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Abstract: Cholera toxin (CT) consists of a catalytic Al subunit, an A2 linker, and
a homopentameric cell-binding B subunit. The intact holotoxin moves by vesicle carriers
from the cell surface to the endoplasmic reticulum (ER) where CTALI is released from
the rest of the toxin. The dissociated CTAl subunit then shifts to an unfolded
conformation, which triggers its export to the cytosol by a process involving the quality
control system of ER-associated degradation (ERAD). We hypothesized that the unfolding
of dissociated CTA1 would prevent its non-productive reassociation with CTA2/CTBs.
To test this prediction, we monitored the real-time reassociation of CTA1l with
CTA2/CTBs by surface plasmon resonance. Folded but not disordered CTA1 could interact
with CTA2/CTBs to form a stable, functional holotoxin. Our data, thus, identified another
role for the intrinsic instability of the isolated CTA1 polypeptide in host-toxin interactions:
in addition to activating the ERAD translocation mechanism, the spontaneous unfolding of
free CTAL1 at 37 °C prevents the non-productive reassembly of a CT holotoxin in the ER.
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1. Introduction

Cholera toxin (CT) is an ABs protein toxin that consists of a catalytic A subunit and
a homopentameric, cell-binding B subunit [1,2] (Figure 1). The two components are organized from
A and B monomers into an intact ABs holotoxin in the bacterial periplasm [3]. Post-translational
nicking of the A subunit generates an A1/A2 heterodimer with a disulfide bridge spanning the cleavage
site [4,5]. CTA1 is an ADP-ribosyltransferase that modifies and activates the stimulatory o subunit of
the heterotrimeric G protein (Gsa) inside the host cell. CTA2 is an a-helical peptide that, in addition to
the CTA1/CTA2 disulfide bond, maintains numerous non-covalent interactions with CTA1. CTA2 also
forms a stable, non-covalent complex with CTB through the positioning of its C-terminus within
the central pore of the B pentamer. CTA2, thus, acts as a linker between the catalytic and cell-binding
components of CT. In addition, a tetrapeptide KDEL motif at the C-terminus of CTA2 enhances
the accumulation of toxin within the ER [6].

Figure 1. CT Structure. The catalytic CTA1 subunit (red) is anchored to the CTA2
subunit (black) by numerous non-covalent interactions and a single disulfide bond
between the C-terminus of CTA1 and N-terminus of CTA2. The A2 linker extends into
the central pore of the ring-like B homopentamer (blue) and thus maintains extensive
non-covalent contacts with CTB. Separation of CTA1 from CTA2/CTBs is required for
the ER-to-cytosol translocation of CTA1. The image was derived from PBD 1S5F [7].

To reach its cytosolic Gsa target, CT first binds to GM1 gangliosides on the plasma membrane of
a target cell. The toxin is then delivered from the cell surface to the endoplasmic reticulum (ER)
through a series of vesicular trafficking events collectively termed retrograde transport [8]. As it travels
to the ER, CTAL1 is held in a stable conformation by its disulfide bridge to CTA2 and its assembly in
the CT holotoxin [9-11]. The CTA1/CTA2 disulfide bond is reduced at the resident redox state of
the ER [12], but this alone is not sufficient to remove CTA1l from the rest of the toxin [5,13]:
an additional contribution from protein disulfide isomerase (PDI) is required to displace CTAl from
CTA2/CTBs [14-16]. PDI does not directly affect the secondary structure of CTAIl, and
the conformation of free CTA1 is nearly identical to the conformation of PDI-exposed CTA1 [16].
However, the PDI-mediated displacement of reduced CTA1 from CTA2/CTBs releases the structural
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constraints on CTA1 unfolding and allows the toxin to spontaneously shift to a disordered state at
physiological temperature [9,16]. The spontaneous unfolding of dissociated CTA1 displaces its PDI
binding partner [16] and places the toxin subunit in a translocation-competent conformation [17—-19]
for passage into the cytosol through one or more protein-conducting pores in the ER membrane [20-24].
Translocation is facilitated by ER-associated degradation (ERAD), a quality control system that
recognizes the disordered CTAT1 subunit as a substrate for ER-to-cytosol export [17-19,25,26]. The
arginine-over-lysine amino acid bias in CTA1 allows the toxin to avoid the usual ubiquitin-dependent
proteasomal degradation of ERAD substrates [9,27,28]. Yet free CTA1 is in a disordered conformation
at 37 °C [9] and consequently lacks enzymatic activity [29]. An interaction with ADP-ribosylation
factors and other host factors is therefore required for cytosolic CTAIl to regain a folded, active
conformation at physiological temperature [30-34].

