, heterodimeric Tap1/Tap2 peptide transporter
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localized to the endoplasmic reticulum (S. Urlinger et al, submitted for
publication). Both Tapl and Tap2 seem to carry sufficient ER targeting infor-
mation and require no additional factors for proper function as a peptide trans-
porter in the yeast ER as determined by in vitro peptide transport assays. Most
interestingly, peptide transport studies in vitro using purified yeast microso-
mal vesicles with or without the human Tap1/Tap2 complex, revealed an addi-
tional novel peptide-specific and ATP-dependent transport activity in the ER.
This novel peptide transport system in the ER is distinct from the classical ER
protein translocation machinery'3!"133 and independent of the Tap1/Tap2 com-
plex (S. Utrlinger et al, submitted for publication). In addition, the novel ER
peptide transporter seems to mediate peptide uptake into the ER lumen rather
than efflux. Thus, it is likely to be different from a previously characterized ER
peptide transport activity, which was shown to mediate export of glycosylated
tripeptides from the ER lumen into the cytoplasm.'** While the existence of a
yeast counterpart of the mammalian Tap1/Tap2 ABC transporter seems imag-
inable, the mechanism and function of such a peptide transport system of the
yeast ER are currently unknown and its dissection will await further studies.

C. PEROXISOME

Peroxisome biogenesis involves the direct protein import into the organelle
across the single lipid bilayer.?>?* The capacity of peroxisomes to translocate
protein precursors with targeting signals across the single membrane is well
established.?*?* Known peroxisomal fargeting signals include PTS1, the carboxy-
terminal consensus tripeptide SKL, and PTS2, the N-terminal consensus se-
quence RLX;HL (where X is any amino acid). The PTS1 motif works in various
organisms including yeast,'¥ mammals, plants, and insects.? Interestingly, there
is evidence that stably folded proteins? and even oligomeric enzymes? con-
taining the PTS1 sequence are translocated into peroxisomes, suggesting that
protein unfolding is not a pre-requisite for peroxisomal protein import. The
PTS2 motif is sufficient to direct proteins, which are otherwise localized in the
cytoplasm, to the peroxisomal matrix.'** Mutations in the PTS2 consensus se-
quence of peroxisomal proteins can block their import into the organelle.!¥

In fungi, several peroxisomal assembly deficient (pas) mutants have been
identified.!*® For instance, the pas10 gene product was found to recognize pro-
teins with the PTS1 targeting signal.’® The functional Pas10 analog in the
methylotrophic yeast Pichia pastoris, Pas8, is also a PTS1-specific receptor.!4
The actual import receptor for the PTS2 targeting signal was recently identified
in the pas7 gene product.'! Other components of the peroxisomal import sys-
tem and translocation mechanisms for proteins from the cytoplasm into the
peroxisomal matrix have not been identified. Hence, the actual mechanism by
which peroxisomal protein import is accomplished remains an enigma.
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In humans, the lack of functional peroxisomes or a defective peroxisome
import machinery has lethal consequences. For instance, mutations in the half-
size ABC transporters Pmp70'? and ALDp lead to Zellweger syndrome and
adrenoleukodystrophy.>!4* These fatal genetic diseases are associated with ap-
parent defects in peroxisome function and/or organelle assembly, and with the
demyelination of the nervous system that is paralleled by the accumulation of
very-long-chain fatty acids in peroxisomes.!*146 The physiological functions of
Pmp70 and ALDp are still unknown, but it has been suggested that these ABC
proteins may operate as protein or lipid transporters in the peroxisomal mem-
brane.'? For instance, the removal of Pmp70 from the cytosolic face of the
peroxisomal membrane by limited proteolysis in vitro leads to a severely im-
paired import of acyl-CoA oxidase.'*? Therefore, the authors suggested a
speculative role for Pmp70, direct or indirect, in peroxisomal protein import.

In the yeast Saccharomyces cerevisiae, ABC transporters are also involved
and required for peroxisome biogenesis. Two yeast ABC proteins genes, sshl
and ssh2 (for sterile six homologues), both of which are closely related to mam-
malian P-glycoproteins, were originally identified by PCR-cloning.® After clon-
ing the full-length gene, Ssh2 was renamed Pall (for peroxisomal ABC trans-
porter-like protein).'#’ ssh1 is identical to mdI2 (for Mdr-like), which was inde-
pendently isolated using a similar approach.!? In addition, the same group has
cloned another ABC transporter, Mdl1, that is closely related but different to
both Ssh1/Mdl2 and Ssh2.126

The half-size ABC protein Pall is the closest homolog of the human peroxi-
somal ABC transporters Pmp70'4>43145 and ALDp,'*¢ implicated in the peroxi-
somal disorders such as Zellweger syndrome and X-linked adreno-
leukodystrophy, respectively. Interestingly enough, yeast Apall cells, despite being
viable under normal growth conditions, are unable to grow on oleate as the
sole carbon source.'¥” Growth of yeast cells on oleate requires functional per-
oxisomes, and the Pall transcript is only detectable in oleate-grown cells, sug-
gesting Pall to be a constituent of the yeast peroxisomal membrane. pall is
identical to pxal which was independently cloned by another group.'* Pal1/Pxal
and another closely related gene, YKL741, which was identified during the sys-
tematic yeast genome sequencing project,'® form heterodimers to comprise a
functional ABC transporter in the peroxisomal membrane.'¥” Deletion of
YKL741, which was renamed Pxa2,' resulted in a growth phenotype identical
to that of Pal1/Pxal.148 Thus, as proposed for mammalian Pmp70 and/or ALPp,
yeast Ssh2/Pal1/Pxal and Pxa2 could play a role in peroxisome biogenesis and/or
organelle proliferation.

Recently, missense mutations were introduced into several regions of pxal
that are conserved among ABC transporters such as Pmp70, ALDp, Tap1 and
several P-glycoproteins.'® Two motifs, designated loopl and EAA-like, which
in bacterial ABC transporters were suggested to predict substrate specificity,
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were shown to be important for Pxal function. Interestingly, within the EAA-like
motif, there is a glutamic acid residue (E291 in ALDp) conserved among all
peroxisomal transporters. Mutations of E291 in the human ALPp transporter
were found in several unrelated patients suffering from adrenoleukodystrophy.
In future work, it will be important to identify the natural substrates of the
human peroxisomal ABC transporters and to determine if mammalian Pmp70
and ALDp, when functionally expressed in yeast, are able to restore growth of
Apall cells on oleate as the sole carbon source. The first direct demonstration
that yeast Pall is a transporter for lipid substrates comes from a very recent
report in which the authors show (and unfortunately introduce yet another
new and confusing nomenclature for Pall and Pxa2, namely Pat2 and Patl)
that a heterodimeric Pat1-Pat2 ABC transporter is required for the import of
long-chain fatty acids into peroxisomes of Saccharomyces cerevisiae.'!

IV. CONCLUSION AND PERSPECTIVES

The lower eukaryote yeast has become an evolutionary storehouse for nu-
merous ABC proteins, several of which appear to have structural and/or func-
tional homologs in mammalian cells. However, with few exceptions, for the
majority of the sequenced yeast ABC transporters, in vivo substrates and func-
tions and their subcellular localization are presently unknown (see Table 2.1).

While overexpression of several yeast ABC transporters is linked to multidrug
resistance phenomena, 175152153 others including Ste6, Hmtl, and Ycf1 clearly
exhibit peptide transport activity.!®!1112113117.118 The most prominent among
them is Ste6,” whose in vivo function is to mediate the nonclassical export of
the a-factor mating pheromone. In addition, certain yeast multidrug resistance
transporters such as Pdr5 and Snq2, while otherwise involved in pleiotropic
drug resistance (PDR) development in yeast®!* and part of the yeast PDR
network,'>> were shown to mediate transport of steroid substrates'> and even
peptides.®

It seems clear that peptide, protein and lipid translocation must occur dur-
ing biogenesis of all cellular organelles. However, the components or the trans-
port machineries as well as in vivo substrates are still unknown. There are sev-
eral distinct yeast ABC protein genes (Table 2.1), which are good candidates for
cellular functions such as peptide transport across membranes, vesicle-inde-
pendent secretion and organelle biogenesis.®® The future biochemical charac-
terization of these yeast ABC transporters, especially the effect of deletion mu-
tants of ABC transporter genes on organelle biogenesis, and the reconstitution
of their transport activities in vitro, will certainly help to shed light on their
speculative role in organelle biogenesis.

The accessibility of yeast genetics makes this lower eukaryote a valuable
model system for the molecular analysis of both endogenous and heterologous
ABC proteins. In bacteria, the purification of individual ABC proteins and their
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functional reconstitution into proteo-liposomes has substantially contributed
to our understanding of how these bacterial ABC transport systems work in
vivo. The yeast Ste6 a-factor transporter represents an good candidate protein
for similar studies because its physiological substrate is known. Likewise, other
yeast ABC transporters, which appear to be potential structural and functional
homologs of mammalian ABC transporters implicated in genetic disease, are
also excellent candidates for in vitro studies to elucidate their possible in vivo
substrates. Similar studies can be carried out on mammalian ABC proteins,
since they can be functionally expressed in yeast.?8%%09%157 Furthermore, in cases
where a functional complementation between yeast and animal ABC trans-
porters has been demonstrated, the construction of chimeric ABC transporters
can be utilized for a molecular-genetic structure-function analysis to pinpoint
domains of functional importance in ABC proteins from different organisms.!%

Moreover, the discovery of yeast ABC protein gene homologs of mamma-
lian genes implicated in the pathology of human disease has further strength-
ened the importance of yeast as a model system for molecular-genetic struc-
ture-function studies on eukaryotic ABC transporters. Yeast genetics enables
the isolation and characterization of transport mutants of any ABC transporter,
since expression of mutant ABC proteins in yeast can be monitored by pheno-
typic selection and/or other functional assays. Future work will have to focus
on extensive structural analysis, including crystallization attempts of individual
ABC transporters to allow for uncovering the molecular mechanism of ABC
protein function.
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CHAPTER 3

SECRETION OF MAMMALIAN PROTEINS
THAT LACK A SIGNAL SEQUENCE

Anna Rubartelli and Roberto Sitia

I. INTRODUCTION

C ells are surrounded by an impermeable membrane whose integrity is essen-
tial to maintain the differences (in ionic concentration, redox potential etc.)
between the cytoplasm and the extracellular space. Yet, cells avoid isolation and
communicate by sending each other macromolecular messages in the form of
secretory proteins. These molecules, interacting with specific receptors that span
the cell membrane, activate tightly regulated systems which transduce the signal
to the nucleus and elicit the appropriate responses.

Secretory proteins begin their synthesis within the cytosol: thus, in order to
get out of the cell they need to translocate through a membrane. The problem
of how some proteins can be secreted overcoming the topological barrier of the
cell membranes was solved in the early 1970s by the discovery of the signal
sequence (or leader peptide) and the subsequent demonstration that translo-
cation of secretory proteins occurs cotranslationally at the ER membrane.! The
secretory signal sequence which directs the rest of the protein to and across the
ER membrane is a hydrophobic 15-30 residues region, typically situated at the
N-terminus of the nascent polypeptide that is removed from the growing
polypeptide chain as soon as it translocates into the ER lumen.

Membrane translocation as an essential step to get a proper location is not
limited to secretory proteins:2 the synthesis of almost all proteins occurs in the
cytosol, and hence also proteins destined to mitochondria, chloroplasts and per-
oxisomes have to overcome a membrane to reach their final destination (Fig. 3.1).
The mechanisms underlying the movement from the cytosol into the different
organelles have some common themes. Distinct classes of topogenic sequences
within newly synthesized proteins are thought to interact with receptor proteins
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Fig. 3.1. Many proteins must cross a membrane to reach their final destination.
The problem of crossing a membrane is not limited to secretory proteins. The
membranes of peroxisomes, endolysosomal compartment and mitochondria
are equipped with systems that selectively deliver proteins to their lumen. In the
case of mitochondria, the problem is particularly complex owing to the existence
of an inner membrane in these organelles.’ The identification of the sequences
that mediate the specific targeting to individual membranes (topogenic
sequences) has allowed the construction of chimeric proteins with novel,
predetermined localization.'%*

on the surface of the target organelles. The actual translocation of the target
membrane is the less defined step: the main problems that remain to be solved
are how the membrane remains impermeable while being crossed by molecules
of different sizes and how vectoriality is determined (Fig. 3.2). Generally, trans-
location appears to be an energy-dependent process (Fig. 3.3). Proteins must
be unfolded to translocate, and cellular chaperone molecules have been
implicated (for a comprehensive review, see Schatz and Dobberstein).?
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Fig. 3.2. Translocation must not alter membrane permeability. One
of the crucial problems that cells face in delivering proteins across a
membrane is that of maintaining the ionic, pH and redox gradients
between the cytosol and the lumena of the different organelles or
the extracellular space. It follows that the opening of the ‘translocons’
(the molecular complexes responsible for translocation) must be
tightly regulated, possibly by the binding of the cognate topogenic
sequences.'” Soluble proteins cross the membrane vectorially. The
hydrophobic ‘stop transfer’ sequences that allow the insertion of
integral membrane proteins are thought to be extruded laterally from
the translocon.?
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Fig. 3.3. How is vectoriality determined? Many lines of evidence indicate
that proteins must be unfolded in order to translocate a membrane.? Any
modification that reduces the diffusibility of the polypeptide across the
membrane is likely to favor the accumulation on one side of the
membrane. Thus, glycosylation, (re)folding or assembly with other
macromolecules may determine the vectoriality of translocation.'%

Recent studies indicate that the membranes delimiting the various com-
partments (more than a dozen in eukariotic cells!) display striking structural
differences: peripheral membranes (the prototype being the plasmamembrane,
PM) are rich in cholesterol, ordered and thicker, while the central membranes
(prototype: endoplasmic reticulum (ER) membrane)* are poor in cholesterol,
disordered, thinner and possibly more permeable. The differences in composi-
tion may account for the different propensity of the various membranes to
mediate translocation of macromolecules. Indeed, translocation across the PM
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has not been formally demonstrated so far. Sequencing of a few soluble media-
tors, such as interleukin-1 (IL-1)-a and B, and fibroblast growth factors (FGFs),
revealed the absence of a leader peptide,*® raising the question of how these
proteins can reach the extracellular space.” At first it was thought that cell death
was responsible for the release of these ‘leaderless’ proteins; but a simple “kami-
kaze” model is not consistent with the observations that leaderless polypeptide
secretion is selective® and can result in autocrine stimulation.” Genetic evidence
from studies in E.coli and yeast confirmed that some polypeptides leave the
cells through alternative pathways that involve ATP-binding transporters.'°
Whether similar transporters are responsible for leaderless secretion in higher
eukaryotes remains to be investigated, but it seems clear that an alternative
secretory pathway exists.

Since the pionieristic observations on IL-1 and FGE, several secretory pro-
teins which are devoid of a typical hydrophobic signal peptide have been
described (Table 3.1).

Leaderless secretory proteins in mammals display a relatively low molecu-
lar mass, which ranges from 12 to 45 kDa for most of them, with few excep-
tions, such as proteins of the transglutaminases family, that have molecular
weights of 70-80 kDa. Common features of these proteins are the absence of
N-linked oligosaccharides in spite of many potential N-glycosylation acceptor
sites and the presence of free cysteines not involved in disulfide bridges. Fur-
thermore, some of them are N-acylated. These properties suggest that these
proteins do not enter the ER lumen.

How do these leaderless proteins reach the extracellular space? Do they uti-
lize a single pathway, or does more than one way exist to leave cells without
going through the exocytic pathway? What are the advantages given by the al-
ternative pathway(s)? So far there are not definitive answers to these crucial
questions.

Before discussing the possible mechanisms that underlie the secretion of
leaderless proteins we shall summarize some of the best known examples.

II. LEADERLESS PROTEINS SECRETED BY MAMMALIAN
CELLS

INTERLEUKIN-1

Two forms of IL-1 exist, IL-1a and B, that are encoded by two different genes
but share the same cell surface receptors.!! IL-1 is a mediator of inflammation
and plays a central role in the regulation of immune responses. This cytokine is
produced primarily in response to infection, endotoxin and inflammatory
agents, but it is also involved in regulating cell growth and/or differentiation
under normal'' and pathological® conditions. Both IL-1 o and B are synthesized
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Table 3.1. Mammalian leaderless secretory proteins

Protein Reference
Interleukin-1 8
Interleukin-1 Receptor Antagonist 23,24
Basic Fibroblast Growth Factor, bFGF (FGF-2) 30,31
Acidic Fibroblast Growth Factor, aFGF (FGF-1) 32,33
Glia Activating Factor (FGF-9) 29
Ciliary NeuroTrophic Factor 91
Mammary-Derived Growth Inhibitor 87
Platelet-Derived Endothelial Cell Growth Factor 92,93
Thioredoxin/ADF 46,50
Endothelial-Monocyte Activating Polypeptide Il 94
Annexin T/Lipocortin 1 95, 96
Prothymosine 97
Parathymosine 98
Coagulation Factor Xllla 99
Transglutaminase (tissue) 100,101
Transglutaminase (prostate) 84
Lectin L14/galectin-I 60
Mac-2/L29/CBP30 55,56,63,64
B-Galactoside Binding Protein 58
HMGT1 102
HIV1-tat 67
Rhodanese 103
Interleukin-1-Converting Enzyme? 17,18,21

This is not meant as a comprehensive list of leaderless secretory proteins. For instance,
not all cases are listed where proteins have been characterized in more than one
species. Moreover, as more proteins belonging to this class are being characterized, the
list will be probably incomplete at the time of publication. We apologize to those
scientists whose work has not been duly acknowledged and cited.

as 33 kDa intracellular precursors that are subsequently cleaved into mature
proteins of 17 kDa. While pro-IL-la s biologically active, the precursor of IL-1
is not. Most studies on IL-1 secretion have focused on IL-1B, as this cytokine is
the major extracellular form.

