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Abstract

Vibrio cholerae colonizes the small intestine and releases cholera toxin into the extracellular

space. The toxin binds to the apical surface of the epithelium, is internalized into the host
endomembrane system, and escapes into the cytosol where it activates the stimulatory alpha
subunit of the heterotrimeric G protein by ADP-ribosylation. This initiates a cAMP-dependent
signalling pathway that stimulates chloride efflux into the gut, with diarrhea resulting from the
accompanying osmotic movement of water into the intestinal lumen. G protein signalling is not the
only host system manipulated by cholera toxin, however. Other cellular mechanisms and signalling
pathways active in the intoxication process include endocytosis through lipid rafts, retrograde
transport to the endoplasmic reticulum, the endoplasmic reticulum-associated degradation system
for protein delivery to the cytosol, the unfolded protein response, and G protein de-activation
through degradation or the function of ADP-ribosy! hydrolases. Although toxin-induced chloride
efflux is thought to be an irreversible event, alterations to these processes could facilitate cellular
recovery from intoxication. This review will highlight how cholera toxin exploits signalling
pathways and other cell biology events to elicit a diarrheal response from the host.
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Pathogens are master cell biologists; practically every cellular process is exploited by one
pathogen or another. Vibrio choleraeis a prime example of this phenomenon. It produces
a virulence factor, cholera toxin (CT)1, which induces a diarrheal response that flushes the
pathogen back into the environment for further spread. In order to elicit this effect, CT
manipulates several cellular functions. This review will focus on the manipulation of host
cell biology by CT, including how the toxin alters host signaling pathways.
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1. Etiology and Epidemiology of Cholera

The profuse and potentially life-threatening diarrhea of cholera results from persistent
activation of a cCAMP-dependent signaling pathway. As summarized in a series of Lancet
reviews [6-8], the primary signs of cholera are profuse diarrhea and vomiting of clear fluid.
An individual who is untreated can produce up to 20 liters of diarrhea a day, with the

stools containing flakes of mucus that generate a distinctive rice-water appearance. Without
treatment, the patient can become extremely dehydrated and experience hypovolemic shock.
Oral or intravenous rehydration to replace the lost fluids and electrolytes is used for
treatment. Vomiting ceases after the patient has been properly hydrated, which allows the
subsequent use of oral antibiotics to reduce persisting symptoms and bacterial shedding.
Without antibiotics, a typical case of cholera will be cleared by the adaptive immune system
in 7-10 days. The individual will then be immunoprotected against the disease for around
three years. Prophylactic protection conferred by the three commonly used cholera vaccines
will last about the same length of time.

V/ cholerae, the causative agent of cholera, has an aquatic reservoir and is transmitted by a
fecal-oral route through contaminated food or water. Asymptomatic and mildly symptomatic
infections assist the spread of disease, along with the hyperinfectious state of V/ cholerae
shed from a host. The pathogen has a global distribution, but most infections occur in
developing countries where infrastructure for water and sewage treatment is lacking. Cholera
can be endemic in these regions, while epidemic spikes are frequently seen after natural
disasters and in refugee camps [9, 10]. The global burden of cholera is estimated to be
between 2-9 million annual cases with 95,000 yearly deaths [10, 11].

There are over 200 serotypes of V/ cholerae that are based on variations in the
lipopolysaccharide O antigen. However, only the O1 and 0139 serotypes are associated with
cholera epidemics [9]. These strains harbor a chromosomal copy of CTX®, a filamentous
bacteriophage that encodes an operon with the ctxab genes of CT [12, 13]. This instance

of lysogenic conversion allows O1 and 0139 V. choleraeto elicit the profuse, fulminant
diarrhea of cholera. The enhanced virulence of 01/0139 V. cholerae resulting from the
production of phage-encoded CT also benefits CTX®, as its genome is replicated every time
the bacterium divides.

CT does not kill the intoxicated cell. Instead, it alters a cAMP-dependent signaling pathway
to promote chloride efflux through the cystic fibrosis transmembrane regulator (CFTR). The
release of chloride and accompanying movement of water into the intestinal lumen is what
generates the diarrheal disease of cholera. Other CT-triggered physiological responses may
contribute to the disease state, but CFTR activity appears to be the main mechanism of
action [14-17]. Intestinal biopsies from CFTR (-/-) individuals are thus non-responsive to
CT [18]. Transgenic CFTR(-/-) mice are also completely resistant to CT-induced secretory
diarrhea, while heterozygous CFTR(+/-) mice are partially resistant to the toxin [19]. Many
investigators have accordingly focused on CFTR inhibitors as a therapeutic strategy to treat
cholera [20-22]. The ability of a CFTR(+/-) genotype to withstand severe cases of cholera
and other secretory diarrheal diseases may provide an evolutionary explanation for the
unusually high frequency of CFTR heterozygosity and cystic fibrosis disease (Box 1).
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2. Structure/Function of Cholera Toxin

CT belongs to the broad family of AB protein toxins that contain two functional
components: an enzymatic A moiety and a cell-binding B moiety [36-38]. These toxins are
released into the extracellular space but attack targets within the host cell. The toxins must
therefore cross a membrane barrier in order to reach their intracellular targets. Translocation
into the cytosol only occurs after endocytosis of the surface-bound toxin. Some AB toxins
then access the cytosol from acidified endosomes. Other AB toxins travel by vesicle carriers
from the endosomes, through the #rans-Golgi network (TGN), and to the endoplasmic
reticulum (ER) before passage into the cytoplasm. For both endosome and ER translocation
sites, toxin disassembly occurs before or during A chain entry into the cytosol. In vivo toxin
activity requires A chain dissociation from the B subunit. Furthermore, the A chain must
attain an unfolded state in order to access the cytosol. The translocated toxin then returns

to a folded conformation for the modification of its cytosolic target. An overview of the
trafficking and translocation itinerary for CT is provided in Figure 1.

CT is an ER-translocating ABg toxin [16]. A serine protease site spanning amino acids 192
to 195 in the CTA polypeptide? is cleaved to generate separate A1 and A2 subunits that
remain linked by a disulfide bond between C188 and C199. Catalytic activity resides in the
CTAL subunit, while CTA2 acts as a bridge that anchors CTA1 to the B moiety. Monomers
of CTB assemble into a ring-like pentamer, with the C-terminal region of CTA2 occupying
central pore of the structure (Fig. 2). The intact CT holotoxin is assembled in the bacterial
periplasm and then secreted across the outer membrane to enter the intestinal lumen.