PDI does not remain bound to CTA1 after holotoxin disassembly [16]. As such, the free CTA1
subunit could potentially reassociate with CTA2/CTBs in the ER. This phenomenon has been reported
for ricin, another AB-type toxin: plasmid-borne expression of ricin B chain in the ER of
ricin-intoxicated cells resulted in the capture of free, ER-localized ricin A chain and consequently
protected the transfected cells from ricin challenge [35]. The individual ricin A and B subunits can also
form an AB holotoxin when combined in vitro [36]. We hypothesized the thermal unfolding of
the dissociated, free CTA1 subunit would place it in a conformation that prevents non-productive
reassembly of a cholera holotoxin in the ER. This prediction was tested by monitoring the assembly of
a cholera holotoxin with surface plasmon resonance (SPR). We found that CTA1 could associate with
CTA2/CTBs when held in a folded conformation, but the disordered 37 °C conformation of CTA1
could not interact with CTA2/CTBs. The reconstituted holotoxin was a stable complex that could be
disassembled by PDI and could intoxicate cultured CHO cells. Our data have thus defined a new
function for the intrinsic instability of the isolated CTA1 polypeptide: in addition to activating
the ERAD translocation mechanism, the spontaneous unfolding of dissociated CTA1 at physiological
temperature prevents the non-productive reassembly of a CT holotoxin in the ER.

2. Results and Discussion

Using SPR, Ampapathi et al. [30] calculated a Kp of 53 nM for the interaction between His-tagged
CTA1 and sensor-bound CTA2. This experiment was performed at 21 °C, a temperature that maintains
CTA1 in a folded conformation [9]. We therefore predicted that, at 21 °C, CTA1 would re-associate
with CTA2/CTBs. To examine the interaction between CTAl and the CTA2/CTBs complex,
we appended CTA2/CTBs to a GM1-coated SPR sensor slide. For SPR, a protein of interest is perfused
over a sensor slide that is coated with the second protein of interest. When the two proteins interact,
the protein in the perfusion buffer is captured on the slide. This increases the mass on the slide, which
produces a change in the resonance angle of the reflected light that is recorded as a refractive index unit
(RIU) [37-39]. An increased RIU signal was recorded when CTA1 was perfused over the CTA2/CTBs
slide at 21 °C (Figure 2a). Only a minimal loss of signal occurred when CTA1 was removed from
the perfusion buffer, which indicated CTA1 was tightly bound to the CTA2/CTBs complex. The positive
signals generated by sequential perfusions of anti-CTA1 monoclonal and anti-CTB polyclonal
antibodies over the CTAl-treated slide confirmed that CTA1 had been captured by the sensor-bound
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CTA2/CTBs complex. RIU signals from our antibody controls were weaker than the signal obtained
from CTA1 because sub-saturating antibody concentrations were used for a number of reasons:
conservation of the antibodies, low monoclonal antibody concentration in the collected culture
medium, and scaling purposes (the pentameric nature of the B subunit contributes to a large RIU signal
when higher concentrations of the anti-CTB polyclonal antibody are applied to the sensor).
Collectively, these experiments demonstrated that folded CTA1 can re-associate with CTA2/CTBs.
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Figure 2. CTAI re-association with CTA2/CTBs. (a) CTA1 was added to a CTA2/CTB:s
SPR sensor at 21 °C, removed from the perfusion buffer after 200 s, and replaced with
sequential perfusions of anti-CTA1 and anti-CTB antibodies as indicated by
the arrowheads; (b) A baseline measurement corresponding to the mass of the CTA2/CTBs
complex established the 0 RIU signal. The time course was then initiated with perfusion of
CTAL1 over the CTA2/CTBs sensor at 21 °C. CTA1 was removed from the perfusion buffer
after 200 s and replaced with reduced PDI at 400 s. PDI was removed from the perfusion
buffer at 550 s and replaced with sequential perfusions of anti-PDI, anti-CTA1, and
anti-CTB antibodies as indicated by the arrowheads.