The problem of how IL-1, lacking a signal peptide, can be secreted by the
producing cells was at first set aside, with the assumption that this protein is
released by cell lysis. Hence, it was thought that monocytes would produce abun-
dant IL-1 and release it by some sort of suicide (apoptosis was not yet in fash-
ion in those days). The hypothesis of cell death as a mechanism of secretion was
subsequently ruled out by several observations:
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(1) the 33 kDa pro-IL-1B is not generally released in the extracellular space,
where only the 17 kDa form is found.

(2) IL-1B secretion is selective, as its extracellular appearance does not cor-
relate with the presence of cytoplasmic markers such as, for instance, lactate
dehydrogenase.?

(3) IL-1B and a are secreted with different kinetics'*® and there are drugs that
block IL-1B secretion, but not the release of classical secretory proteins.®

That IL-1B indeed follows an unconventional secretory route was estab-
lished by culturing activated monocytes in the presence of drugs (such as
brefeldin A and monensin) which inhibit transport within the classical secre-
tory pathway.® Under these conditions, secretion of IL-1B is not blocked, but
actually stimulated.

Besides drugs inhibiting the classical secretion, other apparently unrelated
drugs increase IL-1p secretion to different extents.® These include cyclohexim-
ide, an inhibitor of protein synthesis, DNP and CCCP, two uncouplers of
oxidative phosphorylation, and the calcium ionophore A23187.

One of the strongest inducers of IL-1f secretion is ATP. At first, IL-1p secre-
tion observed following treatment with extracellular ATP was proposed to be
due to apoptosis.'* However, while activation of IL-1p secretion possibly occurs
during the first phases of apoptosis, apoptosis per se does not seem necessary
for the efficient release of bioactive IL-1B.1* A more recent report suggests that
ATP actually stimulates IL-1p secretion as a consequence of increasing the ac-
tivity of the IL-1B converting enzyme (ICE ) by depletion of intracellular K+.!5

Indeed, there is some controversy as to whether processing is required for
IL-1B secretion or whether it is only cotemporal: while it is clear hat 17 kDa IL-
1B is secreted to a greater extent than the precursor,®'¢some reports have showed
that a shift to secretion of the 33 kDa precursor occurs under certain culture
conditions, such as a raise of extracellular pH' or treatment with ICE inhibitors."”

At any rate, the effect of extracellular ATP is not restricted to IL-1B matura-
tion, as secretion of another leaderless protein, annexin 1, which does not un-
dergo proteolytic maturation, is similarly increased by this drug (Fig. 3.4, pan-
els A and B). As a control, exogenous ATP has no effect on the rate of secretion
of a classical secretory protein, IL-6 (Fig. 3.4, panels C).

An unsolved problem in IL-1p maturation is where and how processing
occurs. The cysteine protease (ICE) responsible for cleaving the 33 kDa to the
mature form!7-1® is part of a novel family of proteins, some members of which
are involved in regulation of apoptosis.!® ICE is a heterodimeric protease com-
posed of two subunits, p20 and p10. Mature ICE is derived from a 45 kDa pro-
enzyme by proteolytic excision of an 11 kDa N-terminal precursor domain and
of an internal sequence of 19 AA residues. Both the precursor and the active
ICE are found in the cytosolic fraction,? while only the mature form has been
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Fig. 3.4. ATP induces secretion
of [L-1B and annexin 1. Hu-
man monocytes, activated
with lipopolysaccharide for 1
h, were cultured 30 min in the
presence or absence of T mM
ATP. At the end of the incu-
bation, supernatants were
harvested, cells were lysed.
Aliquots of supernatants and
cell lysates were resolved by
SDS-polyacrylamide gel elec-
trophoresis and analyzed by
western blotting with anti- 1L-
1B (panel A), anti-annexin 1
(panel B) or anti-IL-6 (panel C).
While secretion of IL-6 is
unaffected by ATP, both se-
cretion of IL-1 and annexin 1
is induced by ATP. Anti-IL-1B
and anti-IL-6 antibodies were
kind gifts of Dr. Dinarello,
anti-annexin 1°°was a kind gift
of Dr. Solito.

reported to localize on the external cell surface membrane.?! As also ICE is de-
void of a signal sequence, the problem of its externalization falls in the general
issue of the secretion of leaderless proteins.

Activation of ICE precursor is observed after depletion of cellular K*.!>2
Several mechanisms may lower K* concentration in intact cells. A simple one
may be the fusion of Na* rich endosomes with intracellular vesicles. Interest-
ingly, some cellular IL-1B is present in trypsin resistant vesicles,® with some
features of endosomes (AR, unpublished results). Cytosolic ICE, colocalized
with pro-IL-1p within the cytosol, where [K*] is high, is inactive and thus un-
able to process IL-1p: this would explain why intracellular 17 kDa IL-1B is never
detected in the cytosol. A fraction of pro-I1L-1B and ICE might then translocate
in a subcompartment with low K*, where activation of ICE and IL-1B conversion
takes place just prior to secretion.
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IL-1 function is controlled through a large number of regulatory circuits
which involve, in addition to pre- and posttranslational regulatory events, the
production of specific IL-1 inhibitors. The latter act as receptor antagonists
(IL-1ra)." In monocytes IL-1ra is produced mostly in a form endowed with a
signal peptide, and hence secreted through the classical pathway.!! Interestingly,
a structural variant of IL-1ra which lacks a leader sequence is abundantly pro-
duced by keratinocytes,? cells which express constitutively also a large amount
of IL-1. This form accumulates mostly in the cytoplasm, albeit a small amount
is released through a pathway insensible to brefeldin A.>* The presence of an
intracellular receptor antagonist suggest that also IL-1 may have some
intracellular roles possibly involving an intracellular form of IL-1 receptor.

FisroBLAST GROWTH FacTOR (FGF)

FGFs are members of a family of proteins involved in the regulation of cell
proliferation, differentiation and function. They play important roles in nor-
mal development, tissue homeostasis, wound healing and repair (for reviews,
see refs. 25-26). These proteins have also been shown to have roles in several
pathological conditions, such as tumorigenesis and metastasis. They act on cells
of various origins, through interaction with high and low affinity surface re-
ceptors. At least 5 high affinity receptors have been discovered; some of them
bind and are activated by multiple FGFs, while others have a higher degree of
specificity. FGF-receptor interaction is complicated by the role of low affinity
receptors. Indeed, FGFs bind to polyanions. Binding to heparan sulphates of
the cell surface or of the extracellular matrix seems necessary for the interaction
with basic FGF to its high affinity membrane-bound receptor.?

Nine members of the FGF family have been identified, displaying 30-50%
sequence homology. Of these, FGF-1 (or acidic FGF, AMW 17 kDa),?® FGF-2
(or basic FGF, AMW 17 kDa)® and FGF-9 (or Glia Activating Factor, GAF, AMW
30 kDa)? are devoid of a signal peptide.

Experiments with single cells revealed that secretion of FGF-2 influences
the migration of the very cell that secreted it, thus formally ruling out the pos-
sibility of a release due to cell death.* The same drugs that potentiate IL-1 se-
cretion (such as exocytosis inhibitors, see above) also enhance secretion of
FGF-2, indicating that FGF-2 is secreted through a pathway alternative to the
classical one, which shares some features with the IL-1B secretory route. 3!

In the case of FGF-1, a different mechanism of secretion has been pro-
posed.’** FGF-1 (unlike FGF-2) is released by transfected cells in response to
heat shock; also in this case, secretion is increased by treatment with brefeldin
A. Interestingly, a cysteine residue is critical for the release of FGF-1 in response
to heat shock. The wild type molecule, but not a mutant which lacks cys 30, is
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secreted as a latent homodimer with low affinity for heparin. Activation by
reducing agents seems to be necessary to generate heparin binding and biologi-
cal activity. Furthermore, the C-terminal region of FGF-1 seems able to bind to
phosphatidylserine, suggesting that a step in FGF-1 export might involve FGF-1
targeting to phospholipids of the plasmamembrane or of other intracellular vesicles.

Both FGF-1 and FGF-2 are found in considerable extent in the nucleus of
the cells that produce them.?*3 Although a clear function for nuclear FGF has
not been identified, a nuclear localization of endogenous FGF-1 and 2 is not
surprising, as both of them are endowed with a putative nuclear localization
sequence. '

More intriguing is the reported ability of exogenous FGFs of reaching the
nucleus of living cells from the extracellular space.**” Translocation of exog-
enous FGF-1 into the nucleus, in addition to binding to high affinity surface
receptor, seems necessary for achieving a full stimulation of target cells.” This
ability is peculiar, as cells are surrounded by the plasma membrane, that acts as
a hydrophobic barrier to most macromolecules and should not in principle
allow the entry of exogenous proteins. However, it is not unique, as some bac-
terial and plant toxins and, more recently, other leaderless secretory proteins
(such as IL-1 and HIV-Tat ) turned out to be able to cross the cell membrane
from the extracellular space and reach the cytoplasm or the nucleus of target
cells.® The finding that other members of the family of leaderless secretory
proteins reach the nucleus of target cells raises the possibility that these pro-
teins utilize the same mechanism(s) to cross the membrane both in the outward
and in the inward direction.

FGF-9 or glia activating factor is still more intriguing: in spite of lacking a
classical secretory signal sequence, it displays N-linked glycosylation. This sug-
gests that FGF-9 can go through the classical ER/Golgi secretion pathway. In-
deed, secretion of FGE-9 seems to be much more efficient than secretion of
other leaderless proteins.?’ Further studies are needed to understand whether
or not this protein indeed translocates into the ER lumen, possibly via an inter-
nal signal sequence. In this connection, it is worth to recall that an internal
cryptic uncleaved secretory signal sequence was originally identified in chicken
ovalbumin; this protein translocates posttranslationally into the ER. Translo-
cation is rather inefficient and a fraction of ovalbumin remains within the cy-
tosol.?? Furthermore, it has been recently demonstrated that under certain in
vitro conditions, polypeptides that do not contain signal peptides may be
mistranslocated into the ER.%

The other members of the FGF family are readily secreted proteins, that
bear a conventional signal sequence. Interestingly, they have transforming po-
tential, and some of them were initially identified as oncogenes. Clinically, FGF5
has been suggested to contribute to the possible autocrine growth of
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AIDS-related Kaposi sarcomas.*! The property of inducing transformation was
observed for FGF-2 and FGF-1 only under rather contriving conditions. For
instance, FGF-2 was reported to transform a fibroblast cell line only when trans-
fected in an engineered form bearing a secretory leader sequence.”? These ob-
servations indicate that transformation occurs more easily when the ligand and
its receptor meet intracellularly, and suggest that the unconventional secretion
of FGF-1 and FGF-2 might have evolved to avoid intracellular compartmental-
ization with their specific receptors. They also indicate that the exposure of
FGF to the conditions of the ER lumen does not inhibit biological activity (see
below).

THIOREDOXIN

Thioredoxin (TRX), a disulfide-reducing dithiol enzyme of 13 kDa, serves
many intracellular biological functions as a hydrogen donor.** In accord with
its main cytosolic localization, thioredoxin lacks any kind of known targeting
or signal sequence.* In spite of this, however, thioredoxin has been isolated
from the supernatants of a T cell leukemia as an autocrine growth factor, and
has been termed adult T cell leukemia-derived factor (ADF).* Exogenous
thioredoxin was found to exert cytokine activities, such as induction of cell
proliferation in neoplastic T and B lymphocytes, possibly via upregulation of
interleukin-2 receptor expression;*-” furthermore, it turned out to be identi-
cal to eosinophil cytotoxicity enhancing factor*® and to a B cell hybridoma de-
rived factor, able to induce proliferation and differentiation of B-chronic lym-
phocytic leukemia cells.*” Thus, TRX belongs to the family of leaderless secre-
tory proteins and, indeed, it is actively secreted through a leaderless secretory
pathway that shares many features with that described for IL-1, such as the slow
kinetics of secretion, the enhancing effect on secretion of several unrelated drugs
and the sensitivity to methylamine.*® Despite these similarities, while secretion
of IL-1p is restricted to a few cell types, normal or neoplastic cells of many
origins are able to secrete TRX. However, a cell specificity exists also for secre-
tion of TRX, in that not all the cells that synthesize TRX also secrete it, even
within the same lineage. For instance, secretion of thioredoxin is developmen-
tally regulated in normal B and T lymphocytes, being more abundant in acti-
vated than in resting lymphocytes.®*! Furthermore, studies on normal and
malignant hepatocytes revealed that TRX is synthetized by both normal liver
cells and the hepatocarcinoma cell line HepG2; only the former, however, re-
lease abundant thioredoxin extracellularly.> When cultured in mild reducing
conditions HepG2 cells, but not normal hepatocytes, increase the rate of
thioredoxin secretion and undergo growth inhibition. Thus, secretion of
thioredoxin by liver cells correlates with growth inhibition: normal,
nonproliferating hepatocytes constitutively secrete thioredoxin, while the rapidly
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dividing HepG2 cells synthetize similar amounts of this enzyme but retain most
of it intracellularly.>?

Also exogenous recombinant thioredoxin inhibits proliferation of HepG2
cells, although to a lesser extent. In contrast, exogenous thiols and thioredoxin
stimulate proliferation of a B cell lymphoma line, indicating that different cell
types respond differently to variations in the extracellular redox potential.>
Also in this experimental system, 2ME is more effective than thioredoxin. This
may be due to the fact that, although reduced before addition, exogenous
thioredoxin can rapidly be oxidized when diluted in the culture medium. How
can secreted thioredoxin remain active in the oxidizing extracellular milieu? It
is tempting to speculate that the concomitant secretion of sulphydryl compounds
(such as glutathione or cysteine) might both maintain TRX reduced and stimu-
late its secretion. A similar mechanism might regulate the activity of FGF-1.
Furthermore, in autocrine/paracrine systems, the “presentation” of the growth
factor by the producing to the target cell may take place in a specialized mi-
croenvironment (reducing in the case of thioredoxin) which can favor the en-
dogenous factor over that provided exogenously. In this connection,a membrane
associated thioredoxin has been reported.”

EXTRACELLULAR LECTINS (L14 , 1L.29/Mac-2, MGBP)

Lectins are carbohydrate-binding proteins that have two special properties:
specificity for particular sugar residues and bivalency or polyvalency. In spite
of being leaderless, some soluble lectins are present at extracellular sites in the
developing or adult tissues that make them. Some of them are concentrated
around cell clusters, as in the extracellular matrix, while others are at the inter-
face between cells and the external milieu, such as in mucin. The extracellular
function of these lectins remains a subject of speculation. It has been proposed
that they are involved in differentiation (shaping the extracellular environment
through interactions with glycoconjugates);* inflammation (Mac2°%% is ex-
pressed at high levels by inflammatory macrophages) or cancer (increasing the
metastatic potential, possibly by mediating cellular recognition and adhesion
in embolization).” Mouse B-galactoside binding proteins turned out to be an
autocrine negative growth factor, with cytostatic properties. The growth in-
hibitory effect is not related to lectin properties but is consistent with
mechanisms involving ligand-receptor interactions.®

Another peculiarity of extracellular lectins is that some of them are
homodimers, which require reducing agents to maintain their carbohydrate-
binding activity. As already discussed for thioredoxin, it is unclear how they
can remain active in the oxidizing extracellular milieu.

The first suggestion for the unexpected secretion of these lectins came from
immunohistochemical studies. In some cases, these studies pointed to a shift
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from an intracellular to an extracellular location with differentiation. For ex-
ample, chicken-lactose-lectin II was found concentrated intracellularly in de-
veloping chicken muscle but extracellularly upon maturation.”® The export
mechanism of its mammals homolog, L-14, was then studied in more detail.*®°
The mechanism of release proposed for L-14 appears to be different from that
described for other leaderless proteins. In undifferentiated myoblasts, L-14 is
diffusely distributed throughout the cytosol. As cells progressively differenti-
ate, cytosolic L-14 concentrates in the cytosol next to the plasmamembrane
and then accumulates in restricted regions beneath the membrane; these area
containing concentrated L-14 molecules are then included in protrusions of
the plasmamembrane which are evaginated to form extracellular vesicles highly
enriched in the lectin. The latter is then released in the extracellular environ-
ment upon degeneration of the vesicle membrane. The problems remain as to
what determines the selective concentration of L-14 in specific cytosolic re-
gions under the plasmamembrane as well as to what then drives their
evagination. It would be interesting to investigate the lipid composition of the
released vesicles, which seem permeable very soon after their release.