When CTAL enters the host cytosol, it catalyzes the transfer of ADP-ribose from NAD to
R2013 in the stimulatory alpha subunit of the heterotrimeric G protein (Gsa.) [1, 55, 56].
This modification inhibits the intrinsic GTPase activity of Gsa.,, which locks the protein in an
active, GTP-bound state and results in the prolonged production of cAMP through persistent
stimulation of adenylate cyclase. Protein kinase A (PKA) is activated by the chronically
high levels of cAMP, and its subsequent phosphorylation of CFTR promotes increased
chloride secretion into the intestinal lumen [28]. Other proteins activated by PKA reduce

the surface expression of sodium-hydrogen exchanger 3 (NHE3) through endocytosis and an
inhibition of further NHE3 delivery to the plasma membrane [57, 58]. This effect, as well

as direct inhibition of NHE3 by PKA [59], prevents sodium absorption into the intestinal
epithelium. The resulting extracellular accumulation of sodium and chloride leads to the
osmotic movement of large volumes of water into the intestinal lumen, thus generating the
profuse watery diarrhea of cholera.

3. Intracellular Transport of CT

CTA1 must enter the cytosol in order to reach its Gsa target. CT does not have pore-forming
capacity, so it utilizes a protein-conducting channel in the ER membrane to access the

2CTA1L amino acid residue numbers throughout the manuscript refer to the mature toxin sequence, after removal of the N-terminal
signal peptide that delivers it to the bacterial periplasm.

3The Gsa residue targeted for ADP-ribosylation by CTA1 is also referenced as R187; this reflects a difference in the particular splice
variant of Gsa that is under consideration rather than a difference in the target residue [1].
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cytosol. Movement from the extracellular space to the ER is a multi-step process involving
toxin binding to the plasma membrane, endocytosis, transfer from the endosomes to the
TGN, retrograde transport to the ER, and toxin retention in the ER before CTAL export

to the cytosol. A substantial pool of internalized toxin is also routed to the lysosomes for
degradation [41-43]. CT can be detected in the ER and cytosol as early as 45-60 minutes
after binding to the cell surface, with a accompanying cAMP response and chloride efflux
[42-44, 60, 61]. However, only a minor pool (1-10%) of cell-associated CT reaches the ER
within 1-2 hours of its initial contact with the plasma membrane [41, 44-47]. Despite this
inefficiency, CT still elicits a potent response from the intoxicated cell.

3.1 Surface binding and endocytosis of CT.

Lipid rafts play a critical role in the surface binding and intracellular transport of CT.

These structures are enriched in cholesterol and sphingolipids which, based on their physical
properties, promote the tight packing of saturated phospholipids into a liquid ordered phase
that forms a floating platform within the larger, liquid disordered environment of the
membrane [62—64]. The raft structure can serve as a site of endocytosis or recruit specific
proteins to act as a signaling platform [64—66]. The former function is involved with the
internalization of surface-bound CT. Alterations to membrane cholesterol or sphingomyelin
consequently inhibit the endocytosis and cellular activity of CT [43, 60, 67].

CT initially interacts with the target cell by binding to GM1 gangliosides that can associate
with lipid rafts [68—70]. Each monomer in the CTB pentamer has a GM1 binding site
positioned at the bottom face of the pentamer, facing away from the A moiety [71].
Attachment to a single GM1 ganglioside is sufficient for the cellular activity of CT [72].
However, intoxication is enhanced when the CTB pentamer binds to three or more GM1
gangliosides [73, 74]. Multivalent binding stabilizes the association with lipid rafts through
GM1 clustering [75-77] and, due to the circular nature of the pentamer, induces membrane
curvature in preparation for endocytosis [63, 78]. The route of endocytosis varies depending
on the cell type, yet all endocytic mechanisms converge on the sorting endosomes. From
this early endosomal compartment, CT can return to the plasma membrane, move to the late
endosomes and lysosomes, or traffic to the TGN.

3.2 Toxin transfer from the early endosomes to the TGN.

The sorting endosomes are tubulo-vesicular structures in which the majority of the
membrane is found in narrow, elongated tubules [79]. The separation of transmembrane
proteins and membrane-bound cargo from soluble cargo is based on the surface-to-
volume ratio of the organelle: most membrane-associated cargo partitions into the tubular
compartment, while soluble cargo remains in the lumenal volume of the vesicular
compartment [80]. Lipid sorting to the tubular or vesicular components of the organelle
is based on the physical properties of the lipid [81]. Vesicles derived from the tubules are
directed back to the plasma membrane or to the TGN, in both cases either directly or
through a recycling endosome intermediate. The lumenal content of the sorting endosome
enters a pathway for delivery to the late endosomes and lysosomes [80]. CT, through its
association with GML1, uses this lipid-based sorting mechanism to reach the TGN.
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GML1 is an acidic glycosphingolipid with an extracellular oligosaccharide that is recognized
by CTB and a membrane-associated ceramide that determines its route of intracellular
transport. Different species of GM1 vary in the length and saturation of the ceramide moiety
[63, 82, 83]. An unsaturated ceramide directs GM1 from the sorting endosomes to the TGN
and ER, while GM1 species with saturated ceramides are distributed to the recycling or late
endosomes. Binding to CT alters these outcomes, with the majority of all toxin-clustered
GM1 species being routed to the late endosomes and lysosomes [83, 84]. This explains the
extensive lysosomal degradation of cell-associated CT and its inefficient transport to the ER.
Still, a minor pool of CT that is bound to unsaturated GM1 can move to the TGN and ER

in a process that requires syntaxin 6, cholesterol, actin, and flotillin-1 [67, 83, 85-87]. The
latter three factors are associated with lipid rafts [64, 65, 88], indicating these structures can
be involved with both the endocytosis and intracellular transport of CT.

3.3 Retrograde toxin transport to the ER.

CT cannot be easily visualized in the ER by confocal or immunoelectron microscopy?,

but its movement to the ER was eventually documented with the use of a recombinant

CTB pentamer containing sites for tyrosine sulfation and N-linked glycosylation. Tyrosine
sulfation occurs in the TGN and can be detected through the addition of radiolabeled sulfate
to the target protein. N-linked glycosylation begins in the ER and continues in the Golgi
apparatus; it can be detected by SDS-PAGE through the resulting mobility shift in the
modified protein. With this strategy, it was reported that recombinant CTB is first sulfated in
the TGN and then glycosylated in the ER. The core glycans are then modified by enzymes
in the cisand medial Golgi stacks, which indicates CTB will cycle between the ER and
Golgi. Fujinaga et. al. [48] used a CTB pentamer rather than the CT holotoxin for some of
these studies. CTB, through its association with GM1 and lipid rafts, can thus reach the ER
without a contribution from its A moiety.

A functional role for toxin transport to the ER was documented with toxicity assays that
used brefeldin A (BfA) to block the retrograde trafficking pathway. BfA perturbs the
formation of transport vesicles, causing the Golgi apparatus to collapse into the ER and the
TGN to fuse with the early endosomes [89, 90]. The mixed ER/Golgi and TGN/endosomal
systems do not communicate, so cargo in the TGN or endosomes cannot reach the ER. The
CT-resistant phenotype of BfA-treated cells [41, 45, 91] thus established retrograde transport
as an essential component of the intoxication process.