Previous work has shown PDI will displace CTAl from the CT holotoxin under reducing
conditions [14—16]. This effect was also observed with our reconstituted holotoxin (Figure 2b). When
reduced PDI was added to the perfusion buffer after holotoxin reassembly, an initial rise in RIU was
followed by a return to the baseline value reflecting the mass of the GMI1-bound CTA2/CTBs
complex. This occurred despite the continued presence of reduced PDI in the perfusion buffer.
Thus, PDI binding to the reconstituted holotoxin resulted in the displacement of CTA1 from the rest of
the toxin. Both PDI and CTA1 were swept away in the perfusion buffer and lost from the sensor,
so the RIU signal returned to its baseline value. We confirmed this interpretation with sequential
perfusions of anti-PDI, anti-CTA1, and anti-CTB antibodies over the sensor slide. A positive signal
was only obtained with the anti-CTB antibody, which demonstrated that both PDI and CTA1 had been
removed from the remaining CTA2/CTBs complex. The similar interplay between PDI and either CT
or reconstituted CT suggested the orientation of CTA1 in our reconstituted CT was similar to its
orientation in the pathogen-produced toxin. Thus, the binding/association of CTA1 with CTA2/CTBs
at 21 °C appeared to result in reassembly of the CT holotoxin.
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Additional SPR experiments estimated the affinity between CTA1 and CTA2/CTBs at 21 °C (Figure 3).
We recorded a relatively slow on rate of 521 + 43 M !:s™! (n = 3), but CTA1 did not dissociate from
CTA2/CTBs after holotoxin reassembly. As such, we could not calculate an off rate or Kp value for
the binding of CTA1 to CTA2/CTBs. In comparison to the interaction between CTA1 and CTA2/CTBs
(Figure 3), the interaction between CTA1 and free CTA2 exhibited much faster on and off rates [30].
The CTB pentamer thus appears to impede the initial binding of CTA1 to CTA2 but subsequently
stabilizes the A1/A2 interface to generate an intact holotoxin. Since -mercaptoethanol was present in
the perfusion buffer, the stability of reconstituted CT did not require a disulfide bridge between
CTAIl and CTA2.
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Figure 3. Affinity of CTA1 for CTA2/CTBs. A baseline measurement corresponding to
the mass of the CTA2/CTBs complex established the 0 RIU signal. The time course was then
initiated with perfusion of CTA1 over the CTA2/CTBs sensor at 21 °C. Five concentrations
of CTA1 were used in separate perfusions: 185, 100, 50, 31, and 12.5 nM. CTA1 was
removed from the perfusion buffer after 200 s. With the BioLogic Scrubber 2 software
(Campbell, Australia), the collective data from three separate experiments were used to
calculate an on rate of 521 + 43 M !-s”! for the association of CTA1 with CTA2/CTBs.
Black lines represent the experimental SPR signals from a single experiment, while orange
lines represent the quantified fit (R*> = 0.9424) from all three experiments.