This export process is reminiscent of the mechanism by which differentiat-
ing erythrocytes get rid of transferrin receptors: these are selectively shed in
released vesicles, called exosomes.5* However, unlike L-14 containing vesicles,
exosomes originate from multivescicular bodies; that is, they originate from
invagination (rather than evagination) of specific areas of the plasmamembrane
that are internalized into multivesicular bodies and then released upon fusion
of the latter with the plasmamembrane (see Raposo et al, this volume). Mem-
brane blebbing, with formation of membrane-bound extracellular vesicles, spe-
cifically enriched in certain cytosolic proteins have also been found in calcifying
tissues, and called “matrix vesicles.”s

Studies on the export of other soluble lectins, 129 and CBP30% provided
the first evidence of polarized secretion of leaderless proteins. Both human 1.29
and BHK CBP30 are secreted by a nonclassical pathway preferentially from the
apical membrane of filter grown epithelial cells.®*¢* Differently from L14, how-
ever, there is no evidence for blebbing vesicles enriched in these lectins, sug-
gesting a different mechanism of secretion. Indeed, similarly to IL-1p in human
monocytes,® CBP30 in BHK cells is both diffused within the cytosol and aggre-
gated in vesicular structures. As the pharmacology of CBP30 secretion® is iden-
tical to that of IL-1B® (secretion is potentiated by drugs blocking ER-Golgi trans-
port, by cycloheximide and calcium ionophores while is inhibited by methy-
lamine), it is tempting to speculate that apical secretion of this lectin requires
membrane translocation rather than membrane blebbing.
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HIV1-1aT

The human immunodeficiency virus (HIV-1) encodes a small (86 AA) tran-
scription factor, tat, which, in conjunction with cellular polymerases and tran-
scription factors, is responsible for activation of viral gene expression. Disrup-
tion of the tat gene prevents viral replication, indicating its essential role in the
HIV-1 life cycle. Unique features in the DNA and RNA regulatory regions of
the HIV-1 LTR make it a target for the Tat protein.%* In addition to its action on
viral LTR, tat is also able to drive the transcription of a number of cellular genes,
such as some cytokine genes.%

According to its nuclear localization and function, Tat is endowed with a
nuclear localization sequence (NLS). However, Tat molecules have also been
found extracellularly,®” suggesting that a fraction of newly made Tat, both in
infected or transfected cells, can escape the nuclear targeting and be secreted
(see below, Fig. 3.6). Indeed, in addition to its nuclear role of transcription
factor, Tat has been reported to exert many extracellular activities interfering
with growth regulation of infected or uninfected target cells.5”-¢°

Extracellular Tat can be taken up by other infected or noninfected cells, and
reach their nucleus where it drives transcription of endogenous or reporter
genes.””! This behavior is not unique, but, as anticipated above, it is shared
with some bacterial and plant toxins, as well as two leaderless cytokines (FGF
and IL-1), and two proteins involved in transcriptional control (a homeobox
peptide and lactoferrin), that are all able to cross the cell membrane from the
extracellular space and reach the cytoplasm or the nucleus of target cells.

III. MOLECULAR MECHANISMS

RecoGNITION

In most of the above cases, cell death as a mechanism of release has been
excluded. In general, while the protein of interest is foundin the medium, other
cytosolic proteins are not. Particularly relevant in this context are the experi-
ments of Mignatti et al** who exploited an ingenious protocol to show bFGF
secretion at the single cell level. Hence, if cells do not burst open, leaderless
proteins must be somehow recognized among myriads of cytosolic macromol-
ecules: they must be marked by a targeting signal which would warrant their
selective release. Yet, it has not been possible to evince common motifs within
the sequences of these proteins. This obviously does not exclude that such motifs
exist, and the search for them is still, and more, active.

A pathway for degradation of cytosolic proteins, which involves posttrans-
lational translocation into endosomes and lysosomes has been described:7273
under conditions of serum starvation up to 30% of cytosolic proteins are trans-
located and rapidly degraded. A loose consensus sequence (the prototype being
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“KFERQ”) appears responsible for the targeting of cytosolic proteins to
endolysosomes. Despite the fact that these proteins are normally degraded, ex-
tracellular release of fragments and even of the whole translocated protein has
been documented. A putative receptor molecule for KFERQ containing pro-
teins has been recently identified on the lysosomal membrane.” The mecha-
nism of translocation to endolysosomes requires the presence of hsc73, which
binds substrate proteins at the KFERQ-like region and facilitates their import.
The activity of hsc73 in KFERQ-dependent translocation is stimulated by
reducing agents.”

hsc73 is a member of the heat shock proteins. These cytosolic factors, for-
merly described as proteins induced by stress conditions, are required in many
processes of posttranslational translocation of proteins to intracellular organelles
such as mithocondria. The role of heat shock proteins appears to be that of
maintaining the protein in an unfolded state, compatible for translocation.”
Although a KFERQ consensus sequence is absent from many leaderless secre-
tory proteins, due to the high degeneracy of targeting sequences, the presence
of a cryptic sequence mediating the same translocation cannot be excluded.

Actually, the KFERQ-dependent endolysosomes transport shares some fea-
tures with the leaderless secretion pathway: for instance, secretion of FGF-1 is
induced by heat shock;%3 secretion of IL-1, FGF-2 and thioredoxin is increased
by treatment of drugs known to induce stress proteins;**3:% in cells that are
competent for IL-1B secretion, a fraction of pro-IL-1B is found within
intracellular vesicles;® secretion of thioredoxin is induced by reducing agents.>

Exit :
Once recognized, proteins to be secreted must be transported to the extra-
cellular space. This can be accomplished by either of two mechanisms:
translocation or vesiculation (Fig. 3.5).

Translocation

Most proteins destined for intracellular organelles or for export must cross
at least one membrane en route to their destination. Fully folded proteins are
not competent for export in prokaryotes,” nor for import into mitochondria.”
In the case of import into the ER lumen, translocation usually occurs
cotranslationally: in the few examples of posttranslational translocation reported
in the literature, folded polypeptides were incompetent for translocation.” Cy-
toplasmic chaperones are thought to maintain proteins in an unfolded translo-
cation-competent state until they encounter their target membrane(s). Even
this dogma, however, has its exceptions. In Gram-negative bacteria, proteins of
the Type II pathway may fold in the periplasm prior to secretion (see de Lima
Pimenta et al, this volume). In mammals, a peroxisomal protein was shown to
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Fig. 3.5. Models of leaderless secretion. The selective release of certain
cytosolic proteins can occur in at least two ways: translocation or
concentration and vesiculation (pinching off). In both cases, mechanisms
must exist by which the protein to be secreted is recognized. In the two
left panels, the protein translocates directly at the plasmamembrane
(upper panel) or within intracellular vesicles that then fuse with the
plasmamembrane (lower panel).® Similarly, concentration in special
regions of the cytosol beneath the membrane, evagination and release
of the contents can occur at the plasmamembrane® or within
multivesicular bodies (Raposo et al, this volume).

be imported into peroxisomes as a heterotrimer;” in plants, a fusion protein
containing dihydrofolate reductase translocates within chloroplasts even when
bound to methotrexate, a condition known to stabilize the folding of this enzyme.®

The requirement of unfolding for leaderless secretion has not been demon-
strated so far. In some cases the intracellular leaderless protein is in an at least
partially unfolded state. An example is the IL-1B precursor, which is known to
be more protease sensitive than the mature form,?' and is not biologically active.
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Proteins that have a well defined intracellular function, however, such as
thioredoxin,*** annexin,* HIV-Tat,* are fully folded when in the cytosol. How
then can they cross a membrane to reach the extracellular space? The presence
of large pores able to accommodate folded proteins is unlikely. Not only have
such structures not been observed in cellular membranes other than the nuclear
envelope, which indeed allows import of large folded proteins,* but their pres-
ence could be incompatible with the cell viability, as the impermeability of the
membrane would be jeopardized. Rather, one can speculate that these hypothetic
pores have dynamic rather than static structures, their components being re-
cruited and assembled after binding of the protein to the membrane to be trans-
located; after translocation, the pore would dissociate into subunits. The for-
mation of large pores has been proposed also as a possible mechanism of im-
port of a trimeric protein into peroxisomes.” Alternatively, unfolding by chap-
erones must be envisaged. If this is the case, how the molecules destined to
secretion are selected among the other cytosolic molecules of a given leaderless
secretory protein remains to be understood. According to these models, the
slow kinetics of leaderless secretion could be due to the rate-limiting steps of
pore formation or unfoldases activity.

Sequestration and vesiculation

It is to be stressed, however, that, at least in some cases, translocation of a
membrane is dispensable in order to reach the extracellular space; fully folded
molecules of a given protein may concentrate into patches beneath localized
regions of the plasmamembrane which then evaginate and release extracellu-
larly vesicles enriched in that protein, such as in the case of the lectin L14.%° A
similar mechanism is possibly involved in secretion of prostate trans-
glutaminase:*immunogold electron microscopy of rodent prostate cells showed
the presence of prostate transglutaminase in apocrine secretory vesicles that
are pinched off from the apical plasmamembrane into the lumen.®* While in
this model the presence of unfoldases or large pores is dispensed, the problem
remains as to how, as discussed above for lectins, the molecules that will be
secreted are selected among the other molecules of a given leaderless protein
and brought under the membrane, as well as to what induces the membrane to
pinch off. Posttranslational modifications that increase the lipophylicity of pro-
teins, such as acylation, myristoilation or farnesylation may favor their concen-
tration in the proximity of the membrane to be crossed. Indeed, many leaderless
secretory proteins undergo such modifications.”

VECTORIALITY AND POLARIZATION OF LEADERLESS SECRETION

The problem of how vectoriality is maintained in leaderless secretion is of
interest, as many leaderless secretory proteins (FGF, HIV-tat, IL-1) seem to be
also able to enter living cells and hence to translocate a membrane in both
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directions.’® As depicted in Figure 3.3, folding and binding to compartmental-
ized molecules may be in competition with translocation, thereby favoring ac-
cumulation on one side of the membrane. This may be particularly relevant for
proteins endowed with biological functions both inside and outside the cell,
such as thioredoxin or Tat.

The secretion of a leaderless protein, the lectin L30, by epithelial cells is also
polarized.®** This implies that “translocons” responsible of secretion are them-
selves polarized. Another mechanism that would contribute to generating a
local accumulation on one side of the secreting cell might be binding to polarized
extracellular molecules.

IV.WHAT ARE THE FUNCTIONAL ROLES OF LEADERLESS
SECRETION?

Leaderless secretory proteins have generally a large cytosolic pool, and their
secretion is slow and inefficient compared to that of classical secretory pro-
teins. Why then do cells utilize an alternative pathway of secretion? In some
cases, leaderless secretion may actually reflect an intracellular function. For in-
stance, thioredoxin is a well-known cytosolic oxide-reductase,**** annexin 1 is
involved in the control of exocytosis,* HIV-1 Tat is a transcription factor (Fig. 3.6).%°

In autocrine systems, another advantage is the existence of different path-
ways of export for a ligand and its receptor which may allow efficient compart-
mentalization and/or independent posttranslational regulation'* of the two
molecules (Fig. 3.7). Indeed, transfection of a cell line bearing the FGF receptor
with FGF-2 fused to a leader sequence resulted in cell transformation;* thus,
intracellular localization of ligand and receptor might result in uncontrolled
cell growth and neoplasia.

Interestingly, of the few soluble factors involved in growth inhibition so far
identified, most are leaderless secretory proteins. They include mammary gland
derived 13K polypeptide,*” a soluble lectin of 15K,*IL-1 and thioredoxin which
can both stimulate or inhibit proliferation depending on the cell type.*847:52

Notably, exceptions are interferons and transforming growth factor-, two
growth inhibitory factors which are classical secretory proteins. However, in-
terferon-y mediates growth arrest of HeLa cells through a mechanism which
implicates a role for thioredoxin, as shown by the finding that anti-sense
thioredoxin makes Hela cells resistant to interferon-v.* Thus, also in the case of
leader sequence-bearing inhibitory growth factors, it is possible that a down-
stream component of the inhibitory autocrine loop is a leaderless secretory
protein. However, the mechanisms underlying the inhibitory action of these
negative growth factors are largely unknown.

Yet another good reason for following an alternative secretory pathway may
be avoiding the oxidizing conditions or high calcium concentration of the ER
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Fig. 3.6. The leaderless pathway allows the dual localization of the same
polypeptide. Some leaderless proteins, such as thioredoxin or HIV-Tat have well
defined cytosolic and/or nuclear functions in addition to their extracellular ones.
The existence of a leaderless form of the interleukin-1 receptor antagonist, that
is actually secreted by differentiated keratinocytes,** suggests that IL-1 may also
have some intracellular function. Many mechanisms are exploited by cells to
deliver the same polypeptide to two different compartments.'%” For instance, PAl
and ovalbumin are found both in the cytosol and in the extracellular space,
because they bear an internal signal sequence, less efficient than the typical
N-terminal ones.

lumen; as many leaderless secretory proteins have free thiols, transit in the oxi-
dizing milieu of the ER” might result in either retention and degradation or in
a different folding, possibly causing inactivation of the protein (Fig. 3.8). For
carbohydrate-binding proteins, such as lectins, the abundance of sugars moieties
in the Golgi stacks may be detrimental for their transport.

Many leaderless secretory proteins are involved in the control of cell growth
and differentiation. Two features of these proteins may compensate their slow
secretion: (i) they have a high biological activity, minute amounts being suffi-
cient in exerting a response in target cells; (ii) they act in a paracrine and/or
autocrine way, on the producing cell or on nearest cells. Indeed, the slow and
inefficient secretion, together with the binding of some of these proteins to low
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Fig. 3.7. Keeping the ligands apart from their receptors. In autocrine
systems, the chances of interactions between a ligand and its
receptor are bound to be much higher within vesicles of the
exocytic pathway than on the plasmamembrane. Since there are
many reports suggesting that signaling can be generated from
receptors still in the ER,'%19 compartmentalization may be
essential to prevent intracellular autocriny. Similarly, the galactose-
binding lectins that are secreted through the leaderless pathways,
if entering the classical exocytotic route might interact in the Golgi
with galactosylated membrane and soluble proteins.

affinity binding sites (such as heparan sulphates for FGFs and tat or carbohy-
drates for lectins) on cell surface or extracellular matrix, may serve to prevent
these proteins from exerting a biological effect far from the site of production.
Thus, the “short range” autocrine secretion of leaderless proteins might have a
role in the local control of cell growth. Support of this hypothesis comes from
the observation that loss of regulation of leaderless secretion in some cases plays
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Fig. 3.8. Avoiding the oxidizing milieu of the exocytic compartment. One of the
advantages offered by the leaderless secretory pathway(s) is avoiding the unique
conditions of the ER lumen (e.g., high calcium concentrations).'"® The lumen of
the ER is more oxidizing than the cytosol, mainly due to the existence of transporter
molecules for oxidized glutathione (GSSG) and cystine.?® As a result, proteins that
are secreted through the exocytic pathway are rich in disulfide bridges. Since
proteins with exposed thiols are retained and degraded in the ER,''"'2 the leaderless
pathway may be essential to secrete proteins in the reduced state. Interestingly,
many leaderless proteins (thioredoxin, FGF-1, HIV tat) are active only in the reduced
state.

a role in altered cell proliferation. In this regard, either increased or decreased
secretion of leaderless proteins has been reported to correlate with neoplastic
cell growth: a secretory switch of FGF-2 accompanies the progression from fi-
broma to fibrosarcoma;** IL-1 is autocrinally secreted by acute myeloid leuke-
mia cells; the inhibition of the autocrine circuit results in block of cell prolif-
eration.” Conversely, hepatoma cells have a very low secretory rate of thioredoxin
compared to normal liver cells; stimulation of thioredoxin secretion by reducing
agents correlates with growth arrest.>

In the case of proteins which are also able to enter into neighbor cells such
as Tat or FGF? perhaps the inefficiency of both outward and inward transloca-
tion is functional in generating local gradients during morphogenesis, wound
healing or inflammation.
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CHAPTER 4

THE TRANSPORTERS ASSOCIATED WITH
ANTIGEN PrOCESSING (TAP)

Robert Tampé, Stefanie Urlinger, Kurt Pawlitschko and Stephan Uebel
I. INTRODUCTION

lass I molecules of the major histocompatibility complex (MHC) present

peptides derived from endogenous proteins at the cell surface. During viral
infection or malignant transformation a different set of peptides is displayed
by MHC class I molecules. These antigen-loaded class I complexes are recog-
nized by cytotoxic T cells via the T cell receptors as nonself, thus leading to the
destruction of the abnormal cell.

Every individual expresses only three to six different class I alleles. Each of
them must be able to bind a variety of different peptides to ensure efficient
elimination of infected or transformed cells. MHC class I molecules consist of
two subunits: the membrane-anchored heavy (H) chain, which is highly poly-
morphic, and a noncovalently associated, soluble p,-microglobulin (8,m). The
o, and o, domains of the heavy chain form the peptide binding groove of the
molecule, whereas ,m binds to the a; domain. X-ray crystallography of differ-
ent class I MHC molecules together with the corresponding peptide ligands
gave insight into the fine structure of the peptide binding groove.!”* The o, and
o, domains form a B-sheet platform, which is flanked at two opposite sides by
two long o-helices. The ends of the binding groove are closed and bury the N-
and C-termini of bound peptides through hydrogen bond interactions via con-
served amino acids. This normally limits the length of the peptide ligands to
8-10 residues. However, even longer peptides were found to associate with class
I'molecules. But in these cases either the central parts of the peptides were bulging
out,* or one end of the peptide was extending out of the groove.’

How are these antigenic peptides generated? Assembly of class I molecules
occurs in the endoplasmic reticulum (ER), but the majority of antigenic pep-
tides presented at the cell surface is derived from cytosolic or nuclear proteins
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Fig. 4.1. Antigen presentation via MHC class | molecules.