From the BfA work, it was initially thought that CT moves through the Golgi apparatus en
route to the ER. The absence of a Golgi apparatus would consequently block CT movement
into the ER. Yet an inhibition of toxin export from the fused TGN/endosomal system [4],
rather than the absence of the Golgi apparatus, could also account for the inhibitory effect
of BfA on CT. In support of this interpretation, it was later found that Exo2 — a drug that
induces assimilation of the Golgi apparatus into the ER without affecting CT transport to or

41n contrast to most cell types, CT is efficiently delivered to the ER of Vero cells and can be readily visualized in the compartment
by immunofluorescence microscopy [2-4]. The basis for this phenomenon has not been established, but it could be related to the
particular GM1 isoforms synthesized by Vero cells.
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from the TGN - does not confer resistance to CT [61]. It thus appears that CT can bypass
the Golgi apparatus as it moves from the TGN to the ER.

3.4 Toxin retention in the ER.

After CT is delivered to the ER, its Al subunit is separated from the rest of the toxin and
processed for export to the cytosol. Toxin disassembly is inefficient [92], so CT must be
retained in the ER to ensure the release of CTAL from CTA2/CTBs. A KDEL tetrapeptide at
the C-terminus of the A2 subunit is used for this purpose.

A C-terminal KDEL tag serves as a retention/retrieval motif for many resident ER proteins.
When these proteins escape the ER, they are recognized by a KDEL receptor in the Golgi
apparatus and returned to the ER by a coatomer-dependent retrograde transport mechanism
[93]. CT utilizes this pathway to move back from the Golgi to the ER [3]. This minimizes
the time CT spends in the Golgi, as evidenced by the different patterns of N-linked
glycosylation from various forms of recombinant toxins: KDEL-containing holotoxins do
not receive Golgi-specific glycan modifications [44, 48], but glycans in the CTB pentamer
are remodeled by c/sand medial Golgi enzymes when a functional KDEL tag is missing
[48]. Other studies with a recombinant CT lacking the KDEL sequence found that the tag is
not required for intoxication but instead improves the potency of the toxin [94]. CTB is thus
responsible for toxin transport to the ER, while CTAZ is responsible for the KDEL-driven
retention/retrieval of ER-localized CT. Optimal intoxication requires efficient retention in
the ER to complete the downstream disassembly and translocation events.

4. CTALl Translocation from the ER to the cytosol

CT reaches the ER as a holotoxin with an intact CTA1/CTAZ2 disulfide bond. However, only
the A1 subunit enters the cytosol. The ER-to-cytosol export of CTAL thus requires toxin
reduction, toxin disassembly, and chaperone-assisted delivery of the dissociated A1 subunit
to a translocon pore in the ER membrane. The final event involves an interaction between
CTA1 and ER-associated degradation (ERAD), an endogenous quality control system that
recognizes misfolded or misassembled proteins in the ER and transfers them to the cytosol
for degradation [95, 96].

4.1 Toxin reduction and disassembly.

The disulfide bridge between CTA1 and CTA2 is reduced in the ER. This occurs at the
resident redox state of the ER [97] and can be further stimulated by protein disulfide
isomerase (PDI) [98, 99] or, possibly, other ER-localized oxidoreductases. However,
reduction alone does not trigger toxin disassembly: extensive non-covalent contacts between
CTA1 and CTA2/CTBsg maintain a stable, intact holotoxin after cleavage of the A1/A2
disulfide bond [100, 101]. Disassembly requires an additional interaction with PDI [50,
102], which uses conditional disorder as a unique mechanism to displace reduced CTA1
from the rest of the toxin [103] (Fig. 3).

PDI-deficient cells are resistant to CT, which highlights the essential role of PDI in the
intoxication process [50]. The efficiency of toxin disassembly by PDI also appears to
influence toxin potency. This could explain differences in the cellular and physiological
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responses to CT vs. Escherichia coliheat-labile enterotoxin (LT), another AB5 toxin that

is highly related to CT (Box 2). Both toxins bind the same GM1 receptor, have identical
catalytic mechanisms, and follow the same intracellular trafficking pathway to their shared
Gsa target [14-16]. Despite these similarities, CT is more potent than LT in cell culture
[94, 104, 105]. We recently reported that PDI disassembles CT more efficiently than LT
[105], which provides a possible explanation for the greater cellular potency of CT: the
limited release of LTAL from LTA2/LTBs would restrict its entry into the cytosol and thus
minimize the effects of LT intoxication in comparison to CT. The correlation between toxin
disassembly and toxin potency was also observed with a CT/LT hybrid toxin that exhibited
lower potency and less efficient PDI-driven disassembly than native LT [105].

4.2 Toxin unfolding and activation of the ERAD system.

CTA1 is held in a stable conformation when associated with the CT holotoxin [108,

109]. However, the isolated CTA1 subunit is an unstable protein with a highly disordered
conformation at the physiological temperature of 37°C [52, 110]. The PDI-driven release
of CTAL from CTA2/CTBg thus results in the spontaneous unfolding of the dissociated
Al subunit. This prevents the potential unproductive reassembly of a CT holotoxin in the
ER [111]. It also identifies CTAL as an unfolded protein for ERAD-mediated export to the
cytosol.

CHO cell lines that cannot efficiently export ERAD substrates to the cytosol are resistant
to several ER-translocating toxins, including CT, LT, pertussis toxin, exotoxin A, and ricin
[112-114]. This provided functional evidence for the role of ERAD in the intoxication
process. All the aforementioned toxins contain labile A chains that can be stabilized and
trapped in the ER through the application of chemical chaperones, resulting in a toxin-
resistant phenotype [49, 51, 114]. Instability in the isolated A chain thus represents a
common strategy for triggering ERAD-mediated toxin export to the cytosol [53].

After delivery to the cytosol, most ERAD substrates are rapidly degraded by the ubiquitin-
proteasome system [95]. The A chains of ER-translocating toxins avoid this fate because
they lack the lysine residues that serve as the attachment site for ubiquitin. Arginine residues
are instead found throughout the protein sequence. For example, CTAL contains fifteen
arginine residues but only two lysine residues. This amino acid bias is not found in CTB

or the B subunits of other ER-translocating toxins [115, 116], which indicates there was

an evolutionary pressure on the A chain to replace lysine with a conserved amino acid
substitution. In support of this possibility, recombinant toxins with one or more lysine-for-
arginine replacements in the toxin A chain were found to be less potent than their cognate
wild-type toxins. Proteasome inhibitors could restore wild-type levels of toxin activity to the
lysine-enriched recombinant toxin, which indicated the loss of activity was due to effective
proteasome-mediated clearance of the mutant A chain from the cytosol [117-119]. CTAl
and other toxin A chains thus exploit ERAD for passage into the cytosol but then evade

the ubiquitin-dependent degradation that usually accompanies the processing of an ERAD
substrate [36, 116].
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4.3 CTAl interactions with ER chaperones.