The free CTA1 polypeptide has a highly disordered tertiary structure and a partially perturbed
secondary structure at the physiological temperature of 37 °C [9]. We found the disordered, 37 °C
conformation of CTA1 could not bind to CTA2/CTBs (Figure 4a). The lack of interaction was
conformation-dependent rather than temperature-dependent, as evidenced by the reconstitution of
a holotoxin at 37 °C in perfusion buffer containing 10% glycerol (Figure 4b) or 100 pM
4-phenylbutyric acid (PBA) (Figure 4c). Both reagents act as chemical chaperones that maintain CTA1
in a folded conformation at physiological temperature [17,18]. The ability of CTAI to associate with
CTA2/CTBs thus depends on its structural state: folded CTA1 will bind to CTA2/CTBs,
whereas disordered CTA1 will not.
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Figure 4. Conformation-dependent association of CTA1 with CTA2/CTBs. A baseline
measurement corresponding to the mass of the CTA2/CTBs complex established the 0 RIU
signal. The time course was then initiated with perfusion of CTA1 over the CTA2/CTBs
sensor at (a) 37 °C; (b) 37 °C with 10% glycerol in the perfusion buffer; or (¢) 37 °C with
100 uM PBA in the perfusion buffer. An asterisk denotes when CTA1 was removed from
the perfusion buffer.

Toxin-bound CTA1 remained associated with CTA2/CTBs after its removal from the perfusion
buffer (Figures 2—4). The stability of the reconstituted holotoxin was further demonstrated by
subjecting it to a condition that promotes the unfolding of CTA1. We reconstituted a CT holotoxin by
perfusing CTA1 over a CTA2/CTBs-coated SPR slide at 37 °C in pH 6.5 buffer. Like glycerol and
PBA, mildly acidic pH maintains CTA1 in a folded conformation at physiological temperature [19].
A transition from pH 6.5 to pH 7.4 at 37 °C will trigger the unfolding of CTA1 [16], but this pH shift did
not result in the displacement of CTA1 from its non-covalent association with CTA2/CTBs (Figure 5a).
The re-association of folded CTA1 with CTA2/CTBs at 37 °C and pH 6.5 thus produced a stable
complex that prevented the unfolding and/or release of holotoxin-associated CTA1 at 37 °C and pH 7.2.
However, reduced PDI could still displace CTA1 from the re-associated holotoxin (Figure 5a).

The re-association of CTA1 with CTA2/CTBs produced a functional holotoxin. Equimolar amounts
of CTA1 and CTA2/CTBs were combined at 4 °C for 2 h. The mixture was then applied to CHO cells
for 2 h at 37 °C. As shown in Figure 5b, the reconstituted holotoxin elicited a dose-dependent cAMP
response from intoxicated cells. The cellular response to reconstituted CT was weaker than the
response to pathogen-produced toxin, which was likely due to the inefficiency of toxin re-assembly:
the amount of reconstituted toxin applied to cultured cells reflects the initial molar quantities of CTA1
and CTA2/CTBs rather than the final concentration of reconstituted holotoxin. Still, 0.1 nM of the
reconstituted CT produced a robust cAMP response that was 10-fold greater than the resting levels of
cAMP (150 fmol/well) from unintoxicated control cells. Folded CTAT1 can thus re-associate with the
CTA2/CTBs complex to form a stable, functional holotoxin. This can accordingly be viewed as an
assembly event. If holotoxin reassembly occurred in the ER, however, the A1 subunit would be
prevented from reaching the cytosol and its G protein target. The spontaneous unfolding of dissociated
CTA1 at physiological temperature thus appears to enhance the efficiency of intoxication by
preventing recurring cycles of holotoxin disassembly and assembly in the ER.
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Figure 5. CTA1 re-association with CTA2/CTBs generates a stable, functional holotoxin.
(a) A baseline measurement corresponding to the mass of the CTA2/CTBs complex
established the 0 RIU signal. The time course was then initiated with perfusion of CTAI
over the CTA2/CTBs sensor at 37 °C in pH 6.5 buffer. CTA1 was removed from
the perfusion buffer after 200 s and replaced with pH 7.2 buffer as denoted by the asterisk.
PDI was subsequently added to the perfusion buffer at 1200 s and removed from
the perfusion buffer at 2000 s. Sequential perfusions of anti-PDI, anti-CTAIl, and
anti-KDEL antibodies are indicated by the arrowheads; (b) CHO cells were challenged
with the stated concentrations of pathogen-produced CT holotoxin (black bars) or
re-assembled CT holotoxin (grey bars). After 2 h at 37 °C, cAMP levels were quantified.
Background-subtracted results were expressed as percentages of the maximal cAMP value
obtained from cells exposed to 1 nM of pathogen-produced holotoxin. Data represent
the averages + ranges of two independent experiments with triplicate samples.