(Fig. 4.1). The 26S proteasome and its catalytic 20S core are known to be re-
sponsible for the major proteolytic activities in the cytosol and nucleus, and
the role of this multicatalytic proteinase in antigen processing has been exten-
sively investigated. First evidence for the involvement of the proteasome com-
plex in antigen processing was the discovery of two genes within the MHC II
locus, namely Imp2 and Imp7 (low molecular mass polypeptide), which were
found to encode proteasomal subunits.®® The expression of these proteins is
induced by y-interferon and, once present, Lmp2 and Lmp7 assemble to form
the 20S proteasome complex by substitution of constitutive subunits.”!! The in
vitro characterization of Lmp-containing 20S-complexes'*!'* and in vivo ex-
periments with Lmp2 or Lmp7 knockout mice'*!¢ gave inconsistent results.
The effects observed are subtle and the functional role of these subunits in an-
tigen processing remains open. Furthermore, Rock and coworkers showed that
inhibitors of the 20S proteasome, as well as mutations in the ubiquitination
pathway, impair the intracellular assembly of class I molecules and the presen-
tation of peptide epitopes in vivo,'”!* due to inhibition of intracellular protein
degradation.
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As soon as peptides of the appropriate length are generated in the cytosol,
delivery to the site of chaperone-assisted formation of the trimeric MHC-pep-
tide complex, the ER lumen, must take place. First evidence for the existence of
a peptide transporter came from mutant cell lines, showing decreased MHC
class I surface expression.!*?! The gene defects were located to the MHC class I1
region and led to the cloning and characterization of a novel group of MHC
genes, which showed high homology to other known transport proteins, and
were finally named tap! and tap2 (Transporter associated with antigen pro-
cessing).?>** These two genes were found in direct proximity to the genes en-
coding the proteasomal subunits Lmp2 and Lmp7 and, like them, were also
shown to be inducible by y-interferon. Transfection of the missing tap genes
into the defect cell lines resulted in restored MHC class I antigen presenta-
tion**2 and thus gave the first evidence that TAP is directly involved in antigen
processing. Further studies showed that tapl and TAP2 form stable
heterodimeric complexes,” and localized the proteins to the ER and cis-Golgi
compartments.’® Early experiments directly investigating peptide transport
across microsomal membranes raised doubt about the role of TAP, since it was
reported to be ATP-and TAP-independent.’* However, later studies dealing
either with permeabilized cells*** or isolated microsomes* from mammalian
cell lines gave strong evidence that peptide transport was strictly dependent on
both ATP and TAP. Furthermore, heterologous expression of TAP in insect cells
demonstrated that this protein complex can mediate ATP-dependent peptide
transport across microsomal membranes without the help of any additional
factors derived from a highly developed immune system.*

Although the tap genes are polymorphic with several tap! and tap2 alleles
found in humans,”* a functional polymorphism could only be observed in
rat. Here, different tap2 alleles are associated with an altered spectrum of pep-
tides bound to the MHC molecules,® as well as with the accumulation of dif-
ferent sets of peptides in isolated microsomes*' and different peptide binding
patterns to TAP.#

II. STRUCTURAL ORGANIZATION OF TAP

The TAP complex belongs to the ATP-binding cassette (ABC) transporter
superfamily of proteins, members of which typically consist of four domains:
two hydrophobic transmembrane regions, where each is composed of predicted
five to eight helices, and two hydrophilic parts facing the cytosol.** The desig-
nation of this protein family is derived from the highly conserved domains,
where the Walker motifs A and B form the site for ATP-binding and hydrolysis,
therefore called nucleotide binding domains (NBD).* One characteristic fea-
ture of the ABC transporter is the C-loop, a conserved region of about six to
eight amino acids located several residues upstream of the Walker B motif, which
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is supposed to be involved in energy coupling to the transmembrane domains
(TMO). An additional sequence motif found in almost all ABC transporters is
localized in a the last cytoplasmic loop of the membrane spanning domain.*
There is evidence that this “EAA-like” motif of about twenty amino acids inter-
acts with the nucleotide binding fold, especially via the C-loop, because muta-
tions in this region change or abolish transport activity just in the same way as
in NBD mutants.**4” All four domains can be encoded by one gene or they can
be linked in different combinations. The transporter associated with antigen
processing is a heterodimer (TAP1'TAP2) with each half consisting of one trans-
membrane and one nucleotide binding domain.

To inspect the relationship of the TAP proteins to other ABC transporters
we performed two independent phylogenetic analyses, one with the nucleotide
binding domain (Fig. 4.2a) and the other with the transmembrane domain
(Fig. 4.2b). For clearness, we focused on eukaryotic ABC transporters (except
the bacterial hemolysin transporter HlyB). Furthermore, only one representa-
tive of each species or subfamily was given. Two members of the P-glycoprotein
subfamily (MDR1 and MDR3) were included to illustrate the inner relation-

Fig. 4.2. (opposite page) Dendrograms of TAP and related ABC transporters. A
BLAST homology search of the National Center for Biotechnology Information
(NCBI) collection of protein sequence databases was performed based on the
protein sequences of human TAP1 and TAP2, human transporter associated with
antigen processing, TAP1 and TAP2;'"* human multidrug resistance protein, MDR1
and MDR3;!"516 human cystic fibrosis transmembrane conductance regulator,
CFTR;""” human adrenoleucodystrophy protein, ALDp;"'® human peroxisomal
membrane protein, Pmp70;""? human sulfonylurea receptor, SUR;'? yeast a-factor
pheromone transporter, Ste6;'2"22 the MDL1 and MDL2 gene products from S.
cerevisiae;'?* mitochondrial transporter from S. cerevisiae, Atm1;'2* heavy metal
tolerance protein from S. pombe, Hmt1;'2> hemolysin A transporter from E. coli,
HlyB."20 All sequences were obtained from the SWISSPROT database for protein
sequences. For proteins containing two NBDs and two TMDs each domain was
analyzed separately, with (N) and (C) signifying the N- and C-terminal halves,
respectively. Taxonomic relationship was computed using the EClustalW program
from the EGCG extensions to the University of Wisconsin Genetic Computer Group
(GCG) package (version 8.1)."%” The resultant matrix was displayed using the
DRAWTREE program from the PHYLIP phylogeny inference package (version
3.5¢).%8 (A) This dendrogram shows the relationship of the proteins with regard to
their nucleotide binding domains. Here sequences extending from 50 amino acids
upstream of the Walker A site to 50 amino acids downstream of the Walker B site
were compared. (B) Dendrogram concerning the transmembrane domains. The
membrane spanning regions from helices 1 to 6 were defined using the TopPred !
program (version 1.3).'22 These portions of the protein sequences were aligned
with the MACAW program (version 2.0.3.), provided by the NCBI and a defined
block containing 221 aligned amino acids was used to perform the taxonomic
computation.
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ship of these proteins. Interestingly, the N~ and C-terminal domains of ABC
transporters encoded by one gene product are not as closely related as one would
expect. Within one subfamily composed of MDR- or CFTR-related proteins,
the N-terminal transmembrane as well as the nucleotide binding domains are
more related to each other than to their counterparts of the C-terminal half.
This observation is in agreement with taxonomic studies performed only with
a highly conserved region in the nucleotide binding domain.*-3 We conclude
that ABC transporters encoded by one gene originate from a fusion of two re-
lated genes®! rather than an internal gene duplication. These half-size ABC trans-
porters appear to originate from two single genes coding for NBD and TMD. In
line with this hypothesis is the observation that ABC transporters found in the
genome of the archeon Methanococcus jannaschi? are organized in NBDs or
TMDs separated on different genes only.

Since the nucleotide binding domains as well as the transmembrane re-
gions of the heterodimeric TAP1'TAP2 complex are related, we would like to
propose that the peroxisomal proteins ALDp and Pmp70, and possibly also
MDL1 and MDL2 of yeast with unknown cellular location and function may
operate as heterodimers. Interestingly, the NBDs of the bacterial toxin trans-
port protein HlyB and the mitochondrial transporter Atm1 from yeast share
the same origin in the phylogenetic tree, which might be due to the descent of
the subcellular organelles from common ancestors. It is interesting to note that
eukaryotic homo- or heterodimeric ABC transporters are predominantly found
in subcellular organelles. Testing the TMDs of the two proteins, a divergent
development of these structures becomes obvious, maybe due to an adaptation
to different substrates or to the function of the organelle in which they are
inserted. Although Mdr and Ste6 seem not to be closely related concerning
both domains (NBD or TMD), it was shown by several groups that Mdr-like
proteins are able to complement pheromone secretion in Ste6-deleted yeast
cells.’>> From this evolutionary analysis one can speculate that the Mdl pro-
teins from yeast perform a similar function as the TAP complex, as they seem
to be the most related proteins concerning the membrane-spanning domains,
which are thought to be responsible for substrate recognition and selection.

By means of heterologous expression of the cytosolic regions of human TAP
in E. coli or murine TAP in Drosophila melanogaster, the nucleotide binding
properties of these domains were investigated. Using photo-crosslinking with
8-azido-ATP, the binding of ATP, ADP, GTP, ITP and CTP was demonstrated.>¢>
These results were verified by photo-crosslinking studies of full-length proteins
expressed in human or insect cells using a vaccinia or baculovirus expression
system.’®>? These studies demonstrate that both subunits of the TAP complex
interact with ATP.
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A crucial question with regard to the transport activity of TAP was whether
binding of nucleotides is both necessary and sufficient for substrate transloca-
tion. In microsomes or permeabilized cells peptide translocation across the ER
membrane was only detected in the presence of ATP, but not of nonhydrolyzable
ATP analogs.*>3 Peptides can bind to the transporter in the absence of nucle-
otides, but are not translocated.®®6! A first functional mutation in the NBD of
the human MHC-encoded transporter was found in a small cell lung carci-
noma.® This single arginine to glutamine exchange at position 659 of TAP1
results in the loss of MHC expression on the cell surface. As this amino acid
substitution is located directly between the C-loop and the Walker B motif, it is
supposed to interfere with ATP-binding, ATP-hydrolysis or energy coupling to
the transmembrane domain.

The transmembrane region is not as conserved as the nucleotide binding
domain, where a sequence identity of about 30 to 50% is found between differ-
ent ABC transporters. Prediction of the membrane topology from the sequences
of several members of the ABC family revealed the variability in the number of
transmembrane helices (TM): The hemolysin transporter HlyB is predicted to
have eight transmembrane helices® and the maltose transporter subunits MalG
and MalF are supposed to contain six and eight transmembrane helices, re-
spectively.®*6> Some examples of the eukaryotic members of this family seem to
share a constant number of six transmembrane helices in each of the TMDs.

The membrane topology has been investigated by a combination of genetic
and biochemical approaches: The membrane organization of CFTR has been
mapped by the insertion of N-glycosylation consensus sequences (NXS/T) in
predicted loops of the TMDs and subsequent examination of their accessibility
to the glycosylation machinery in the ER.% Geller and coworkers have recently
tested gene-fusion assays on Ste6 in both a heterologous prokaryotic and the
native eukaryotic expression system (E. coliand S. cerevisiae, respectively).5” As
reporter molecules, alkaline phosphatase (AP) and invertase (Inv) were used,
since both are accessible to substrates only when oriented extracellularly. In
summary, these studies confirmed the prediction of a two-times-six helices motif
spanning the membrane with the N- and C-termini facing the cytosol. Alterna-
tively, membrane topology of MDR was addressed by insertion of antigenic
peptide epitopes,’¢ also verifying this pattern of helix insertion. However, the
model of six transmembrane helices in each half of an ABC transporter seems
not to be valid for all eukaryotic ABC proteins. By insertion of N-glycosylation
targeting sequences into hamster P-glycoprotein, Ling and colleagues found a
membrane topology, which seems to have two different orientations. The first
orientation, as expected, has all six helices spanning the membrane, but in the
second, only four helices were observed; predicted TM3 was found to form a
larger intracellular loop and TM5 was located extracellularly.”®”!
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Nevertheless, the disturbance of the natural structure of a protein by all
these insertions can be detrimental to functionality. A very elegant but labori-
ous method to map membrane topology is to create a cysteine-less mutant.
Then, after mutating single amino acids in predicted loops into a cysteine, it
can be labeled alternatively by membrane permeable or impermeable SH-spe-
cific reagents. This approach is less invasive than insertion studies and every
single amino acid can be studied. The reliability of this method was shown on
Mdr7>7* and also on a non-ABC transporter, the lactose permease from E. coli.”*7
The transmembrane topology of the TAP complex has not yet been addressed
experimentally. Sequence alignments with ABC transporters and the computer
prediction of transmembrane helices support a model of the membrane topol-
ogy of TAP:TAP1 of man and rat where they seem to span the membrane 8 to
10 times but only the last six helices are homologous to the TMDs of the shorter
mouse TAP and other ABC transporters. The structure and function of this
highly diverse N-terminal region of 170 to 180 amino acids remain unclear.

As mentioned above, sequence polymorphism was found in the fap genes
of different organisms, but only in rat cells an altered antigenicity was found.
The cim (class I modifier) polymorphism in rat is based on four tap2 alleles
designated aandl in cim?, and ¢ and u in cimP. MHC haplotypes with cim® type
transporters are permissive for peptides containing hydrophobic C-terminal
residues, whereas cim? type molecules show a more broad specificity including
hydrophobic and basic C-terminal residues of the peptide substrate.*”® About
25 substitutions were found in the amino acid sequence correlating with cim
type, with only two residues situated in the C-terminal half of the protein cor-
responding to the nucleotide binding domain.*” By constructing several rat
TAP2:-TAP2" chimera, four positions (217/218 and 374/380) located within
the last two cytoplasmic loops of rat TAP2 were identified that are involved in
peptide selection.”” In contrast, in human TAP the polymorphic sites are found
either within predicted transmembrane helices or the NBDs. This might be the
reason that they have no influence on peptide binding.

The contribution of both TAP subunits to substrate binding was revealed
by photo-activatable crosslinker peptides.” Using photo crosslinking and en-
zymatic digestion, a large region of human TAP1 (position 362 to 487) includ-
ing the last cytoplasmic loop and the last two predicted o-helices was shown to
be involved in peptide binding (Fig. 4.3).” In addition, by transferring func-
tional polymorphic residues of rat TAP2, a A374D mutation of human TAP2
was identified that alters peptide selectivity of the TAP complex.* These obser-
vations are in agreement with substrate binding sites identified within other
ABC transporters, as for example in MDR1, where substrate crosslinking and point
mutations altering substrate specificity were found within similar regions.®'#2
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III. SUBSTRATE SELECTIVITY OF TAP

When it became clear that the TAP complex is the peptide translocator in
the ER, interest soon focused on substrate specificity of TAP. In particular, im-
munologists were keen to know whether TAP further restricts the pool of pep-
tides available for presentation on MHC class I-molecules, a question of cer-
tain interest for the generation of vaccines designed to stimulate cytotoxic T
cell response. Furthermore, the mechanism of peptide selection for transloca-
tion by TAP is also of general biochemical interest since it displays high affini-
ties known from highly selective receptor-ligand interactions but is different
from the key-and-lock type of interaction in that a broad spectrum of peptides
is effectively translocated.

Several assay systems have been developed so far to confirm the function of
the TAP complex as peptide translocator and to study peptide specificity of
TAP. A major breakthrough came from experiments with permeabilized cells
or microsomes that took advantage of N-linked glycosylation of radiolabeled
peptides carrying a consensus recognition site (NXS/T) by enzymes on the lu-
menal side of the ER. These could directly demonstrate ATP-dependent pep-
tide translocation into the ER.*** One major drawback of these assays and an-
other system that relied on peptide trapping via MHC class I-binding was
that peptides without the retention signal were difficult to detect, possibly due
to an active export system for peptides. Thus, a multi-step process involving
peptide import, retention and export of unmodified peptide is observed and at
least for assays relying on MHC class I-binding a bias in the observed specific-
ity is introduced by the retention system. A modification of this system is the
determination of inhibitory concentrations (ICs;) of an unlabeled peptide
needed to reduce translocation and thus glycosylation of a labeled reporter pep-
tide by 50%,%** but the same bias cannot be ruled out, in particular if the com-
petitor does not carry an N-glycosylation site. Another set of assays takes ad-
vantage of the fact that at low temperatures, ATP-independent reversible pep-
tide binding occurs, perhaps because of changes in the fluidity of the lipid envi-
ronment.®! Readout is through microsome associated radioactivity or through
extent of photo-crosslinked peptide. An interesting feature for further biochemi-
cal and mechanistic studies is that these assays determine peptide affinities of
TAP (directly or via competition experiments) as Kp-values in a bimolecular system.

Examination of the length selectivity of TAP has been hampered by two
facts: (i) length preference and sequence preference are often hard to distin-
guish and (ii) demonstration of the structural integrity of peptides after trans-
location is a tedious but necessary task and thus results are often controversial.
The most conclusive findings come from binding experiments with random-
ized peptides of different lengths® or direct translocation experiments and sub-~
sequent Edman-degradation of translocated peptides with an N-terminal
N-glycosylation site and a C-terminal radiolabeled tyrosine-residue, to ensure
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that no potential degradation products are detected.®* Human TAP prefers
peptides with 8-16 residues,* although also considerably longer peptides could
sometimes be translocated.” In the rat system, the situation was complicated
by the fact that two allelic variants of different preferences exist, with rat TAP2?
transporting an even broader peptide length range and with rat TAP2" more
closely resembling the specificity of the human variant.?* Hence, it can be con-
cluded that the minimal length for translocation matches that optimal for MHC
class I-binding (8-12 residues) but longer peptides can also be translocated,
possibly followed by further trimming in the ER lumen.