After its release from the holotoxin, CTAL interacts with a series of ER-localized chaperones
and/or ERAD components. This involves processing by Hsp40 and Hsp70 family members
that act sequentially on a client protein. An Hsp40 chaperone initially binds to the
misfolded/unfolded substrate and then transfers it to an Hsp70 chaperone which, in the
open ATP-bound conformation, has low affinity for the client. ATP hydrolysis is stimulated
by a J domain in the Hsp40 chaperone during substrate transfer, thus converting Hsp70 to
an ADP-bound conformation that closes on the substrate for tight binding [120]. Following
this general pattern, CTA1 has been reported to interact with two ER-localized Hsp40 family
members: ERdj3 and ERd]j5. ERdj3 specifically recognizes the disordered conformation of
CTA1 and masks the exposed hydrophobic amino acids in the unfolded toxin. Its function is
required for the ER-to-cytosol export of CTA1L and, thus, the cellular activity of CT [121].
ERdj5 also binds to CTA1 and is active in toxin translocation to the cytosol [122]. It has
been shown to enhance CTAL binding to BiP, an ER-localized Hsp70 family member that
prevents the aggregation of CTA1 at 37°C and facilitates toxin passage into the cytosol
[123]. CTAl is released from BiP through the redundant actions of Grp170 and Sil1, two
ER-localized nucleotide exchange factors that convert BiP back to its open, low-affinity
conformation by facilitating the replacement of ADP with ATP in the nucleotide binding
pocket of BiP [124]. As described below, these collective events are often coupled with
substrate docking to a protein-conducting channel in the ER membrane. The intrinsic
instability of free CTAL thus co-opts the normal process of ERAD chaperone interactions
for delivery to a translocon pore and subsequent passage into the cytosol.

4.4 CTAl interactions with ER translocon pores.

The ER contains two translocon pores for protein egress to the cytosol: Sec61 and

Hrd1. Both appear capable of transferring CTAL to the cytosol. The Sec61 translocon is
responsible for co-translational import into the ER, but it can also facilitate the removal

of ERAD substrates from the ER [125]. CTA1 co-immunoprecipitated with Sec61 when
synthesized directly in ER-derived microsomes, and occlusion of the Sec61 pore trapped
CTA1 within the microsomes [126]. Its recruitment to the Sec61 channel could possibly be
facilitated by BiP, which has established interactions with both Sec61 and CTA1 [123, 127].

BiP also interacts with Sell, a core component of the multimeric Hrd1 translocon [128].
Knockdown of Sell by siRNA reduced the level of cytosolic CTAL by 50%, thus
establishing its functional role in CTA1 translocation [122]. Other siRNA studies recorded a
similar 50% reduction in cytosolic CTAL after the depletion of Derlin-1, another component
of the Hrd1 complex, or Hrd1 itself [129, 130]. For these two studies, the lower levels

of cytosolic CTAL corresponded to a 2-fold drop in the toxin-induced cAMP response.
Although CTA1 is not a target for ubiquitination, a dominant negative variant of Hrd1

that lacked the E3 ubiquitin ligase activity of its RING-finger domain inhibited CTA1
translocation to the cytosol and CT activity [130]. Dominant negative variants of Ube2g2, a
Hrd1-associated E2 ubiquitin conjugating enzyme, also inhibited the cytosolic accumulation
of CTAL [130]. These collective observations were consistent with the proposed function of
the Hrd1 translocon, which involves the input of multiple proteins and auto-ubiquitination as
a trigger for cargo passage through the protein-conducting channel [131].
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From the available data, it appears CTAL can use both the Sec61 and Hrd1 translocons

for entry into the cytosol. The Hrd1 pathway has been characterized in greater detail and

fits the expected pattern of Hrd1-substrate interactions, but the loss-of-function studies

have only documented a partial inhibition of CT activity. This stands in contrast to the
complete inhibition of CT activity resulting from the loss of other ERAD factors [5, 50, 132]
and suggests there is an alternative mechanism (i.e., Sec61) for CTAL translocation to the
cytosol. Cellular loss-of-function studies with Sec61 are problematic because of its essential
nature, but other ER-translocating toxins also interact with Sec61 (exotoxin A, ricin) or both
Sec61 and Hrd1 (Shiga toxin) [133-136].

5. Cytosolic Activity of CTA1

CTA1 will exit the ER in an unfolded state, which generates two problems: (i) a linear
protein will not spontaneously move in a unidirectional manner through the translocon pore;
and (ii) CTA1 will not spontaneously return to a folded, functional conformation in the
cytosol. Extraction of CTAL through the translocon pore and refolding of the exported toxin
must therefore involve the contribution of host factors. An initial “push” into the translocon
pore may be mediated by torsin A, an AAA* ATPase located in the ER lumen [137]. This
process is not well-characterized, but, as described below, some detail is available on the
extraction and refolding of CTAL by cytosolic factors.

5.1 A ratchet mechanism for CTA1 extraction to the cytosol.

Most ERAD substrates are delivered to the cytosol through the action of the AAA* ATPase
p97, but this protein is not required for CTAL export to the cytosol [138, 139]. CTAL is
extracted from the ER through a distinct mechanism involving the coordinated action of
two cytosolic chaperones, Hsp90 and Hsc70°. Loss-of-function studies have shown both
chaperones are needed for CT activity and CTA1 translocation to the cytosol [5, 132]. An

in vitro reconstitution system further demonstrated that the addition of Hsp90 to the buffer
is sufficient for CTA1 export from ER-derived microsomes [140]. The ubiquitin-independent
turnover of cytosolic CTAL [52, 113, 141] may explain why Hsc70 is required for the
cellular but not in vitro translocation of CTAL: we propose the efficiency of Hsp90-driven
toxin translocation is enhanced by Hsc70, thus allowing the balance between toxin delivery
to the cytosol and toxin degradation in the cytosol to favor the accumulation of cytosolic
toxin. The slow rate of toxin export in the absence of Hsc70 would thus result in toxin
clearance from the cytosol but not from an in vitro buffer where degradation does not occur.

Chaperones usually interact with the surface-exposed hydrophobic amino acids of a
disordered protein, but Hsp90 and Hsc70 recognize defined amino acid sequences in CTAL:
Hsp90 binds to an N-terminal RPPDEI motif (residues 11-16), while Hsc70 binds to an
internal YYI1YVI motif (residues 83-88 of the 192 amino acid protein) [5, 142]. The
RPPDEI motif is also found at the N- or C-termini of other toxin A chains that move from
the ER to the cytosol and function as ADP-ribosyltransferases [142]. The Hsc70 binding
motif is unique to CTAL, as is a second Hsp90 binding motif (LDIAPA) spanning amino

SHsc70 and Hsp70, the stress-inducible variant of Hsc70, play redundant roles in CT intoxication [5].
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acid residues 153-158. The functional significance of the second Hsp90 binding motif has
not yet been determined, but mutations to any of the RPP residues in the N-terminal Hsp90
binding motif will sequester CTA1 in the ER [142].