3. Experimental Section
3.1. Isolation of CTAI from CTA

To separate the 21 kDa CTAI subunit from the 5 kDa CTA2 subunit, 5 ug of the disulfide-linked
CTAI1/CTA2 heterodimer (CTA; Sigma-Aldrich, St. Louis, MO, USA) placed in 0.5 mL of 10 mM
sodium borate buffer (pH 7.1) containing 10 mM B-mercaptoethanol and 150 mM NaCl was dialyzed
against the same buffer for 1 h at 4 °C in a 10 kDa MWCO Slide-a-Lyzer cassette (Life Technologies,
Grand Island, NY, USA). After a second 1 h 4 °C exchange against 10 mM sodium borate buffer
(pH 7.1) containing 10 mM B-mercaptoethanol, the reduced CTA1 subunit was used immediately for

reconstitution experiments.
3.2. Holotoxin Assembly Detected by SPR

To capture CTA2/CTBs on a SPR sensor slide, 75 pL of ganglioside GM1 (Sigma-Aldrich) at
a concentration of 3 pg/mL in 200-proof ethanol was added to a gold-plated SPR sensor and allowed to
air dry at room temperature. CTA2/CTBs (Sigma-Aldrich) prepared at a concentration of 40 ug/mL in
phosphate-buffered saline containing 0.05% Tween 20 (PBST; Medicago, Research Triangle Park, NC,
USA) was then added to the GM1-coated sensor in a 75 pL. volume and allowed to dry overnight at 4 °C.
Although the CTA2/CTBs complex is advertised as CTB by Sigma, it is prepared from the CT
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holotoxin by removal of CTA1 [40] and contains the CTA2 subunit as confirmed by reactivity with
an anti-KDEL antibody [16] (Figure 5a).

To monitor holotoxin re-assembly, the CTA2/CTBs sensor slide was set in a Reichert (Depew, NY, USA)
SR7000 SPR refractometer and exposed to a PBST perfusion buffer for 5 min at a flow rate of 41 pL/min
(used for all steps) to establish the baseline signal of 0 RIU. The reduced CTA1 subunit was then
added at a final concentration of 1 pg/mL to PBST perfusion buffer containing 1 mM B-mercaptoethanol.
When indicated, the perfusion buffer also contained 10% glycerol, 100 uM PBA, or was adjusted to pH 6.5.

When indicated, CTA1 was removed from the perfusion buffer and, after a stable equilibrium was
reached, replaced with PDI and/or antibody controls. Because PDI reduction is required for its
interaction with CTA1 [14-16], 10 pg of PDI was exposed to 1 mM GSH for 5 min before perfusion
over the reconstituted holotoxin in a total volume of 1 mL PBST containing 1 mM GSH. The anti-PDI
antibody (Enzo Life Sciences, Plymouth Meeting, PA, USA) was used at a 1:10,000 dilution, the 35C2
monoclonal anti-CTA1 antibody [41] was used at a 1:500 dilution, and the anti-CTB antibody
(Sigma-Aldrich) was used at a 1:15,000 dilution.

3.3. Intoxication Assay with Re-Assembled Holotoxin

To generate a reconstituted holotoxin in solution, 1 pug of the free 21 kDa CTA1 subunit was mixed
in 200 pL PBS with 3 pg of the ~65 kDa CTA2/CTBs complex. After 2 h at 4 °C, toxin dilutions of
1 and 0.1 nM were added to the serum-free medium of cultured CHO cells for 2 h at 37 °C. Cells were
also challenged with 1 and 0.1 nM of pathogen-produced CT for 2 h at 37 °C. All cells had been
seeded to 24-well plates the previous day and were at ~80% confluency when exposed to toxin.
Extracts generated from intoxicated and unintoxicated controls cells were processed with
an ELISA-based kit (GE Healthcare, Piscataway, NJ, USA) to quantify cAMP levels. Resting levels of
cAMP from unintoxicated control cells were background-subtracted from the values obtained from
intoxicated cells. The background-subtracted results were then expressed as percentages of
the maximal cAMP value obtained from cells exposed to 1 nM of pathogen-produced holotoxin.