The most profound effect on peptide specificity comes from the C-termi-
nal residue of the translocated peptide. Again, a marked difference of the two
allelic variants could be observed: rat TAP1.TAP2* and mouse TAP clearly se-
lect for aromatic and bulky hydrophobic residues, while rat TAP1.TAP2? and
human TAP accept most residues but prefer basic and hydrophobic residues at
the C terminus.® This pattern for human TAP was revealed by direct transloca-
tion assays, as well as by binding studies. Differences ranging over two orders of
magnitude were observed in the binding assays, while differences in transloca-
tion based assays only reached up to five-fold. Also, when the same set of pep-
tides was tested in both assay systems, remarkably similar results with respect
to the relative order of preference were obtained, but again affinities from binding
assays covered a much broader range. It could thus be speculated that the high
concentrations used in the direct translocation assays, which are significantly
above the expected Ky-values for high affinity peptides, lead to underestima-
tion of the differences in affinity. Interestingly, preference for C-terminal resi-
dues matches that of MHC class I molecules, a fact that has been interpreted as
a sign for coevolution of the molecules.?”

In summary, the C-terminal residue of the substrate has the most impor-
tant influence on peptide selection, followed by sequence positions at the
N-terminal region of a nonamer peptide, while other positions seem to be only
of minor importance. In particular, proline residues appeared to be strongly
disfavored at position two by human TAP and position three by murine TAP,
respectively.®* Taking into account that free N- and C-termini are a strict pre-
requisite for affinity to TAP* this could be read as a contribution of the peptide
backbone to peptide binding to TAP.

IV.PROTEINS ASSOCIATED WITH TAP

Are there any proteins or cofactors of the antigen presentation pathway that
affect TAP function in vivo? Coimmunoprecipitation revealed the association
of TAP heterodimers with peptide-free class I complexes® and indicated that
this association is taking place via TAP1.”2 Further studies implied that calnexin,
an ER lumenal chaperone, mediates heavy chain/g,m dimerization and also
subsequent TAP and class I complex association.® This association might
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facilitate the binding of antigenic peptides to the MHC molecules via local ac-
cumulation of peptides. Finally, peptide binding induces the release of MHC
complexes from TAP and enables their transport to the Golgi compartment
and the cell surface.”? Recent evidence suggested that the TAP/class I interac-
tion might even be necessary for peptide loading to MHC molecules, since a
cell line expressing a point mutated heavy chain, which fails to bind to TAP, is
impaired in peptide loading and antigen presentation.”® By phenomenological
characterization of the mutant cell line .220, in which also class I-TAP associa-
tion and peptide loading are defective, the existence of yet unidentified MHC-
linked gene products, which enhance or mediate TAP-MHC class I interaction,
have been postulated.” Nevertheless, both TAP-mediated peptide transport in
insect cells lacking MHC class I complexes and peptide binding by MHC mol-
ecules in TAP deficient cell lines can take place without association of these
molecules,**** thus indicating that the possibly enhancing effect might not be
critical. Additionally, the existence of another protein has been reported, which
is also specifically associated with TAP.» It was suggested that the interaction
of heavy chain/g,m dimers with TAP occurs via this novel, yet uncharacterized
48 kDa glycoprotein, tapasin, which can bind independently to TAP and class
I-B,m-calreticulin complexes. Interestingly, tapasin is absent from the mutant
cell line .220.% Further studies will have to show the functional role of tapasin
and other cofactors in antigen presentation.

V. TAP FUNCTION IN HUMAN PATHOGENESIS

The rat cim effect causes tap allele-dependent changes of the set of peptides
presented on MHC class I molecules.*”¢ The genomic polymorphism and link-
age disequilibrium in the human MHC-encoded antigen processing genes was
analyzed with respect to several autoimmune diseases. Many studies specu-
lated that polymorphic fap genes may or may not modulate the autoimmune
response in insulin-dependent diabetes mellitus, multiple-sclerosis or rheuma-
toid arthritis.””-*! However, although several human tapI and fap2 alleles were
identified,**3° no functional polymorphism for human TAP could be observed
so far, using peptide transport assays in semi-permeabilized cells.!*? An inher-
ited deficiency in the human TAP transporter was identified in two siblings
suffering from recurrent respiratory bacterial infections. In these patients, the
surface expression of MHC class I molecules was very low and the population
of cytotoxic T lymphocytés, as well as the cytotoxicity of natural killer cells, was
affected.!®’

Malignantly transformed or virus-infected cells are recognized by cytotoxic
T lymphocytes due to a different set of peptide epitopes presented in complex
with MHC class I molecules on the cell surface. Due to efficient pathways of
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antigen processing and presentation, tumors have evolved different strategies
to escape immune surveillance, including a down-regulation of the tap
genes.!%41% Most interestingly, a functionally defective tapI allele (R659Q) was
identified in human lung cancer by single strand conformational polymor-
phism.®2 The defective tap1 allele causes loss of MHC class I surface expression
and, thus, could result in tumor development.

Herpes simplex virus DNA codes for an immediate early protein, IE12
(ICP47), which was found to block antigen processing.!®® By specifically bind-
ing to TAP, this viral protein blocks peptide translocation into the ER lumen.
Thereby, correct assembly and trafficking of MHC class I molecules is im-
paired.'%!!! Tt was demonstrated that recombinant, purified ICP47 inhibits
peptide import into microsomes by human, but not by murine TAP.!'>!13 The
viral protein blocks TAP function by preventing peptide binding to TAP whereas
ATP-binding appears unaffected by ICP47. Species-specificity of herpes sim-
plex virus is achieved on the molecular level through a 100-fold higher affinity
of ICP47 for human than for murine TAP. Since ICP47 represents the first natural
inhibitor of an ABC transporter identified so far, it will be most interesting to
investigate the structural and mechanistic requirements for TAP-ICP47 assem-
bly. Synthetic TAP inhibitors designed on the basis of ICP47 would be highly
useful in treatment of graft rejection or MHC class I related diseases. Vice versa,
molecules disrupting the specific inhibitor complex of ICP47 and TAP would
be a potent drug in the treatment of herpes virus infections.
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CHAPTER 5

MaMMALIAN ABC TRANSPORTERS
AND LEADERLESS SECRETION:
FACTS AND SPECULATIONS

Yannick Hamon, Marie Fran¢oise Luciani and Giovanna Chimini

I. INTRODUCTION

BC transporters are one of the largest family of membrane transporters ex-
1tremely conserved across evolution, from bacteria to mammals. Most of the
members of the family function as ATP-dependent active transporters and the
hallmark of the family lies in the presence of the ABC domain (ATP binding
cassette).? A typical functional transporter consists of a symmetrical, pore-
like structure across the membrane through which the substrate is thought to
translocate. Although no universal model has been established, the binding and
hydrolysis of ATP are thought to provide the energy for transport and the trans-
membrane (TMD) domains to determine the specificity for substrates. Unfor-
tunately, the pleiotropism of the substrates transported by these proteins ham-
pers an easy prediction of specificity of novel members. In fact, although their
structural features are extremely well characterized, it has not been possible so
far to correlate the presence of sequence motifs in the transporter to a particu-_
lar substrate or substrate class. Substrate assignment has proven to be the most
difficult task in the analysis of mammalian ABC transporters, even in cases
when functional clues are provided by the existence of a pathological loss of
function phenotype. In bacteria, on the contrary, ABC transporters were easily
shown to handle a large variety of substrates.’ In fact, bacterial ABC transport-
ers move compounds in and out of the cell; they import sugars,*® metal ions,”?
amino acids® and vitamins'® and export pathogenic strain toxins such as hemol-
ysin'! to the extracellular medium. The ability of some bacterial and yeast mem-
bers!>!* to move proteins across membranes and in particular to promote
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Table 5.1. Genomic distribution of the mammalian ABC transporters
identified so far

Man Mouse
ABC-C 16p13 n.d.
ABC1 9g22-31 4A5-B3
ABC2 9q34 2A2-B
ABC7 Xq12-13 XC-D
ABC8 21922.2-3 17A2-B
ALDp Xq28 XA
ALDR 12q11-12 15E-F
CFTR 7931 6A
MRP 16p13.1 n.d.
PGY1-3 7921 5A2-A3
PMP70 1p22-21 3G-H1
TAP1-TAP2 6p21.3 17C
SUR 11p15.1-14 n.d.

Most of them have been cloned or mapped in mouse and in man (see text for individual
refs.). The 21 EST showing similarity to ABC transporters are not listed (ref. 31).

secretion via nonclassical pathways prompted the hypothesis that they might
as well be part of the alternative secretory pathway in mammalian cells. As de-
scribed in other chapters of this book, this unusual way out from the cell con-
cerns peptidic factors of high biological interest such as interleukin-1 and
fibroblast growth factors.!’>7

In this chapter we will summarize the general features of mammalian ABC
transporters, in particular trying to highlight the problems and characteristics
peculiar to mammalian systems. We will then focus on a novel ABC transporter,
cloned and characterized in our lab,'® which appears to be a good candidate for
direct involvement in leaderless secretion.

I1. ABC TRANSPORTERS IN MAMMALS

Until recently the number of ABC transporters identified in mammals had
been surprisingly limited (Table 5.1). If we review the history of mammalian
ABC transporters, it is easy to remark that in virtually all cases their identifica-
tion proceeded from studies aimed to unravel the molecular basis of medically
relevant phenotypes. The phenomenon of multidrug resistance developed by
tumor cells is the paradigmatic example. The same holds true for the identifi-
cation of the genes responsible for a number of genetic diseases, namely cystic
fibrosis,! adrenoleukodystrophy? or hypoglycemia of the infancy,?*?? all pro-
voked by mutation or dysfunction of an ABC transporter. More recently and
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again by a positional cloning approach, the transporters associated with anti-
gen presentation (TAP)? were identified, eventually providing the molecular
answer to a long standing immunological dilemma.?*?’

In the last years a number of groups, including ours, developed strategies
targeted to the specific detection of novel members of the family.!8283° These
approaches, which will be discussed in detail later, together with the systematic
analysis of the steadily increasing number of novel stretches of expressed se-
quences (EST), provided by the genome sequencing project, have allowed to
highlight also in mammals a diversity of members of the ABC transporter family
equaling that of bacteria.*!

The quite recent availability of the complete sequence of the yeast genome
has also provided another interesting analytical tool. It turns out indeed that
the yeast genome possesses 28 ABC transporters which can be grouped in at
least 5 structural subfamilies (Goffeau, personal communication).32 All of them,
with the exception of the PDRS5 group are also represented in mammals. On
the reverse direction, at least one of the to date identified mammalian struc-
tural groups, headed by ABC1, is not present in yeast. This is the first but might
not be the sole example witnessing a functional diversification in this family of
protein emerged with evolution to multi-cellularity. Indeed, the ABCI struc-
tural family is lacking in yeast but is present in C. elegans and it would be certainly
interesting to precisely assess its appearance in evolution.

III. THE STRUCTURE OF MAMMALIAN ABC
TRANSPORTERS: RULES AND EXCEPTIONS

The functional ABC transporter shows a symmetrical four domain struc-
ture, composed by a membrane anchoring domain and an ABC fold repeated
in tandem. The membrane anchoring domains, which in the vast majority of
ABC transporters precede the ABC fold, are composed by six, as a rule, trans-
membrane spanners delimiting the hydrophilic channel.}*** The ABC folds,
the most conserved part of the molecule, lie on the cytosolic side of the mem-
brane. Extremely conserved and diagnostic sequence motifs are present in the
ABC folds; they are the two Walker motifs,> A and B, interacting directly with
the nucleotide and its associated Mg?* and the active transport signature (ATS),
a short stretch of amino acids upstream to motif B whose function is so far
undetermined (Fig. 5.1).35%

This symmetry is, however, needed for function and results either from the
synthesis of a single four domain polypeptide, internally repeated, and encoded
by a single gene, or from the posttranslational association of two basic units or
hemi-transporters (Fig. 5.2)." Although in bacteria examples exist of
homodimerization, in mammals so far only heterodimerization of closely re-
lated hemi-transporters has been reported. This might reflect the nonequivalent
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Fig. 5.1. Schematic diagram of the minimal structural subunit of an ABC transporter.
The typical membrane anchoring domain consists of six membrane spanners followed
by the ATP Binding Cassette. The latter is identified by the presence of a Walker motif
A and B, whose distance is kept constant, and the Active Transport Signature (ATS).
Internal diagnostic residues, conserved among the members of the family are shown
by vertical bars. The one letter code for amino acids identification is used.

role of the first and second ABC folds in the final functional transporter, for
which experimental evidence has been provided.”-*? So far in mammals only
six genes have been reported to encode hemitransporters. The two TAPs, whose
physical interaction has been demonstrated, are present on the membrane of
the endoplasmic reticulum, where they drive translocation of antigenic pep-
tides.***” The PMP70,"® ALDp* and ALDpR* genes encode peroxisomal mem-
brane proteins but their relative pattern of interaction is still an open question.
Finally, we and others reported on the identification of ABC8, a mammalian
homolog to Drosophila white gene, whose subcellular localization or dimeriza-
tion partner is so far unknown. ABC8 is the first mammalian ABC transporter
showing a reversed structure, that is the ABC fold preceding the TMD domain
(J. Croop, unpublished results).>>"!

Among the new expressed sequence tags belonging to ABC transporters
some appear to be closely related to yeast GCN20,* reported to be involved in
transcriptional regulation. They might, therefore, be examples of mammalian
ABC transporters lacking the transmembrane domains. No clues are available
so far on their molecular functioning, either as isolated units or in association
with yet to be identified membrane anchoring structures.

Other variations on the archetypal structure have been reported for MRP??
and the closely related cMOAT**** and for SUR.?! They all possess dissimilar
membrane anchoring domains, the N-terminal containing more than the ca-
nonical six transmembrane spanners. In the case of SUR the proposed struc-
tural working model places the NH, terminus outside the cell with nine pre-
dicted TMD spanners before the first ABC fold. Four transmembrane helices
separate the two ABC folds (Fig. 5.2).
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Fig. 5.2. Structural variations among mammalian ABC transporters. The dimerization partner for ALDp has not been assessed, although
two other peroxisomal transporters have been identified (Pmp70 and ALDpR). In the case of ABC8, the mammalian homolog of Drosophila
white, the partner of dimerization is unknown.

Mammalian ABC Transporters and Leaderless Secretion
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Although posttranscriptional regulation by phosphorylation has been re-
ported for several ABC transporters,® the presence of additional structural
domains exerting regulatory functions has been reported for CFTR and
ABC1.'8°In Dyctiostelium discoideum an ABC transporter> with a unique struc-
ture has also been reported. This gene, tag B encodes a protein combining the
features of both serine proteases and ABC transporters. The current model for
its function implies processing and secretion of a putative peptidic substrate.
These results suggest that several yet unpredictable structural variations are
likely to exist and will soon be described along with the progress in the
identification and characterization of novel mammalian genes.

IV. ABC TRANSPORTERS AND UNUSUAL SECRETORY
PROCESSES

Although theoretically sound and appealing, no formal proof of the impli-
cation of a mammalian ABC transporter in the process of leaderless secretion
has been provided. Most of the transporters, either because of their subcellular
localization or for the direct demonstration of their substrate specificity, are
unlikely to be involved. We will summarize here the data available for two
potential candidates, mdr1 and a novel member of the family, ABC1.

MDR aND RESISTANCE TO DRUGS

Resistance of cancer to chemotherapy is a complex phenomenon arising
from several cell-based alterations that reduce accumulation of drugs, alter their
metabolism, change cell cycle responses to drugs, block apoptosis in response
to cytotoxic agents, change cytotoxic targets and enhance repair of drug in-
duced damage. However, among this multiplicity of mechanisms, overexpression
of an energy dependent transport system, known as the multidrug transporter,
or P-glycoprotein (P-gp),*® which blocks uptake and increases efflux of natural
product anti-cancer drugs, has been shown to be the major mechanism of
multidrug resistance in cultured cancer cell. The mdrl, which encodes in man
genome the P-gp involved in drug efflux, is expressed at levels thought to be
physiologically significant in about 50% of human cancers.

A second gene, which also belongs to the ABC transporter family, and is
known as multidrug resistance associated protein (MRP),% was found to be
amplified and overexpressed in drug selected MDR-negative cell lines. The MRP
gene has been identified as a glutathione conjugate transporter® and it seems
likely that drugs conjugated to glutathione are extruded from the cell by this
transport system. MRP appears to be essential for drug resistance mediated by
alterations in glutathione levels or levels of enzyme required for conjugation.®
MRP behaves as a transporter of organic anions sensitive to probenecid.®
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The first reports on cell lines acquiring simultaneous resistance to anti-
cancer drugs appeared in the sixties.®*5° Early studies identified both the physi-
ological alteration and biochemical changes in these cells. These also pinpointed
the pattern of multidrug resistance which included several different hydropho-
bic compounds. The identification of extrachromosomal elements, i.e., double
minute chromosomes in highly resistant cells, suggested that the responsible
gene was amplified in these cells and shortly afterwards the amplified segments
were isolated and the gene encoding mdrI cloned and sequenced.” It was soon
clear, however, that more than one mdr gene was present in man, mouse ham-
ster and rat genome. Two genes are in fact present in man, mdrl and mdr2,
closely similar in sequence but certainly exerting different functions, since only
mdr1 is responsible for the drug resistance. In the mouse, three mdr genes are
present, two of which encode functional multidrug transporters (mdriaor 3676
and mdr1b or 1¥) and the third corresponds to human mdr2.7° The function of
MDR gene products as drug exporters has been extensively studied (see refer-
ence 71 for a general review). However, so far their physiological function as
transporters has not been completely elucidated. Disruption of genes in mouse
by the homologous recombination technique is still the more efficient way to
assess their function in spite of a number of drawbacks, like embryonic lethal-
ity or gene redundancy. In the case of P-gps, knockouts have been generated for
each of the three genes in addition to a double knockout in which both the
genes mdrla and 1b have been disrupted.” The analysis of these animals has
allowed to determine some or most of the speculated physiological functions
for P-glycoproteins in mammals (Table 5.2).