As expected for a typical chaperone-substrate interaction, binding to either Hsp90 or Hsc70
will induce a gain-of-structure in disordered CTAL [5, 140]. The interaction with Hsp90 also
follows a typical pattern where (i) toxin binding requires the chaperone to be complexed
with ATP and (ii) toxin refolding requires ATP hydrolysis by the chaperone. We found

that the Hsp90-driven extraction of CTA1 from ER-derived micrososomes also required
ATP binding and hydrolysis [140]. This observation, combined with the location of the
N-terminal Hsp90 binding motif in CTA1L, led us to propose a ratchet mechanism (Box

3) for toxin translocation in which CTA1 refolding is coupled with its extraction from the
translocon pore: the gain-of-structure induced by Hsp90 prevents folded CTAL from sliding
back into the translocon pore, thus ensuring its unidirectional movement out of the ER. The
process begins when the N-terminal RPPDEI motif of CTA1 appears at the cytosolic face
of the ER membrane. Extraction continues as the Hsc70 and second Hsp90 binding sites
emerge from the translocon pore, thereby allowing further toxin refolding and a continued
ratchet mechanism for full removal of CTAL from the ER. This process may represent a
variation on the Hsp90-dependent mechanism in dendritic cells that delivers extracellular
proteins to the cytosol for antigen cross-presentation [143, 144].

5.2 Additional roles for Hsp90 and Hsc70 in the cellular activity of CTAL.

The refolding of a client protein usually results in its dissociation from the chaperone, but
both Hsp90 and Hsc70 remain associated with the refolded CTAL polypeptide [5, 140].

This is critical for the cellular activity of CTA1, as the chaperone-free toxin would revert

to a disordered, inactive state. The lack of CTA1 activity at 37°C has been confirmed

with in vitro ADP-ribosylation assays [150, 151]. However, Hsp90-ATP can induce a gain-
of-function when added to the in vitro assay either before or after heating CTAL to 37°C.
The continued association with Hsp90 and/or Hsc70 likely prolongs the half-life of cytosolic
CTA1 as well, given that its ubiquitin-independent proteasomal degradation by the core 20S
proteasome requires an unfolded substrate [51, 52]. CTA1 thus exploits both typical and
atypical interactions with cytosolic chaperones to reach the cytosol in a functional state.

5.3 CTAL activation by other host factors.

The cytosolic activity of CTAL is stimulated through an essential interaction with host ADP-
ribosylation factors (ARFs) [151]. These proteins normally function in vesicle transport, but
they are named ARFs because they were first identified as allosteric activators of CTAL

(an ADP-ribosyltransferase) [152, 153]. The interaction with ARF generates conformational
changes in CTAL that optimize its enzymatic activity [54, 154], but ARF does not induce

a gain-of-structure in disordered CTA1 [151]. As such, CTA1 exhibits no in vitro activity
when exposed to an ARF at 37°C [140, 151]. ARF-stimulated enzymatic activity can be
attained at physiological temperature if CTAL is first placed in a folded conformation
through its association with Hsp90-ATP [140]. The lipid raft environment where Gsa is
located also exhibited a “lipochaperone” effect on CTAL, inducing both a gain-of-structure
and ARF-stimulated gain-of-function when added to the unfolded toxin [151, 155]. The
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greatest level of activity was obtained when Hsp90-ATP was incubated with CTA1 at 37°C
before exposure to both ARF and large unilamellar vesicles with the composition of a lipid
raft [140]. This mirrored the sequence of events that would occur in the host cell and
indicated the order of host factor interactions is important for CTAL to achieve its optimal
cytosolic activity.

6. Atypical Activation of the Unfolded Protein Response (UPR) by CT

We recently documented an additional CT-linked signalling pathway that leads to induction
of the UPR [156]. The UPR acts in concert with ERAD to manage the load of misfolded
proteins in the ER [96, 157, 158]. When stress conditions overwhelm the ERAD system,

a compensatory UPR (i) reduces overall protein synthesis to limit the accumulation of
misfolded proteins, (ii) enhances the production of ERAD factors to clear the misfolded
proteins, and (iii) stimulates the production of ER membrane to enlarge the compartment
and dilute the pool of misfolded proteins. Components of the vesicle trafficking machinery
are also up-regulated during the UPR [159]. This final effect likely accounts for the
increased efficiency of CTAL delivery to the cytosol and additional sensitization to CT
when the UPR is operational.

6.1 Characteristics of UPR activation.

CT induction of the UPR occurred in a dose-dependent manner and was not replicated
with enzymatically inert toxins [156]. Elevated levels of cCAMP could be detected within
90 min of toxin exposure, but a transcriptional reporter for the UPR was not active until 4

h of intoxication. A disconnect between cAMP production and UPR activation was further
emphasized by the lack of UPR in cells treated with forskolin, an agonist of adenylate
cyclase. In contrast, chemical activation of the heterotrimeric G protein led to an UPR.
Initiation of the UPR thus required a functional toxin and appeared to involve the G protein
target of CT, yet the cAMP response that results from CT activity against Gsa. was not
responsible for the effect.

The Draper lab also described a toxin-induced signalling pathway that up-regulates the
expression of proteins in the ERAD system, but this effect was caused by relatively high
concentrations of the CTB pentamer (~10 nM) rather than the 1 nM concentration of CT
required for UPR activation [160]. It also appeared to alter the translation, rather than
transcription, of ERAD factors and occurred within 15 min of exposure to CTB. CT thus
appears to exploit multiple, distinct signalling mechanisms for sensitizing the target cell to
intoxication.

6.2 UPR-enhanced delivery of CTA1 to the cytosol.

A remarkable increase in the cytosolic pool of CTAL occurs between 4 and 5 h of
intoxication [51, 156], which coincides with the toxin-induced activation of the UPR [156]
and the maximal cCAMP response that occurs between 3.5 and 6.5 hours of intoxication
[149]. The jump in cytosolic CTAL is not seen with enzymatically inert toxins that do

not trigger the UPR [156]. Rapid toxin delivery to the cytosol, within 15 minutes of toxin
exposure, can also be accomplished through chemical activation of either the heterotrimeric
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G protein or the UPR [156]. Furthermore, toxin sensitization results from chemical
activation of the UPR [156, 161]. These collective observations suggest CT intoxication
is a two-stage event in which the initially slow and inefficient delivery of CTA1 to the
cytosol is enhanced by the UPR activation that occurs after the first pool of CTAL reaches
the cytosol and its G protein target.