4. Conclusions

The isolated CTA1 subunit is an unstable protein that assumes a disordered conformation at
the physiological temperature of 37 °C. Association with the CT holotoxin maintains CTA1 in a stable
conformation which likely protects it from proteolysis during transit through the bacterial periplasm,
extracellular medium, and host endomembrane system [9,42,43]. The shift to an unfolded
conformation upon holotoxin disassembly in the ER allows CTA1 to attain a translocation-competent
state and to activate the ERAD export mechanism [17-19,25,26]. Here, we have demonstrated another
role for unfolding of the dissociated CTA1 subunit: it eliminates the ER-localized interaction between
free CTA1 and CTA2/CTBs, thus preventing the non-productive reassembly of a CT holotoxin.

Acknowledgments

Research reported in this publication was supported by the National Institute of Allergy and
Infectious Diseases of the National Institutes of Health (http://www.nih.gov) under award



Toxins 2015, 7 2682

number RO1AI073783 to KT. The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health.

Author Contributions

Michael Taylor and David Curtis performed the experiments; Ken Teter conceived the study and

wrote the manuscript; all authors analyzed the data and read and approved the final manuscript.

Conflicts of Interest

The authors declare no conflict of interest.

References

10.

11.

12.

De Haan, L.; Hirst, T.R. Cholera toxin: A paradigm for multi-functional engagement of cellular
mechanisms (Review). Mol. Membr. Biol. 2004, 21, 77-92.

Sanchez, J.; Holmgren, J. Cholera toxin—A foe & a friend. Indian J. Med. Res. 2011, 133, 153—163.
Hirst, T.R.; Holmgren, J. Conformation of protein secreted across bacterial outer membranes:
A study of enterotoxin translocation from Vibrio cholerae. Proc. Natl. Acad. Sci. USA 1987, 84,
7418-7422.

Booth, B.A.; Boesman-Finkelstein, M.; Finkelstein, R.A. Vibrio cholerae hemagglutinin/protease
nicks cholera enterotoxin. Infect. Immun. 1984, 45, 558-560.

Mekalanos, J.J.; Collier, R.J.; Romig, W.R. Enzymic activity of cholera toxin. II. Relationships to
proteolytic processing, disulfide bond reduction, and subunit composition. J. Biol. Chem. 1979,
254, 5855-5861.

Lencer, W.L.; Constable, C.; Moe, S.; Jobling, M.G.; Webb, H.M.; Ruston, S.; Madara, J.L.;
Hirst, T.R.; Holmes, R.K. Targeting of cholera toxin and Escherichia coli heat labile toxin in
polarized epithelia: Role of COOH-terminal KDEL. J. Cell Biol. 1995, 131, 951-962.

O’Neal, C.J.; Amaya, E.I.; Jobling, M.G.; Holmes, R.K.; Hol, W.G. Crystal structures of
an intrinsically active cholera toxin mutant yield insight into the toxin activation mechanism.
Biochemistry 2004, 43, 3772-3782.

Wernick, N.L.B.; Chinnapen, D.J.-F.; Cho, J.A.; Lencer, W.I. Cholera toxin: An intracellular
journey into the cytosol by way of the endoplasmic reticulum. 7oxins 2010, 2, 310-325.

Pande, A.H.; Scaglione, P.; Taylor, M.; Nemec, K.N.; Tuthill, S.; Moe, D.; Holmes, R.K.;
Tatulian, S.A.; Teter, K. Conformational instability of the cholera toxin Al polypeptide.
J. Mol. Biol. 2007, 374, 1114—1128.