The complete loss of mdrla gene’ has no apparent deleterious effect on
mice, as long as they are not challenged with drugs normally transported by
P-gp. Lethal doses and general toxicity are dramatically altered when the mice
are challenged with drugs for which brain toxicity is limiting, such as vimentin.
The body of results reported by Borst and coworkers illustrates the relevance of
P-gp as an active extruder of amphipatic molecules that pass the blood brain
barrier by diffusion. The analysis of double knockout mice is still limited but
suggests that the drug transporting P-gps do not play essential roles in normal
metabolism.” In particular no gross abnormality in corticosteroid metabolism,
either during pregnancy or in bile formation, has been observed. Some of the
suggested functions, like prenylcysteine or cholesterol transport, have not been
analyzed in detail so far. As far as the secretion of leaderless proteins by mdr1 is
concerned, early reports by Young’ on the ability to reconstitute interleukin-
18 (IL-1B) secretion upon transfection of COS cells with mdr1, were never con-
firmed. In this respect, as it will be detailed later, the pharmacology of MDR
does not parallel the known pharmacology of IL-1B secretion. On the other



144 Unusual Secretory Pathways: From Bacteria to Man

Table 5.2. Suggested physiological functions for the P-glycoproteins
involved in drug transport

Protection from exogenous toxins

Excretion of metabolites or toxins

Transport of steroid hormones

Extrusion of leaderless secretory proteins

lon transport and cell volume regulation
Transport of prenylcysteine methyl esters
Intracellular vesicular transport of cholesterol

Modified from ref. 72.

hand both MRP and P-gp were shown to be able to complement ste6 deficiency
in yeast, implying that farnesylated peptides can be recognized and translocated
as substrates by these transporters.>6’>

mdr2 knockout mice’ hinted at a novel function and supported a previ-
ously suggested transport model. Indeed mdr2--mice exhibit, as major defect,
a progressive hepatic sclerosis, consequent to a reduced excretion rate of phos-
phatidylcholine in the bile. A role for mdr2 in the transport or the flipping of
phosphatidylcholine could be at the basis of the defect and recent reconstitution
of this translocase activity in yeast vesicles supports this hypothesis.””7®

Tue Case or ABC1

A targeted cloning approach

The strategy that we employed to isolate novel members of this family of
ATPases was based on the observation that they all share regularly spaced se-
quence motifs located in the ATP binding cassette (Fig. 5.1). Motif A and ATS,
whose spacing varies little among the already known members, were chosen as
targets for amplification. Mixed oligonucleotide primed amplification was car-
ried out on RNA from cells of the monocyte/macrophage lineage and resulted
in a major amplification band of the expected 340 bp length. We expected this
band to contain a mixture of sequences, resulting from the amplification of the
diverse members of the family expressed in the original sample. The cloning of
the amplification product led to the isolation of individual clones and their
analysis to the identification of several bona fide ABC cassettes. These sequences,
in fact, encoded an open reading frame in the correct orientation between the
two primers featuring the conserved diagnostic internal residues and showed
significant homology with already known ABC folds from members of the fam-
ily.3 Further systematic analysis of expression pattern, genomic mapping and
full-length cloning was carried out and led to the characterization of 5 novel
ABC transporters.!84%50



Mammalian ABC Transporters and Leaderless Secretion 145

One of them, ABCI, is described in detail since it shows a peculiarity of
structure, and the search for its function has revealed several unexpected fea-
tures. Although their significance has not been completely elucidated yet, it
seems likely that ABC1 and/or closely related proteins might play a role in the
process of secretion of leaderless proteins in mammalian cells.

A novel structural group

The ABC1 gene maps to human chromosome 9q22-31 and mouse chro-
mosome 4,A5-B3, and encodes a large internally symmetrical protein (predicted
molecular weight of 220 kDa) which shows all the structural features typical
for ABC transporters. Two similar halves, each containing a set of six putative
transmembrane spanners and a nucleotide binding domain (the ABC cassette),
are repeated in tandem, thus providing the complete structure for a functional
channel through the membrane. Its structure is, however, unique among ABC
transporters since between the two halves an extremely long putative regula-
tory domain interrupted by a stretch of hydrophobic residues is present (Fig. 5.3).
Whereas the presence of a regulatory domain has been already reported for
CFTR," so far none of the known transporters shows an extra hydrophobic
segment potentially able to interact with the membrane or with an additional
partner (the substrate or an intermediate substrate binding protein) in a regu-
lated fashion. Apparently, however, this extra hydrophobic segment does not
perturb the overall membrane topology of the transporter with respect to the
generally accepted topological model. Both ABC cassettes are in fact oriented
in the cytosolic side on the membrane as assessed in protease sensitivity assays
on in vitro-translated, membrane-associated chimeric ABC1 proteins (Hamon
et al, unpublished results). This structure is shared by ABC2 and the recently
reported ABC-C (or ABC 3) gene product.”*® ABC1 was cloned from mouse
macrophages cDNA (P388DI) and appears to be widely expressed in adult tis-
sues and during embryonic development. Its expression is, however, not re-
stricted to macrophage since its transcript is detectable in several established
cell lines. A partial clone of human origin was also sequenced and the sequence
conservation is higher than 95% at the DNA and protein level—a feature which
is not uncommon among ABC transporters.

ABCI1 and cell death: Lessons from evolution
Three lines of evidence support the implication of ABC1 in the genetic
control of programmed cell death (PCD).%

- the morphological correlation, which established the presence of ABC1
transcript during development in areas of PCD, such as the interdigital
web at E13,5 (Fig. 5.4).%! There ABCI is expressed in cells of macrophage
origin, as defined by positivity with the pan-macrophage marker F4/80,
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Fig. 5.3. Predicted membrane topology for ABC1 and related transporters. The
interaction with the membrane of the hydrophobic stretch of amino acid splitting
the regulatory domain is based on computer predictions.

engaged in the engulfment of apoptotic corpses. The same correlation is
present in another model of apoptosis—the thymus induced to massive
death by corticosteroid treatment.®

- the requirement for ABC1 function during engulfment, which was estab-
lished by the dramatic impairment of the ability of peritoneal macroph-
ages to phagocytose apoptotic thymocytes after antibody-mediated steric
blockade of ABCI.

- finally the evolutionary conservation which established ABC1 as a poten-
tial mammalian homolog of ced-7 gene fom C. elegans.* Indeed, sequence
comparison highlighted approx. 30% identity at the aminoacid level be-
tween ABC1 and an ABC transporter on C. elegans chromosome III, fur-
ther identified by Horvitz et al as ced-7.% It has to be noted that the struc-
tural similarities between ABC1 and ced-7 include the conservation of
the extra-hydrophobic segment. This is remarkable since, as already men-
tioned, none among the ABC transporters present in yeast shares this
structural feature (André Goffeau personal communication).

Ced-7 belongs to the group of mutations identified in the nematode as re-
sponsible for the engulfment of corps generated by cell death.®> As widely known,
C. elegans is today one of the most useful model systems for the understanding
of the cell death process.?” During normal development of this animal, 131 cells
out of the 1090 generated nuclei undergo programmed cell death. These events
are precisely controlled and the pattern of their occurrence is known in detail.#788

Morphologically, the death process can be split into several phases which
correspond to precise genetic information (Fig. 5.5). The cell committed to die
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Fig. 5.4. Expression of ABC1 transcript in the interdigital web during limb
development. Dark field images of RNA in situ hybridization analysis with the ABC1
specific probe on sagittal (A-C) and cross sections (D) from mouse hind limb bud at
E13 (A) or E14 (C, D). Negative control hybridization is shown in B.
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Fig. 5.5. The genetic control of programmed cell death. Schematic representation
of the phases of the death process and associated genes. ced genes have been
identified in C. elegans. Mammalian homologs, when known, are also indicated.

condenses, rounds up and undergoes cytoplasmic contraction (killing) before
being engulfed by neighboring cells (engulfment). Once engulfed, the dead cell
fragments and is degraded within the engulfing cell (degradation). By the analysis
of chemically induced mutants showing abnormality in the cell death program
specific sets of genes (called ced for cell death abnormal) have been associated
to each of these phases. Four of these genes control the onset of the death pro-
cess (ced-3, ced-4, ced-9 and more recently ced-8) whereas six others are re-
quired during the engulfment of the dying cells by its neighbors. A last gene
controls the final degradation of ingested corpses. Two additional genes, speci-
fying the fate of a single cell with respect to the death program, have been
identified (determination).

Most interestingly, some of these genes show structural and functional simi-
larities to genes that act in cell death in vertebrates. This is the case, for in-
stance, for two genes regulating and executing the death sentence: ced-9, which
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acts to protect from death cells that should survive; and ced-3 which is required
for death to occur.®*!

Either gain of function or overexpression in the ced-9 gene leads to survival
of cells normally committed to death, whereas loss of function mutants causes
extensive increase of death during development leading to embryonic lethality.
Similar protective effects have been associated to vertebrate bcl-2 gene, which
shows a striking sequence similarity to the C. elegans ced-9. In addition, these
two genes appear to be functionally interchangeable since ced-9 mutants can be
rescued by the vertebrate homolog. This finding strongly suggests that the ge-
netic programs for cell death in nematodes and mammals share common mo-
lecular mechanism and is witness of an ancient evolutionary origin predating
separation of nematodes and vertebrates. Further support of this evolutionary
conservation is the identification of the ced-3 gene as a structural and func-
tional homolog of the mammalian interleukin- 1 f-converting enzyme (ICE) and
related proteases.®*?

As far as engulfment phase is concerned, 6 genes (ced- I, ced-2, ced-5, ced-6,
ced-7 and ced-10) whose loss of function mutants shows the presence of
uningested cell corpses have been identified.* From the study of double mu-
tants with additive phenotype they can be assigned to two subsets controlling
different and partially redundant processes, both able to cause a cell corpse to
be engulfed. One engulfment process involves the genes ced-2,ced-5 and ced-10
whereas the other involves ced- I, ced-6 and ced-7 . Even when one of these pro-
cesses is impaired, the other can still cause the engulfment of cell corpses. If
both processes are completely blocked, engulfment does not occur, although
corpses might still be lost by lysis or detachment due to their intrinsic fragility.
The ced-2, ced-5, ced-10 pathway appears to control also more general aspects
of cell spreading and migration (Hengartner and Horvitz, personal communi-
cation). So far only three of these genes have been cloned and sequenced, among
them, ced-7 (Horvitz and Wu, unpublished results). ced-7encodes an ABC trans-
porter which shows all the classical structural features of this family of proteins
and an additional large regulatory domain split by an extra-hydrophobic seg-
ment. These findings and the morphological and functional data strongly sug-
gest ABCl1 as a mouse homolog of ced-7, once again supporting the hypothesis
of a common genetic control of death programs conserved across broad
evolutionary distances.

ABC1 as an anion transporter

Aiming at acquiring information on the molecular function of ABC1, we
analyzed its activity as a channel or transporter after expression in Xenopus
oocytes. By analogy with other known ABC transporters, we analyzed whether
novel currents or ionic fluxes were specifically generated by the expression of
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ABCI. Our results suggest that ABC1 behaves in frog oocytes as an electroneutral
anionic transporter as judged by iodide efflux measurements. ABC1 function
as an anion exchanger is sensitive to several drugs (glibenclamide,
bromosulfophtaleine and DIDS), resulting in an ABC1-specific pharmacologi-
cal profile, and can be regulated by a cAMP-dependent pathway (Fig. 5.6).”

As a further confirmation of the functional conservation across evolution it is
worth noting that ced-7 expressed in Xenopus oocytes does generate a similar flux,
with a similar pharmacological profile (Hamon et al, unpublished observation).

Interestingly enough, we could detect an anion flux with an identical phar-
macological profile in thioglycollate-induced murine peritoneal macrophages,
i.e., inflammatory cells expressing ABC1 (Luciani, unpublished results). Pre-
liminary results show that the drug sensitivity of ABC1-dependent fluxes and
the secretion of IL-1p are consistently superposable. No effect is seen on the
secretion of control cytokines like TNF and IL-6. The working hypothesis, there-
fore, is that ABC1 or a closely related protein share the same pharmacology
functions along the alternative secretory pathway for IL-1p.

INTERLEUKIN- 1B AND THE LEADERLESS SECRETORY PATHWAY

Understanding interleukin 1p secretion is a long-standing challenge in im-
munology.” Interleukin 1 is the prototypic multifunctional cytokine able to
affect nearly every cell type, often in concert with other cytokines or mediators.
IL-1B is a highly inflammatory cytokine and the margin between the benefit
and clinical toxicity in humans is exceedingly narrow. Therefore, the develop-
ment of agents able to control the production, secretion and/or activity of IL- 1
is likely to have an impact on clinical medicine. Indeed, the whole process of
IL-1p production is a tightly regulated event. Along the pathway several steps
are highly controlled: gene expression, synthesis and secretion; the regulation
extends also to surface receptors, soluble receptors and receptor antagonists.
Activated monocytes or macrophages are the primary source of this cytokine,
which is synthesized after a wide variety of stimuli, the most potent being LPS
or other bacterial cell wall products. Perturbation of ionic equilibria across cell
membranes has also been reported as pivotal in the control of IL-1p secretion.”
Indeed a panel of drugs, already known or newly developed blockers of anion
transport, have been shown to inhibit the secretion of this cytokine by a
mechanism which is not dependent on the lowering of intracellular pH.%-%

As far as the process of secretion is concerned, the first remarkable point is
the unusual cellular route that it takes. In fact, IL-1 is first synthesized as a
cytosolic inactive precursor (pro-IL-1) of 31 kDa lacking a signal peptide, which
hampers its access to the ER and the classical exocytic pathway.'* A large body
of evidence has been provided to exclude its secretion via the classical exocytic
route. After synthesis, maturation and secretion (implying the translocation of
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a cell membrane to gain access to the extra cellular milieu) have to occur. Un-
fortunately the pathway is still not precisely defined. The processing and secre-
tion events appear so far to occur in a cotemporal manner. Cleavage of the
precursor at Asp-116 is carried out by the IL-1 converting enzyme (ICE), an
heterodimeric thiolprotease composed of two subunits, p20 and p10. ICE which
is constitutively synthesized by monocytes as a p45 inactive precursor appears
to be mainly cytosolic.”-1! Its massive intracellular activation in transfected
cells leads to cell death, and no ICE activity is detectable in physiological condi-
tions of IL-1B secretion. Finally, the treatment of human monocytes with ICE
inhibitors results in a dose-dependent reduction of IL-1p processing without
affecting secretion. In fact, a quantitative shift occurs from secretion of the ac-
tive form to the release of inactive precursor. This suggests that secretion and
maturation are cotemporal and that the precursor is a secretory competent form.
In the mouse system, however, processing and export could not be dissociated
since the accumulation of extra-cellular precursor is far less evident. Recent
results suggest that the active form of ICE is on the external side of the plasma
membrane, and lead to a model of IL-1p secretion. Active ICE should process
the precursor form of the cytokine, while it is translocated across the mem-
brane by a dedicated transporter,'® whose postulated presence and identity as
an ABC transporter has not however been established.