The elevated levels of cytosolic CTAL resulting from UPR activation could be attributed

to enhanced ERAD processing of the toxin, more efficient toxin transport to the ER, or
both. The cellular mechanisms at play remain to be established, but it has been reported
that CT transport to the ER is more efficient when the ER calcium store is depleted

[161]. This resulted in a toxin-sensitive phenotype. Transport was monitored by electron
microscopy and ER-localized reduction of the CTAL/CTAZ2 disulfide bond in cells treated
with thapsigargin, an inhibitor of the ER Ca2*-ATPase. Thapsigargin also induces an UPR
through the inactivation of calcium-dependent ER chaperones and resulting accumulation of
misfolded proteins. It was one of the methods used to document the rapid accumulation of
cytosolic CTA1 [156]. The UPR thus appears to accelerate retrograde toxin transport to the
ER, leading to a larger pool of ER-localized toxin for passage into the cytosol.

6.3 Mechanism of UPR activation.

The toxin-triggered UPR is a CAMP-independent event, yet it still appears to involve an
active heterotrimeric G protein. It is therefore possible that the signaling pathway leading

to UPR activation involves the dissociated By subunits rather than ADP-ribosylated Gsa..
Other cAMP-independent outcomes resulting from exposure to an active CT could involve

a Gg, signaling mechanism as well [162-165]. Gg,, subunits can regulate the UPR in
Arabidopsis thaliana [166, 167] and can interact with IP3 receptors to induce calcium release
from the mammalian ER [168]. The Gg,-stimulated depletion of ER calcium could thus, like
thapsigargin, trigger an UPR through the inactivation of ER chaperones. With this model,

an atypical G protein signaling pathway leads to UPR activation through the typical route of
protein misfolding in the ER.

7. Potential Down-Regulation of the Toxin-Induced cAMP Response

It is thought that recovery from CT-induced diarrhea can only occur after the intoxicated
enterocytes, which have a 3-5 day life span, are sloughed from the intestinal epithelium [12,
15, 19, 169-172]. As considered below, a number of observations indicate this is not the
case. The collective evidence suggests it may instead be possible to reverse the effects of
intoxication.

7.1 Removal of toxin-modified Gsa.

The ADP-ribosylation of Gsa is commonly referenced as an irreversible modification
[12, 15, 19, 82]. Gsa would thus be locked in an active conformation for the lifetime

of the cell, leading to an unending stimulation of adenylate cyclase and persistently high
levels of cCAMP. However, two mechanisms have been established for the clearance of
ADP-ribosylated Gsa..
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The Bourne and Milligan laboratories both demonstrated that Gsa is rapidly degraded after
its modification by CT. Elevated levels of cAMP did not mimic this effect in unintoxicated
cells [173, 174], but a short half-life was reported for a constitutively active mutant of Gsa
[175]. The active, GTP-bound conformation of Gsa thus appears to be specifically targeted
for degradation. Still, there is a residual pool of ADP-ribosylated G protein that evades
degradation and is sufficient to propagate the cAMP response.

In addition to the turnover of ADP-ribosylated (active) Gsa, there is an ADP-ribosylarginine
hydrolase that can remove ADP-ribose from the modified G protein. ADP-ribosylation

is a normal cellular process mediated by a large superfamily of mammalian enzymes.
Several cellular events are affected by the mono- or poly-ADP-ribosylation of proteins

and nucleic acids [176, 177]. This regulatory mechanism also involves removal of the
ADP-ribose moiety by ADP-ribosyl hydrolases, with ARH1 representing the family member
that releases ADP-ribose from the arginine residue of a modified protein [177, 178]. The
addition and removal of ADP-ribose as a regulatory mechanism was not fully appreciated
when the mono-ADP-ribosylation activities of bacterial toxins were first elucidated around
the 1970s [179-181], which likely explains why toxin-catalyzed ADP-ribosylation has
traditionally been viewed as an irreversible event. However, Moss and colleagues have
documented enhanced CT activity in the cells and intestinal loops of transgenic mice lacking
ARH1 [182, 183]. This indicates that ARH1 limits the effects of intoxication by removing
ADP-ribose from the modified G protein. Gsa could then hydrolyze its bound GTP and
shift to an inactive state, thus shutting down the cAMP signaling cascade. Interestingly,
female ARH1(—/-) mice displayed greater sensitivity to CT than male ARH1(-/-) mice.
This correlated with clinical reports of more severe cholera outcomes in women than men
[183] and suggested there is an additional, gender-specific mechanism to limit the effects of
CT.

7.2 Removal of cytosolic toxin.

7.3

The rapid turnover of ADP-ribosylated Gsa and the action of ARH1 suggest the toxin-
activated form of Gsa can be effectively cleared from the intoxicated cell, provided that
CTA1 is also removed from the cytosol. The R-over-K amino acid bias in CTA1 protects

it from rapid ubiquitin-dependent proteasomal degradation, but the cytosolic toxin still
exhibits a two hour half-life that reflects its turnover by a ubiquitin-independent proteasomal
mechanism [52]. Conditions that enhance the turnover of CTA1 reduce its potency, which
indicates the amount of cytosolic toxin determines the extent of intoxication [117, 141, 184].
Likewise, differences in the efficiency of toxin disassembly and resulting toxin delivery

to the cytosol may explain why CT is more potent than LT in cell culture [105]. These
observations suggest endogenous cellular mechanisms are more effective at counteracting
the effects of intoxication when there is less toxin in the cytosol. With this model, CT would
ensure effective intoxication of the host cell by activating the UPR for enhanced CTA1
delivery to the cytosol [156].

Intoxication may require a threshold quantity of cytosolic toxin.

Early models of CT activity proposed a single molecule of cytosolic toxin was sufficient for
irreversible intoxication of the target cell. This model was apparently influenced by early
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discussions on whether CT even had an enzymatic function, the supposedly irreversible
nature of ADP-ribosylation, the presumed stability of the intracellular toxin, and the low
levels of exogenously applied toxin that are required for a cellular response. In contrast,

it now appears that a threshold concentration of cytosolic toxin is required to initiate

the cAMP signaling cascade. Several studies have provided experimental support for this
possibility. For example, we reported the depletion of Hsp90 by RNAi completely blocks CT
intoxication but does not completely block CTA1 passage into the cytosol [132]. Likewise,
mutant cell lines with attenuated ERAD translocation mechanisms are highly resistant to CT
and LT despite releasing low levels of toxin into the cytosol [112, 113]. More recently, we
have shown it is possible to detect low levels of cytosolic CTA1 without a corresponding
increase in CAMP [185]. It thus appears that CT must exceed a threshold quantity of
cytosolic toxin in order to elicit a cAMP response from the intoxicated cell.