Goins, B.; Freire, E. Thermal stability and intersubunit interactions of cholera toxin in solution and
in association with its cell-surface receptor ganglioside GM1. Biochemistry 1988, 27, 2046-2052.
Surewicz, W.K.; Leddy, J.J.; Mantsch, H.H. Structure, stability, and receptor interaction of cholera
toxin as studied by Fourier-transform infrared spectroscopy. Biochemistry 1990, 29, 8106—8111.
Majoul, I.; Ferrari, D.; Soling, H.D. Reduction of protein disulfide bonds in an oxidizing environment.
The disulfide bridge of cholera toxin A-subunit is reduced in the endoplasmic reticulum.
FEBS Lett. 1997, 401, 104-108.



Toxins 2015, 7 2683

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Tomasi, M.; Battistini, A.; Araco, A.; Roda, L.G.; D’Agnolo, G. The role of the reactive disulfide
bond in the interaction of cholera-toxin functional regions. Eur. J. Biochem. 1979, 93, 621-627.
Taylor, M.; Burress, H.; Banerjee, T.; Ray, S.; Curtis, D.; Tatulian, S.A.; Teter, K.
Substrate-induced unfolding of protein disulfide isomerase displaces the cholera toxin Al subunit
from its holotoxin. PLoS Pathog. 2014, 10, €1003925.

Tsai, B.; Rodighiero, C.; Lencer, W.l.; Rapoport, T.A. Protein disulfide isomerase acts as
a redox-dependent chaperone to unfold cholera toxin. Cell 2001, 104, 937-948.

Taylor, M.; Banerjee, T.; Ray, S.; Tatulian, S.A.; Teter, K. Protein disulfide isomerase displaces
the cholera toxin Al subunit from the holotoxin without unfolding the A1 subunit. J. Biol. Chem.
2011, 286, 22090-22100.

Massey, S.; Banerjee, T.; Pande, A.H.; Taylor, M.; Tatulian, S.A.; Teter, K. Stabilization of
the tertiary structure of the cholera toxin Al subunit inhibits toxin dislocation and cellular
intoxication. J. Mol. Biol. 2009, 393, 1083—1096.

Taylor, M.; Banerjee, T.; Navarro-Garcia, F.; Huerta, J.; Massey, S.; Burlingame, M.; Pande, A.H.;
Tatulian, S.A.; Teter, K. A therapeutic chemical chaperone inhibits cholera intoxication and
unfolding/translocation of the cholera toxin A1 subunit. PLoS ONE 2011, 6, e18825.

Banerjee, T.; Pande, A.; Jobling, M.G.; Taylor, M.; Massey, S.; Holmes, R.K.; Tatulian, S.A_;
Teter, K. Contribution of subdomain structure to the thermal stability of the cholera toxin A1l
subunit. Biochemistry 2010, 49, 8839—8846.

Bernardi, K.M.; Forster, M.L.; Lencer, W.I.; Tsai, B. Derlin-1 facilitates the retro-translocation of
cholera toxin. Mol. Biol. Cell. 2008, 19, 877-884.

Bernardi, K.M.; Williams, J.M.; Kikkert, M.; van Voorden, S.; Wiertz, E.J.; Ye, Y.; Tsai, B.
The E3 ubiquitin ligases Hrdl and gp78 bind to and promote cholera toxin retro-translocation.
Mol. Biol. Cell. 2010, 21, 140-151.

Dixit, G.; Mikoryak, C.; Hayslett, T.; Bhat, A.; Draper, R.K. Cholera toxin up-regulates endoplasmic
reticulum proteins that correlate with sensitivity to the toxin. Exp. Biol. Med. 2008, 233, 163—175.
Saslowsky, D.E.; Cho, J.A.; Chinnapen, H.; Massol, R.H.; Chinnapen, D.J.; Wagner, J.S.;
de Luca, H.E.; Kam, W.; Paw, B.H.; Lencer, W.I. Intoxication of zebrafish and mammalian cells
by cholera toxin depends on the flotillin/reggie proteins but not Derlin-1 or -2. J. Clin. Investig.
2010, 720, 4399-44009.

Schmitz, A.; Herrgen, H.; Winkeler, A.; Herzog, V. Cholera toxin is exported from microsomes
by the Sec61p complex. J. Cell Biol. 2000, 148, 1203—-1212.