V. CONCLUSION AND SPECULATION

Several features of ABC1 are at least intriguing and seem to suggest a role
for this protein in the leaderless secretory pathway. ABC1 has the characteris-
tics of an anion transporter with a peculiar pharmacology and is expressed in
macrophages. The drug sensitivity profile of ABCI is indeed selective among
ABC transporters described so far. CFTR for instance is not sensitive to DIDS,
while being inhibited by glibenclamide. Conversely, the P-gps, which are not
chloride channels, but control cellular channels, are DIDS insensitive. In addi-
tion, several inhibitors of ion transport originally developed as affecting the
secretion of IL-1B are specifically inhibiting ABC1 function in frog oocytes.
The exquisitely superposable pharmacology of these two functions in physi-
ological systems strongly suggests that ABC1 is part of the molecular machin-
ery required for the secretion of the cytokine. A number of questions are, how-
ever, still to be solved. Apart from the pharmacological correlation, we do not
have so far any evidence clarifying the role of ABCL. It could well be that an-
other molecule, likely however to be an ABC transporter, and sharing the ABC1
pharmacological profile, is the molecular target for these drugs. In addition,
anion transport could affect indirectly the secretory pathway and trigger only
the function of other yet to be identified molecular entities.
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CHAPTER 6

SECRETORY LYSOSOMES AND THE
PropuUCTION OF EXOSOMES

Graga Raposo, Michel Vidal and Hans Geuze

I. INTRODUCTION
GENERAL OUTLOOK

Eukaryotic cells secrete proteins either by the so-called constitutive secretion
involving vesicular transport and exocytosis or by the regulated secretion of
storage granules upon proper stimulation.? Only recently has one become aware
that alternative mechanisms operate that may account for the secretion of spe-
cific membrane and cytosolic proteins. Indeed, accumulating evidence indi-
cates that cellular compartments displaying intralumenal membrane vesicles,
collectively named multivesicular bodies (MVBs), fuse with the plasma mem-
brane in an exocytic manner. During exocytosis, the 60 to 80 nm membrane
vesicles present in the lumen of MVBs are released into the extracellular
environment. The secreted membrane vesicles are called exosomes.>

On the other hand, MVBs have for a long time been known as sub-
compartments of the endocytic route and constitute the late endosomal or
prelysosomal system of the eukaryotic cell.”® Moreover, they also represent a
meeting point between the endocytic and the exocytic pathways, since particu-
lar molecules access these compartments after egress from the trans-Golgi net-
work (TGN), either directly by vesicular transport, or indirectly via early
endosomes.!®!! Nevertheless, at present the definition of the late endosomal,
prelysosomal MVB should be reconsidered and extended as data obtained by
several laboratories indicate that secretory granules, particularly in cells of he-
matopoietic origin, are closely related to lysosomes. They are therefore called
secretory lysosomes.'? The cytotoxic granules of cytotoxic T lymphocytes (CTLs)
and Natural Killer (NK) cells, the secretory granules of mast cells and baso-
phils, and the a-granules in blood platelets share several characteristics such as
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the presence of intraluminal 60-80 nm membrane vesicles, their late accessibil-
ity to endocytic tracers and the expression of lysosomal marker proteins'>-'¢
(Heijnen and Geuze, unpublished data on platelets; Raposo, Bonnerot and
Desaymard, unpublished data on mast cells). Furthermore, illustrating the re-
lationship between prelysosomal MVBs and secretory granules, the lysosomal
disorder Chediak-Higashi syndrome affects also secretory granules of mast cells,
platelets, neutrophils and cytotoxic T cells.!”!* However, it has not yet been es-
tablished how secretory lysosomes are formed and whether they represent a
sub-population of lysosomes.!*!* The fact that cells that exhibit secretory lyso-
somes are all derived from the hematopoietic lineage suggests that these cells
may possess specialized secretory mechanisms that allow lysosomes to be secreted.'?

The capacity of MVBs to fuse with the cell surface in certain cell types and
release their contents including exosomes into the extracellular environment
shows that these (pre)lysosomal compartments are not merely dead end points
in the endocytic/degradative pathway. Despite accumulating evidence indicat-
ing the potential role of the so-called secretory lysosomes,? the physiological
relevance of exosome release is still equivocal and awaits further research. Data
obtained by several laboratories have shown that exosomes released by reticu-
locytes are responsible for the eradication of transferrin receptors (TfRs) dur-
ing their maturation to erythrocytes, a crucial step in the differentiation pro-
cess.>2-22 Major histocompatibility complex (MHC) class II molecules that are
present on exosomes released by B lymphocytes are able to stimulate T cells in
an antigen-dependent manner.® Exosomes released by cytotoxic T cells and NK
cells upon their interaction with target cells contain perforin and granzymes
and have the ability to generate a cytotoxic response.?>?*

In the first section of this chapter we summarize the current concepts of
intracellular traffic in eukaryotic cells and, in particular, we describe the cellu-
lar compartments playing key roles in endocytosis and exocytosis. In the sec-
ond section we will focus on recent research on two cellular systems, reticulo-
cytes and B lymphocytes, for which an alternative pathway of secretion via
exosomes has been characterized. In this context, we summarize data indicat-
ing a role of small membrane vesicles secreted by cytotoxic and NK cells. Fi-
nally, since MVBs are present in almost all eukaryotic cells, exosome release
could operate as a generalized alternative route for secretion of membrane and
cytosolic proteins.

Intracellular compartmentalization: An overview
The endocytic route: Endosomal and lysosomal compartments

Eukaryotic cells use the endocytic pathway for the uptake of nutrients and
growth factors via specific membrane receptors. The process of receptor-
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mediated endocytosis starts with binding of aligand to its receptor on the plasma
membrane and internalization of the complex via clathrin-coated pits and
vesicles.®? After losing their coat, vesicles with their cargo fuse with early
endosomes (Fig. 6.1). Therefore, in the endocytic pathway early endosomes are
the first intracellular compartment reached by internalized molecules. At the
ultrastructural level they appear as a network of tubules and irregularly shaped
vacuoles often surrounded by buds and vesicles.?-! The early endosomal com-
partment is considered a sorting and recycling compartment, since it is able to
segregate molecules that must be recycled to the plasma membrane from mol-
ecules destined to be degraded. Studies on a number of receptor species such as
the low density lipoprotein receptor (LDLR), the asialoglycoprotein receptor
(ASGPR), or the transferrin receptor (TfR) allowed the definition of sorting
events occurring at the early endosome level.323637 Recycling from early

Fig. 6.1. Schematic representation of the endocytic and exocytic system of eukaryotic
cells. PM: plasma membrane; GC: Golgi complex; ER: endoplasmic reticulum. CP:
coated pit ; CV: coated vesicles; EE: early endosomal compartment; LE/PL: late
endosomal/prelysosomal compartment (MVBs); L: lysosomal compartment; SL:
secretory lysosome



164 Unusual Secretory Pathways: From Bacteria to Man

Fig. 6.2. Biogenesis of MVBs and orientation of transmembrane proteins in
exosomes. PM: plasma membrane; MVB: multivesicular body. The internal vesicles
of the MVB arise from budding of a portion of the limiting membrane into the
endosomal lumen. As depicted on the scheme, during the invagination toward the
intralumenal milieu, the luminal domain of the transmembrane protein (star) is
oriented to the lumen of the endosome whereas the cytosolic domain remains in
the intravesicular cytosol. Upon fusion of the MVB with the plasma membrane,
transmembrane proteins associated with exosomes expose their luminal domain
(star) into the extracellular environment.

endosomes may occur by vesicular traffic, and clathrin-coated vesicles distinct
from plasma membrane, or TGN derived vesicles are potential candidates to
perform this transport step.”® Molecules that are not destined for recycling,
travel down the endocytic pathway for degradation in lysosomes. It has been
proposed that endocytosed molecules may be transported from early endosomes
to pre-existing late endosomes and lysosomes by vesicular transport.” How-
ever, evidence has accumulated in favor of a model in which early endosomes
gradually mature into late endosomes and lysosomes.**? Alternatively, the
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maturing endosome may fuse with pre-existing lysosomes.** At this point one
must consider the ultrastructural features and the biogenesis of the late
endosomal/prelysosomal system. At the electron microscopical level the late
endosome, or prelysosome, appears as a 200 to 300 nm membrane compart-
ment containing in its lumen variable amounts of small 60-80 nm vesicles
(Fig. 6.1). Because of this feature it is commonly named the multivesicular body
(MVB).”#3! The internal vesicles of the MVB are thought to arise from budding
of a portion of the limiting membrane into the endosomal lumen.®” During
the invagination toward the intralumenal milieu some membrane proteins are
sequestered in the internal vesicles, whereas others remain in the limiting mem-
brane of the MVB. During formation of the internal vesicles small buds of cy-
tosol are trapped within the vesicle (Figs. 6.1 and 6.2). The best example of
protein sorting within the MVB comes from studies on the intracellular pro-
cessing of the Epidermal Growth Factor Receptor (EGFR). Whereas recycling
TfRs remain in the limiting membrane of the maturing MVB, EGFRs destined
for degradation in lysosomes, are sorted into the internal vesicles.*** This re-
veals an attractive bifunctional model in which the early endosome matures
into a late multivesicular endosome, while continuously recycling membrane
proteins to the plasma membrane by vesicular transport and sequestering oth-
ers into intralumenal membranes. The subcellular mechanisms implicated in
such sorting events remain poorly understood, though it has been shown that
the sequestration of the EGFR into the internal vesicles requires kinase activ-
ity.* The most prominently phosphorylated substrate of the EGFR kinase is
annexin 1, a protein that interacts directly with both phospholipids and actin.*
Our unpublished data suggest that clustering of proteins and lipids must pre-
cede sequestering into the internal vesicles, implying that chaperone proteins
may be involved in the specific clustering of membrane components (Vidal et
al, submitted). As detailed in the next section, a candidate chaperone is the
cognate heat shock protein Hhsc70 which has been identified as an uncoating
ATPase.*8 Recently, a cytosolic protein from the nexin family, named Snx-1,
has been shown to interact directly with the cytoplasmic domain of the EGFR.#
This protein and probably other members of this newly identified family could
play a role in the sorting events associated with the MVB.

Just as in the case of endosome formation, the biogenesis of lysosomes and
the question of how molecules are transferred to lysosomes is still poorly un-
derstood. On the basis of their protein content, morphology and acidity, lysos-
omes seem distinct from late endosomes. While late endosomes are enriched in
the mannose-6-phosphate receptor (MPR), whose main function is to trans-
port newly synthesized lysosomal enzymes from the Golgi complex, lysosomes
are mostly devoid of MPR and have a lower pH.!**>! Also, lysosomes appear in
the electron microscope as denser organelles with internal membrane sheets
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and amorphous material. However, hydrolytic enzymes (cathepsins,
B-hexosaminidase) and lysosomal membrane proteins (Lamps, Limps, LAP)
can also be detected in the late endosomal/prelysosomal compartment. Thus,
lysosomes may represent the final stage of maturation of the late endosome,
because the latter loses endosomal constituents and gradually acquires proteins
characteristic of lysosome.%4:42

The exocytic route: Constitutive and regulated secretion, secretory
granules and secretory lysosomes

Secretory proteins are unable to diffuse through the plasma membrane;
they cross lipid bilayers only during synthesis when they are transported through
the membrane of the rough endoplasmic reticulum (RER). From the RER they
are transferred by vesicular transport to the Golgi complex where they can be
processed and terminally glycosylated before being sorted in the trans-Golgi
network (TGN) for transport to the plasma membrane. Two types of transport
can be discerned. First, constitutive secretion is mediated by small vesicles. These
vesicles have not been characterized as yet, and other structures have not been
revealed. Specialized secretory cells such as exocrine and endocrine cells and
certain neurons are able to store newly synthesized proteins in larger secretory
granules that are exocytosed upon external stimuli.?

Little is known in nonpolarized cells about the cellular and molecular ma-
chineries that allow newly synthesized secretory and plasma membrane pro-
teins to be packaged in either form of secretory vesicle from the TGN to the cell
surface. Surface delivery by constitutive secretion seems to occur as a bulk flow
transport without the requirement of sorting signals for cargo proteins.’? On
the other hand, in polarized epithelial cells the molecular machineries impli-
cated in apical and basolateral sorting of proteins have been the topic of inten-
sive studies.”*** Some evidence suggests that both the apical and basolateral
cognate routes may operate in nonpolarized cells,*® but the vesicular
intermediates involved in constitutive secretion are still poorly characterized.

More is known on the subcellular mechanisms operating in specialized secre-
tory cells. The biogenesis of secretory granules likely occurs at the TGN by pro-
teins condensating into soluble aggregates.’5>” The selective aggregation of secre-
tory proteins in the TGN is thought to be triggered by the lumenal milieu of the
compartment, especially by the weakly acidic pH and a high calcium concen-
tration.*® Sorting receptors may direct soluble protein aggregates from the TGN
to secretory granules.> However, in an alternative model secretory proteins are
only sorted after reaching the secretory granule, the so-called sorting by retention
model.®°

Electron microscopical observations of hematopoietic cells have shown that
secretory granules can show heterogeneity in their content and, as detailed below,
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contain proteins that are also found in (pre)lysosomes. Three types of distinct
granules can be distinguished morphologically in CTLs,* NK cells'* and mast
cells.! Type I granules have an homogeneous electron-dense core, whereas Type
IT granules are more irregularly shaped and contain small membrane vesicles
and multilaminar membranes. Intermediate granules (Type I11) display an elec-
tron-dense core surrounded by a large multivesicular cortex. The multivesicular
portion of Type II and Type III granules is reminiscent of the multivesicular
prelysosome described above. In agreement with the lysosomal nature of the
granule, they are highly enriched in lysosomal membrane proteins (Lamp 1,
Lamp 2, CD63) and lysosomal enzymes (cathepsins, B-hexosaminidase). In
contrast to mature lysosomes and emphasizing their similarity to a late
endosomal/prelysosomal compartment, they may contain the mannose-6-phos-
phate receptor (M¢PR).1%1> Secretory granules in CTLs can also accumulate
endocytosed proteins illustrating their close connection to the endocytic path-
way.?*!3 In contrast to lysosomal markers and proteoglycans which represent
the major constituents of the dense core in CTLs granules, other components
differ depending on the cell type. For example, in mast cells the granules are
enriched in histamine and serotonine, whereas in cytotoxic T cells and NX cells
they are enriched in granzymes and perforin. After specific triggering, for ex-
ample by interaction with a target cell, the three types of granules are able to
fuse with the plasma membrane. Concomitantly with soluble molecules, mem-
brane proteins present in the internal vesicles of Type Il and Type III granules are
secreted. Thus, in these specialized secretory cells no clear distinction can be made
between secretory granules and lysosomes, but rather they contain dual-function
organelles, the secretory lysosomes. These secretory lysosomes must ensure both a
main cellular function such as target cell destruction by cytotoxic T cells and NK
cells and maintenance of the normal turnover of its molecules.!®

Several other cells secrete their lysosomal content to ensure their main func-
tions. Macrophages and neutrophils defend tissue homeostasis and participate
in inflammatory responses by secreting oxidative metabolites, cytolytic pro-
teins, or degradative enzymes contained in lysosomal compartments.!2¢! In the
lung, the surfactant proteins synthesized by alveolar Type II cells are secreted
during fusion of lysosomal multilamellar bodies with the plasma membrane.®?
The osteoclast is another example of a cell of hematopoietic origin possessing
secretory lysosomes whose main function is to ensure bone resorption.®

Based on evidence accumulated by several observations in agreement with
the concept of secretory lysosomes, the assumption that lysosomes do not al-
ways represent the dead end stages of cell constituents in the endocytic route is
reevaluated. In the next section we will extend this notion by detailing studies
of two cell systems in which the contents of secretory (pre)lysosomal
compartments may have important functional implications in cell physiology.
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II. CURRENT RESEARCH

SECRETION OF Ex0sOoMES BY HEMATOPOIETIC CELLS

As described in the introductory section several cells contain secretory ly-
sosomes from which the contents are released in a regulated manner. The main
characteristic of the secretory lysosome is the presence of a dense core mainly
composed of proteases and proteoglycans. In addition, electron microscopical
studies have revealed in their lumen membrane vesicles with a diameter rang-
ing from 60 to 80 nm and in some cases membrane sheets.'#156* As already
mentioned, the molecular mechanisms allowing the formation of the
intralumenal vesicles of the prelysosome, their membrane and cytosolic com-
ponents, as well as their putative role upon secretion are not yet clarified. Re-
cent research on the intracellular trafficking of transferrin receptors (TfRs) in
reticulocytes and MHC class II molecules in B cells has further defined the
exocytic process of MVBs and has revealed the characterization of the membrane
vesicles, exosomes, released during exocytosis. -

RETICULOCYTES

Function and intracellular transport of the transferrin receptor

Iron is a critical component for biochemical reactions, but it is also essen-
tial for heme formation in developing erythroid cells. Because of the instability
of Fe’* ions in biological fluids, nature has developed efficient iron-carrier pro-
teins, the most important being the plasma protein transferrin. Iron is bound
to the carrier transferrin at neutral pH (Ka = 1-6 x 1022 M), but dissociation
gradually increases as pH decreases. Moreover, transferrin interaction with the
transferrin receptor largely depends on the degree of iron saturation of trans-
ferrin and the local pH value. The cell exploits the acid sensitivity of both the
iron-transferrin bond and the ligand-receptor interaction in the iron
accumulation process.

Transferrin receptors are present on the cell surface of a wide range of eu-
karyotic species and cell types, where they can bind transferrin. The ligand-
receptor complex enters the cell by clathrin-coated pits, and after clathrin
uncoating by a specific ATPase is delivered to early endosomes during fusion
events.®® Progression of internalized molecules along the endocytic pathway is
associated with a more acidic environment ranging from pH 6.5 down to pH
<5 in the lysosomes.® In the acidified endosomal compartment, iron is disso-
ciated from transferrin and translocated across the endosomal membrane to
reach the cytosol. Using the *H-ATPase from reticulocyte endosomes reconsti-
tuted in liposomes, a direct role has been recently suggested for the vacuolar
pump in iron transport.” At the same time, apotransferrin remains attached to
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its receptor and is recycled to the plasma membrane. Exposed to the neutral
pH of the medium, the ligand dissociates from the receptor which is free to
bind another transferrin molecule.%® As specified in the introductory section,
other ligands and receptors reaching the same early endocytic compartments
are targeted to late endosomes and lysosomes.® Despite the fact that in most
cells the TR uses the recycling early endosome to exert its main function, in
reticulocytes, as detailed below, the receptor is targeted to MVBs.>?

Secretion of transferrin receptor-enriched exosomes

During its differentiation into an erythrocyte, the reticulocyte loses all its
internal compartments: endosomal compartments, mitochondria, remnants
of ER and Golgi apparatus and also several membrane-associated activities.
For example, mammalian red cells lose all their TfR during maturation.®® This
loss of Tf binding activity was first thought to be due to inactivation of the
receptors by proteolysis. It is now accepted to occur by selective removal of
membrane proteins by vesiculation.>*?* The functional proteins are released
into the extracellular medium following initial internalization and packaging
in 60-80 nm membrane vesicles in the lumen of late endosomes.?! Indeed, thin
sections of maturing reticulocytes showed the presence of intracellular MVBs.>2
The vesicles in the lumen of these MVBs had the same size of those released
into the extracellular medium during reticulocyte maturation. Moreover, the
concomitant presence of these extracellular vesicles, the so-called exosomes,
and multivesicular organelles in the cells has been observed during both in
vitro and in vivo experiments, suggesting a physiological process.