7.4 Reversal of intoxication.

The cellular response to intoxication is influenced by (i) the extent of CTA1 translocation to
the cytosol; (ii) the rate of CTAL degradation in the cytosol; (iii) CTAL activity against Gsa;
(iv) the de-activation of ADP-ribosylated Gsa. by ARH1 or proteolysis; and (v) the clearance
of cAMP by cAMP phosphodiesterases. The balance between these factors usually favors
CTAU1 activity against Gsa and productive intoxication. However, as shown experimentally
in cultured cells, this balance can be shifted to protect cells from intoxication without
completely eliminating the cytosolic pool of toxin. An inhibition of toxin delivery to the
cytosol, enacted after toxin exposure, could thus reduce the cytosolic pool of CTAL to the
point where the ongoing de-activation of Gsa would effectively reverse the cellular effects
of intoxication.

Toxin delivery from the cell surface to the cytosol is an extremely inefficient process,

and the small pool of cytosolic toxin is cleared from the host cell [185]. However, we
hypothesize that a portion of internalized CT that is bound to unsaturated isoforms of GM1
can reside for prolonged intervals in the host endomembrane system. This pool of CT would
be sequestered from lysosomal transport and would consequently act as a reservoir for
continual delivery of CTA1 into the cytosol. Therapeutic strategies based on the inhibition
of toxin binding to the cell surface [20, 22, 186] could thus prevent, but not treat, cholera.

In contrast, a drug-induced inhibition of toxin movement from the ER to the cytosol could
mitigate the effects of intoxication even after exposure to the toxin: when toxin translocation
is blocked, the cytosolic pool of CTA1 would be degraded and would not be replenished
from the endomembrane-localized reservoir of toxin. The host cell could then de-activate
ADP-ribosylated Gsa and consequently recover from intoxication. Proof-of-principle for
this therapeutic approach has been generated using glycerol-treated cells. Glycerol acts as

a chemical chaperone to block the thermal unfolding of CTAL, thus trapping the toxin in

the ER [51]. When applied to cells after an exposure to CT, glycerol lowered the initial
quantity of cytosolic CTA1 and prevented the toxin-induced rise in CAMP. Cells treated with
both glycerol and a proteasome inhibitor had higher levels of cytosolic CTAL than cells
treated with glycerol alone, which indicated the loss of cytosolic toxin in the presence of
glycerol alone was due to (i) proteasome-mediated clearance of the cytosolic toxin and (ii)
an inhibition of further toxin delivery to the cytosol [185]. Preliminary experiments indicate
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glycerol can also reverse the effects of intoxication after a CAMP response has already begun
(Fig. 4). Long-term exposure to glycerol could not be used as an actual therapeutic, but there
are other feasible options for translocation inhibitors that could be examined in the future
(e.g., geldanamycin derivatives to block Hsp90-driven extraction from the ER [132]; rutin
hydrate to block PDI-driven toxin disassembly [99]).

8. Summary

Cholera arises from a deceptively simple process. The few organisms of V/ cholerae that
survive the gastric barrier colonize the apical face of the small intestine and undergo
explosive growth. The production of CT then induces a diarrheal response that flushes the
pathogen back into the environment for another round of fecal-oral transmission to a new
host. Yet, each step of the intoxication process manipulates an aspect of host cell biology:

. CTB-induced clustering of GML in lipid rafts generates the membrane curvature
to facilitate endocytosis

. CTB association with unsaturated GM1 isoforms uses the natural process of lipid
partitioning for toxin routing from the endosomes to the retrograde transport
pathway

. A KDEL tag at the C-terminus of CTA2 ensures efficient retention of the toxin in
the ER

. An interaction with ER resident protein PDI releases CTA1 from the rest of the
toxin

. The intrinsic instability of the dissociated Al subunit leads to its processing by

the ERAD system

. Cytosolic chaperones recognize specific amino acid motifs in CTAL for its
ratchet-driven extraction from the ER

. The R-over-K amino acid bias in CTAL protects it from ubiquitin-dependent
proteasomal degradation

. ARF proteins, normally involved in vesicle transport, act as allosteric activators
of CTAl
. cAMP-independent activation of the UPR by the cytosolic toxin enhances further

toxin delivery to the cytosol

These collective events result in the ADP-ribosylation of Gsa by CTA1, activation of

a CAMP/PKA signalling pathway, and chloride efflux through apical CFTR channels. A
standard signal transduction pathway is reversible. Under the right conditions, it may also be
possible to eliminate the toxin-induced elevation of cAMP and thereby reverse the diarrheal
effects of intoxication.
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Box 1.

Cholera and cystic fibrosis: the confluence of infectious and genetic
disease.

The first of seven modern cholera pandemics began in 1817, but Hippocrates described a
cholera-like illness in the 4t century BCE [12, 23]. Even before this, early Indian texts
dating back to the 51" century BCE described isolated instances of cholera-like illness
[24]. Thus, over the course of human history, there has been a strong selective pressure
to minimize the CFTR-driven effects of secretory diarrhea (i.e., diarrhea resulting from
electrolyte imbalance in the gut) due to infection with V/ cholerae or other enteric
pathogens. For perspective, there are still 4 billion annual cases of diarrhea resulting in
2-4 million global deaths, mainly in young children from developing countries [17].

A CFTR (+/-) genotype reduces the CT-induced accumulation of intestinal fluid [19],
which may explain why the frequency of CFTR heterozygosity is an unusually high 4%
in the Caucasian population [25]: heterozygosity provides a survival advantage against
cholera and other secretory diarrheas by lowering the chances of severe dehydration
and death [18, 19, 26, 27]. However, the CFTR (=/-) genotype results in cystic fibrosis
disease.

CFTR is a protein kinase A-responsive, ATP-dependent ion channel responsible for
chloride efflux across the apical plasma membrane [28]. This process influences the
movement of sodium and water into the extracellular space of respiratory, digestive,
reproductive, and sweat gland epithelia. The hyperstimulation of CFTR generates

an excess of extracellular water which causes secretory diarrhea, while the lack of

CFTR produces a highly concentrated mucus that is difficult to clear and negatively
impacts tissue function. In the digestive system, the hyperviscous mucus leads to bowel
obstructions and nutrient malabsorption from the blockage of pancreatic ducts. In the
respiratory system, the thick mucus layer promotes recurrent respiratory infections with
chronic inflammation, breathing difficulties, and progressive lung damage [25, 29]. These
complications limit the median lifespan of a cystic fibrosis patient to 48 years, which is a
vast improvement over the median lifespan of 4-5 years in the 1950s [30].

The lethal outcome of secretory diarrhea, especially in young children, likely explains
why mutant cftralleles persist in the population despite the historical deaths of CFTR
(=/-) individuals before child-bearing age. This would not be the first example of a

link between infectious and genetic disease: malaria has provided a selective pressure in
African populations to maintain the sickle cell trait, which provides a survival advantage
against malaria in the heterozygous state but causes sickle cell anemia in the homozygous
state [31]. Blood group antigens can also affect disease outcomes, with blood group O
individuals having higher survival rates for malaria but more severe outcomes for cholera
[31-34]. The latter observation explains the exceptionally low percentage of blood type O
individuals in the Ganges Delta region where cholera has been endemic since at least the
beginning of the modern pandemics [35]. The former observation suggests V. cholerae
infections in Africa, where the majority of current pandemic cases occur [10, 11], may
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affect a large population of blood type O individuals who are more prone to severe cases
of cholera.
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Box 2.
E. coli heat-labile enterotoxin.