Exosomes carrying TfR can be collected from the extracellular medium by
differential ultracentrifugation steps and analyzed for their composition. It has
been shown that the lipid composition and asymmetry are similar to those of
the plasma membrane.® The protein composition, however, is very different
between exosomes and plasma membrane.>?! Especially, two major exosomal
proteins were identified as the TfR and the clathrin-uncoating ATPase
(UC-ATPase),*® whereas major plasma membrane spanning proteins (e.g., band
3) or cytosolic enzymes (e.g., lactate dehydrogenase) were not detected in
exosomes. Other membrane-associated activities are found in exosomes;?! all
are known to diminish from the plasma membrane during reticulocyte matu-
ration. Apart from the plasma membrane activities lost during reticulocyte
maturation, lysosomal activities (e.g., N-acetyl B-glucosaminidase) were also
found in exosomes.”

As referred to in the introductory section, the signals responsible for the
packaging of proteins in exosomes are not known. Also, the presence in the
lumen of exosomes of the UC-ATPase, a cytosolic protein, suggested that this
protein may be involved in selecting proteins destined to be sequestered in
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intralumenal membrane vesicles of the MVB.* This protein is the cognate form
of the 70 kDa heat shock protein and possesses chaperone characteristics. It
may bind to unfolded or partly denatured proteins, such as the cytosolic do-
main of the Tf receptor and contribute to its sorting to exosomal membranes
during the formation of the MVB.# This protein may either hide a domain
involved in regulation of the recycling step” or interact with the sorting ma-
chinery.”? All these events may represent a “quality control” event in the endocytic
pathway similar to the one occurring during protein synthesis in the ER. How-
ever, other mechanisms may allow segregation of proteins in exosomes. Acetyl-
choline esterase, for example, has been shown to be released in exosomes with
concentrations compatible with a 50% decrease from the cell surface during
red cell maturation.?! In agreement, we have recently shown that in opposition
to C6-NBD-SM (N-(N-[6-[(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-
caproyl])sphingomyelin) which efficiently recycles to the plasma membrane,
N-Rh-PE (N-(lissamine rhodamine B sulfonyl-phosphatidylethanolamine) is
actively sorted after its internalization by reticulocytes, and packaged in
exosomes (Vidal et al, unpublished data). Thus, as for acetylcholine esterase,
N-Rh-PE located in the exoplasmic leaflet due to experimental conditions is
retrieved from other phospholipids and released in the extracellular medium.
In the case of the fluorescent phospholipid analog, self-aggregation in endosomes
may be the signal triggering its sorting to exosomes. Indeed, we showed that
aggregation of TfR on the exoplasmic side of the plasma membrane induced by
specific antibodies increases the release of the receptors in exosomes (Vidal et
al, unpublished data). It is worth noting that the property of self-aggregation of
glycosphingolipids has been suggested to be involved in sorting steps both dur-
ing synthesis, at the TGN level”® and degradation in multivesicular structures.”

The main function of exosome release during reticulocyte maturation is
thought to be the clearing of several obsolete proteins. The T{R is the major
protein which completely disappears from the red cell plasma membrane dur-
ing its differentiation into an erythrocyte. The red cell does not need to uptake
iron anymore and since it may generate free radicals, iron is poisonous for a cell
that has lost its capacity to replace damaged proteins. Thus, to overcome this
danger the TfR, like the EGF-R,” must undergo a downregulation event in the
MVB. The release of TfR-containing exosomes in blood has allowed the devel-
opment of assays quantifying the level of the circulating receptor, and gives
indications of the degree of mild iron deficiency.”® However, the fate of exosomes
in the circulation is not known. However, since exosomes lack amino-
phospholipid translocase activity,> phosphatidylserine may be exposed on the
exoleaflet of the exosome membrane—a feature that should help their uptake
and processing by macrophages.
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B LyMPHOCYTES

Function and intracellular transport of MHC class II molecules

T cell proliferation and T cell cytotoxicity are initiated following the spe-
cific recognition by the T cell receptor of a tight complex of MHC class I, or
class I molecules and antigenic peptides expressed on the surface of antigen
presenting cells (APCs). MHC molecules are viewed as polymorphic membrane
receptors able to bind specifically a peptide ligand with a particular length and
sequence. A major breakthrough toward the understanding of where MHC
molecules meet antigenic peptides and how these are presented to T cells has
been accomplished in the last six years by a combination of biochemical and
morphological approaches similar to those conceived to resolve the intracellular
transport of other membrane receptors.”78

In this section we summarize the current concepts of the intracellular traf-
fic of MHC class I molecules in APCs in connection to the processing, binding
and presentation of antigens. Substantial recent evidence has shown the inti-
mate relationship between the endocytic and the secretory pathway, and has
revealed the idea that an alternative pathway of secretion involving exosomes
may operate in APCs.

MHC class IT molecules expressed in APCs such as B cells, macrophages
and dendritic cells, are composed of two transmembrane polypeptides, the o
and the B chain, with a MW of 32-35 kDa and 28-30 kDa, respectively. After
their biosynthesis in the endoplasmic reticulum (ER) the o,B chains associate
with a third polypeptide, the invariant chain (I-chain), which is a Type Il mem-
brane protein.” A trimer of I-chain binds three MHC class II o dimers, whereby
a particular sequence in the luminal C terminal domain of the I-chain occupies
the binding groove of MHC class I, thereby preventing endogeneous peptide-
binding in the ER. This sequence includes residues 81-104 of the I-chain, and is
designated “MHC class II associated invariant chain peptides” (CLIP).% The
MHC class II/ I-chain complexes are glycosylated in the Golgi complex and at
the TGN side, they are segregated from the constitutive secretory route fol-
lowed by MHC class I molecules.?82 These complexes are targeted to the
endocytic system where the I-chain is degraded by proteases.®>% The removal
of CLIP is a critical step for the peptide presenting capacity of MHC class II.
The recently identified and characterized class II-like molecule, HLA-DM, ful-
fills a catalyzing role in the removal of CLIP which renders MHC class I free to
bind antigenic peptides.®>® These are of a particular length and sequence and
arise from the degradation of antigens taken up by the APC via different routes,
including fluid phase and receptor-mediated endocytosis and phagocytosis.
Mature MHC class II molecules, with tightly bound antigenic peptides, must
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then be transported from the endocytic pathway to the cell surface to accomplish
their antigen presentation function.” %

Although many details of the MHC class II transport pathway have recently
been resolved, other important questions remain to be answered. Thus, only
little is known about the critical step of peptide-loaded MHC class I molecules
transport to the plasma membrane. It is unknown by which vesicular carriers
this transport is mediated, from where in the endocytic system such vesicles
originate and how this transport is regulated.

Using immunocytochemistry and the electron microscope, Peters and col-
laborators have shown that in B lymphoblastoid cells, the majority of the intra-
cellular MHC class I molecules is localized in lysosome-related compartments,
designated MHC class II compartments (MIICs).*? These compartments dis-
play concentrically arranged multilaminar membranes, are mildly acidic and
contain lysosomal enzymes (B-hexosaminidase, cathepsin D) and lysosomal
membrane proteins (LAMPs, CD63). Further investigation of MHC class 11
localization by immunogold cytochemistry showed that in B cells, macroph-
ages and dendritic cells, including the Langerhans cells of the skin, MIICs are a
more heterogeneous population of structures than originally thought.®#-%0 At
least four types of MIICs can be discerned; multilaminar, multivesicular: inter-
mediate types and MIICs with only a few internal vesicles and an irregular shape
(Fig. 6.3).°! All subtypes of MIICs contain lysosomal components, though they
accumulate different amounts of invariant chain and show different accessibil-
ity to endocytic tracers.”®' MIICs with internal vesicles, reminiscent of MVBs
in other cell types, are positioned earlier in the endocytic pathway than those
containing membrane sheets.****! Biochemical studies using subcellular frac-
tionation as well as functional assays were carried out by several laboratories to
analyze the direct implication of MIICs in antigen presentation.®>*> These stud-
ies; together with the observations that HLA-DM?** and class II-peptide com-
plexes (Morkowsky, Raposo, Geuze and Rudensky; Jm Press E.J Immunol.) ac-
cumulate in MIICs, suggest that the acidic and protease-rich MIICs may in-
deed represent the meeting point between MHC class II molecules delivered
from the biosynthetic pathway and antigenic peptides derived from endocytosed
proteins. Studies on splenic cells and on the murine B cell line A20 open the
possibility that depending on the APC and most likely on the antigens to be
handled, compartments positioned earlier in the endocytic pathway, similar to
early endosomes, may be involved in peptide binding as well.”*8

How are MHC class Il molecules transferred to the cell surface? Lysosomes
are thought to be the dead-end stages of the endocytic route. Little is known
about transport routes allowing egress from lysosomes or any other endocytic
compartment to the cell surface. Lysosomal membrane proteins like LEP100 or
Lamp 1 have been detected on the cell surface suggesting transport to the cell
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Fig. 6.3. MHC class |l compartments (MIICs) of human B lymphocytes. Ultrathin
cryosections of B-lymphoblastoid cells were immunogold labeled for MHC class
Il (Protein A -10 nm gold). MHC class Il are localized in compartments displaying
internal membrane vesicles (multivesicular MIICs), membrane sheets (multilaminar
MIICs) or both (intermediate MIICs). Bar: 100 nm

surface.!1% MHC class IT may use a similar route for transport to the cell
surface. Lysosomal components could be conveyed to the TGN and then to the
cell surface by the so-called constitutive pathway. Alternatively, they may be
transferred to early endosomes from which recycling to the plasma membrane
may take place.

Apart from such possible transport routes of lysosomal constituents to the
cell surface, our ultrastructural studies have recently revealed that multivesicular
MIICs in B cells can fuse with the plasma membrane in an exocytic fashion®
similar to that described for secretory lysosomes (Fig. 6.4). Fusion of MIICs
with the plasma membrane has two major consequences: First, it provides for a
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direct transport of MHC class II present in the limiting membrane of the MIIC
directly to the plasma membrane. Second, as a consequence of the exocytosis of
MIICs, the cells release small 60-80 nm vesicles, i.e., exosomes, into the extra-
cellular environment. These exosomes carry in their membrane MHC class 11
molecules with their peptide-binding site oriented toward the extracellular
environment (Fig. 6.2).

Secretion of MHC class II-enriched exosomes

So far only B lymphoblastoid cell lines have been shown to secrete exosomes.
Present studies in our laboratories address the possible occurrence of exosomes
in physiological APCs. Recent data show that in murine bone marrow derived
mast cells MHC class IT localizes to secretory granules with all the characteris-
tics of secretory lysosomes. In mast cell granules, MHC class II together with
lysosomal membrane proteins are present in 60-80 nm vesicles surrounding an
electron-dense core enriched in serotonine. In these cells class II-containing
exosomes are only secreted upon degranulation induced by IgE-antigen com-
plexes, indicating that exosome release is likely to be a regulated secretory process
(Raposo, Bonnerot and Desaymard; unpublished data).

Exosomes represent released internal vesicles of MVBs and can be obtained
from the culture media of B-lymphoblasts in relatively high quantities. This
reveals the unique opportunity to analyze the composition of these vesicles and
to investigate their formation. We have started to characterize exosomes by
morphological and biochemical criteria. As described for the isolation of
exosomes released by reticulocytes, we have used differential ultracentrifuga-
tion procedures to purify exosomes from cell culture media of different B
lymphoblastoid cell lines.® Exosomes devoid of plasma membrane proteins, and
early endosome markers, can be recovered from B cell culture supernatants
after ultracentrifugation at 70,000 x g. When analyzed by immunoelectron mi-
croscopy, membranes pelleted at 70,000 x g represented an homogeneous popu-
lation of vesicles that labeled for MHC class II. Western-blot analysis further
showed that MHC class II associated with exosome preparations are mature
SDS-stable molecules associated with peptides. Using metabolic labeling we
found that within 24 hours as much as 10% of newly synthesized class II mol-
ecules are released into the extracellular media via exosomes indicating that
this is not a minor pathway.

One of the major components of the exosomal membranes is MHC class I1,
though other still unidentified proteins are also clearly enriched.® Our prelimi-
nary observations indicate that exosomes may also express adhesion and
coactivator molecules, suggesting that they are capable of directly interacting
with T cells expressing their counterparts (Kleijmeer, Raposo and Geuze; un-
published observations). This possibility has been further tested by performing
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Fig. 6.4. Fusion of MHC class Il compartments (MIICs) with the plasma membrane and secretion of exosomes. B lymphoblastoid
cells were allowed to internalize bovine serum albumin (BSA) coupled to 5 nm gold particles for 60 min. Ultrathin cryosections
were immunogold labeled for MHC class Il (Protein A -10 nm gold). The fusion profile is defined by the presence of externalized
BSA-5 nm gold that had been previously endocytosed. MHC class ll-positive vesicles (exosomes) are contained in the fusion
profile and on the cell surface. Bar: 100 nm
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proliferation assays in which exosomes derived from cells primed with an anti-
gen were incubated with a specific T cell clone. We have shown that exosomes
are indeed able to stimulate T cell proliferation in an MHC class II haplotype-
restricted manner.®

Whether exosomes perform a function in vivo remains to be established.
For instance, exosome secretion may explain a number of observations for which
the subcellular mechanisms remained unresolved. It has been reported that
MHC molecules can be actively shed from murine spleen cells in short-term
cultures. The release process required viable cells, was dependent on an intact
cytoskeleton and the shed molecules could be recovered in the culture super-
natants of splenic cells, or B cell lines.!?-1 Interestingly, in these studies MHC
molecules were found to be released in the form of supramolecular particles in
association with membrane lipids. The absence of other membrane proteins
led the authors to interpret these results as a nonrandom shedding of plasma
membrane. These observations together with the finding that the shed mol-
ecules can be sedimented by ultracentrifugation at 100,000 x g lead us to be-
lieve that these MHC class IT containing particles actually represent exosomes.
The finding that noncell associated MHC molecules are present in the mouse
serum suggests that exosomes may occur in vivo.!* Concerning their role, dif-
ferent hypotheses are worth investigating. Exosomes could represent the ve-
hicles transferring MHC molecules between different cells of the immune sys-
tem. For example, follicular dendritic cells (FDCs) in tonsil germinal centers
do not synthesize MHC class II molecules, but express them at the cell surface
and act as antigen presenting cells once they have been in contact with super-
natants from B cells.!® These surface MHC class IT molecules may be recruited
from exosomes released by B lymphocytes. Another hypothesis is the possible
implication of MHC-exosomes in the maintenance of T cell memory or toler-
ance. Finally, in contrast to T cell activation, exosomes may function in
immunosuppression.

Exosomes released by APCs may not only carry MHC class I, but also MHC
class I molecules. We have accumulated evidence indicating that MHC class I
molecules are indeed present in multivesicular MIICs of several B lympho-
blastoid cells (Kleijmeer, Rabouille, Raposo and Geuze; unpublished data). Thus
MHC class I molecules may also be released via exosomes. This could be in
agreement with the observations that shed class I molecules are similarly re-
covered from supernatants of B cells.!®? Furthermore MHC class I shed from
viable lymphocytes can induce cytotoxic responses. %

Cyroroxic T Cerrs anNp NK CeLis
As mentioned in the introductory section, cytotoxic T cells (CTLs) and NK
cells display cytolytic granules with the characteristics of secretory lysosomes,
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since they contain lysosomal components, are acidic and are accessed by
endocytic tracers.’2%1> CTL granule exocytosis has been considered to be an
important mechanism of lethal hit delivery.!”-1% This was supported by the
subcellular localization within the granule of molecules necessary for CTL-tar-
get cell interaction (TCR, CD3, CD8, MHC class I) and molecules involved in
target cell killing (perforin and granzymes D, E and F).1*?* Interestingly , within
the granule the former are localized in small 60-80 nm vesicles with their lumi-
nal domain facing outward which is a consequence of the way intralumenal
vesicles of prelysosomes originate, i.e., by budding from the limiting membrane.
The latter accumulate in the electron-dense core, but can also be detected within
the small vesicles. Upon interaction with the target cell, CTL granules fuse with
the plasma membrane and release their contents, i.e, soluble mediators and
small vesicles, into the intercellular cleft between the T cell and target cell. This
mechanism allows a specific and unidirectional delivery of the lytic machinery
to the target cell, and may explain why CTLs and bystander cells in close prox-
imity escape killing.2* However, the way these vesicles interact with the target
cell is still poorly understood. It has been proposed that they may fuse with the
target cell membrane, or alternatively they may be endocytosed and deliver
their contents to an intracellular compartment of the target cell.

ITI. CONCLUSIONS AND PERSPECTIVES

Accumulating evidence indicates that cells of the hematopoietic cell lineage
are able to secrete the contents of their MVBs, i.e., exosomes and solutes, into
the extracellular environment. The subcellular mechanisms involved in exosome
biogenesis and release are still poorly understood and future research is needed
to yield a model in which exosomes may find their place in cell physiology.
Also, it remains to be investigated whether exosome secretion occurs in other
nonspecialized secretory cells, since it represents a potential mechanism
accounting for so-called nonclassical routes of secretion.
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