Enterotoxigenic £. colican induce a diarrheal response through the production of LT,

an ABg protein toxin with 82% amino acid sequence identity to CT [15-17]. Despite
similar mechanisms of toxicity, CT is more potent than LT. The difference in potency
was previously mapped to four amino acid differences between the CTA2 and LTA2
linkers that anchor their A1 subunits to the B pentamer [104]. Those differences, which
are highlighted in the LT ribbon diagram above, contribute to the altered interdomain
architecture of CT and LT [106]: with respect to the plane of their respective B
pentamers, there is a 9° difference between the tilt angles of CTAL (49°) and LTA1

(40°) [105]. Docking simulations have suggested the tilt angle influences the mode

of interaction with PDI [105], with corresponding effects on toxin disassembly, toxin
potency, and disease outcomes. The Al subunit is red; the A2 subunit is yellow; cysteines
for the A1/A2 disulfide bond are blue; and the B pentamer is translucent grey to reveal
the four amino acid differences between LTA2 and CTA2 that are responsible for the
lower potency of LT (residues 229, 230, 232, and 233, shown in stick format). PDB entry
1LTS [107].
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Box 3.
The Brownian Ratchet.

Proteins that move through a translocon pore are thought to be unfolded or

largely unstructured. However, a linear polypeptide will not spontaneously move in
unidirectional fashion through the pore. Thermal fluctuations will move the protein
back-and-forth within the pore, but there will be no net progress for movement in
either direction. Oster and colleagues proposed directionality can be accomplished with
a “Brownian ratchet” in which random diffusion becomes biased through asymmetric
interactions at one face of the pore [145, 146]. For co-translational import into the

ER, this asymmetry takes the form of folding events that produce a three-dimensional
protein structure incapable of re-entering the pore. The linear portion of the protein
can still fluctuate out of the pore by Brownian motion, but, once exposed to the ER
lumen, its folding will prevent back-sliding into the pore. This repetitive process will
eventually deliver the entire polypeptide through the translocon pore and into the ER.
The ubiquitination of an ERAD substrate as it exits the ER has been proposed to act in
a similar manner for retro-translocation to the cytosol [147, 148], but CTA1 dislocation
does not involve its ubiquitination [117]. Toxin extraction from the ER may instead be
mediated by the refolding that occurs when Hsp90 binds to the N-terminal RPPDEI
sequence of CTAL.

With a Brownian ratchet, exposure of the RPPDEI motif at the cytosolic face of the

ER membrane is based on the probability of random thermal motions resulting in the
short-term directional movement of CTAL through the translocon pore. N-terminal amino
acid extensions to CTA1 would make it less likely that the back-and-forth thermal
fluctuations within the translocon pore would push the toxin far enough into the cytosol
for the appearance of its RPPDEI tag. Longer extensions would accordingly be more
deleterious than shorter extensions. This result was reported for CTA1 variants with
N-terminal extensions containing 6, 16, or 23 amino acids from the £. co/i heat-stable
enterotoxin: the extensions did not have a significant effect on in vitro toxin activity

but greatly reduced cellular potency, with a 1,000-fold drop in the toxin-driven cAMP
response resulting from the 6 amino acid extension and a 100,000-fold drop resulting
from the 23 amino acid extension [149]. All ER-translocating toxins with the RPPDEI
motif contain the sequence within the first 18 amino acids of the N- or C-terminus [142],
which would be expected from the Brownian ratchet model. Image from [146], reprinted
with permission.
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Figure 1. CT trafficking and translocation.
CT is internalized after its B moiety (blue) binds to GM1 gangliosides on the cell surface.

The endocytosed toxin is then (i) recycled to the plasma membrane; (ii) directed to the
lysosomes for degradation; or (iii) delivered to the TGN en route to the ER translocation
site [39, 40]. The duration of toxin cycling between the cell surface and endosomes is
unknown. At least 20-30% of cell-associated CT is degraded in the lysosomes after 6 h of
intoxication [41-43], and only 1-10% of CT reaches the ER after 1-2 h [41, 44-47]. CT
cycles between the Golgi and the ER for an indeterminate time until the catalytic Al subunit
(red) dissociates from the rest of the toxin in the ER and shifts to an unfolded conformation
which triggers its export to the cytosol through the system of ER-associated degradation
(ERAD) [48-50]. A substantial fraction of free, ER-localized CTAL escapes ERAD and is
secreted back into the medium [51]. Thus, less CTA1 reaches the cytosol than reaches the
ER. The translocated A1 subunit regains an active conformation in the cytosol and evades
proteasomal degradation long enough to modify its Gsa target [52]. Image from [53].
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Figure 2. CT structure.
CT is composed of an Al subunit with ADP-ribosyltransferase activity (red), an A2 linker

(yellow), and a B homopentamer (translucent grey, in order to show extension of the A2
subunit into the central cavity of the ring-like B moiety). The paired cysteine residues of the
CTAL/CTAZ2 disulfide bond are highlighted in blue. PDB entry 1S5F [54].
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Figure 3. CT disassembly in the ER.
(1) CT travels from the cell surface to the ER as an intact, disulfide-linked holotoxin. (2)

The CTAL/CTAZ2 disulfide bond is reduced in the ER [97, 98], but CTA1 remains associated
with CTA2/CTBsg [50, 100-102] through extensive non-covalent contacts. (3) Reduced PDI
binds to holotoxin-associated CTA1 [50, 102]. (4) PDI partially unfolds upon contact with
CTA1, and the expanded hydrodynamic size of unfolded PDI acts as a wedge to dislodge
CTAL from CTA2/CTB5 [103]. (5) The dissociated CTA1 subunit unfolds spontaneously at
37°C [52], which consequently displaces its PDI binding partner [50]. PDI regains its native
conformation after release from CTAL [103], while disordered CTAL is treated as a substrate
for ERAD-mediated translocation to the cytosol [49, 51].
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Figure 4. A post-exposure block of toxin translocation can reverse the effects of intoxication.
Following our general protocols for toxin pulse-chase experiments and intracellular cAMP

calculations [114, 187], HeLa cells were surface-labeled with 1 pg/mL of CT at 4°C

and chased at 37°C in toxin-free medium for the indicated intervals before cCAMP levels
were quantified (squares). After 1 h of chase, 10% glycerol was added to the medium of
one subset of cells (circles). The basal level of cAMP from unintoxicated cells was also
determined (triangle). Values represent the averages + standard deviations from triplicate
samples. One of two representative experiments is shown.
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