Teter, K.; Holmes, R.K. Inhibition of endoplasmic reticulum-associated degradation in CHO cells
resistant to cholera toxin, Pseudomonas aeruginosa exotoxin A, and ricin. Infect. Immun. 2002,
70, 6172—-6179.

Teter, K. Toxin instability and its role in toxin translocation from the endoplasmic reticulum to
the cytosol. Biomolecules 2013, 3, 997-1029.

Hazes, B.; Read, R.J. Accumulating evidence suggests that several AB-toxins subvert
the endoplasmic reticulum-associated protein degradation pathway to enter target cells.
Biochemistry 1997, 36, 11051-11054.

Rodighiero, C.; Tsai, B.; Rapoport, T.A.; Lencer, W.I. Role of ubiquitination in retro-translocation
of cholera toxin and escape of cytosolic degradation. EMBO Rep. 2002, 3, 1222-1227.



Toxins 2015, 7 2684

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Murayama, T.; Tsai, S.C.; Adamik, R.; Moss, J.; Vaughan, M. Effects of temperature on
ADP-ribosylation factor stimulation of cholera toxin activity. Biochemistry 1993, 32, 561-566.
Ampapathi, R.S.; Creath, A.L.; Lou, D.L; Craft, JW., Jr.; Blanke, S.R.; Legge, G.B.
Order-disorder-order transitions mediate the activation of cholera toxin. J. Mol. Biol. 2008, 377,
748-760.

Welsh, C.F.; Moss, J.; Vaughan, M. ADP-ribosylation factors: A family of approximately 20-kDa
guanine nucleotide-binding proteins that activate cholera toxin. Mol. Cell. Biochem. 1994, 138,
157-166.

Ray, S.; Taylor, M.; Banerjee, T.; Tatulian, S.A.; Teter, K. Lipid rafts alter the stability and
activity of the cholera toxin A1 subunit. J. Biol. Chem. 2012, 287, 30395-30405.

Banerjee, T.; Taylor, M.; Jobling, M.G.; Burress, H.; Yang, Z.; Serrano, A.; Holmes, R.K.;
Tatulian, S.A.; Teter, K. ADP-ribosylation factor 6 acts as an allosteric activator for the folded but
not disordered cholera toxin A1 polypeptide. Mol. Microbiol. 2014, 94, 898-912.

Burress, H.; Taylor, M.; Banerjee, T.; Tatulian, S.A.; Teter, K. Co- and post-translocation roles
for Hsp90 in cholera intoxication. J. Biol. Chem. 2014, 289, 33644-33654.

Spooner, R.A.; Watson, P.D.; Marsden, C.J.; Smith, D.C.; Moore, K.A.; Cook, J.P.; Lord, J.M.;
Roberts, L.M. Protein disulphide-isomerase reduces ricin to its A and B chains in the endoplasmic
reticulum. Biochem. J. 2004, 383, 285-293.

Simpson, J.C.; Roberts, L.M.; Lord, J.M. Catalytic and cytotoxic activities of recombinant ricin A
chain mutants with charged residues added at the carboxyl terminus. Protein Expr. Purif. 1995, 6,
665—-670.

Homola, J. Present and future of surface plasmon resonance biosensors. Anal. Bioanal. Chem.
2003, 377, 528-539.

Medaglia, M.V.; Fisher, R.J. Analysis of Interacting Proteins with Surface Plasmon Resonance
Using Biacore. In Protein-Protein Interactions; Golemis, E., Ed.; Cold Spring Harbor Laboratory
Press: Cold Spring Harbor, NY, USA, 2002; pp. 255-272.

Willander, M.; Al-Hilli, S. Analysis of biomolecules using surface plasmons. Methods Mol. Biol.
2009, 544,201-229.

Mekalanos, J.J.; Collier, R.J.; Romig, W.R. Purification of cholera toxin and its subunits: New
methods of preparation and the use of hypertoxinogenic mutants. Infect. Immun. 1978, 20, 552—558.
Holmes, R.K.; Twiddy, E.M. Characterization of monoclonal antibodies that react with unique and
cross-reacting determinants of cholera enterotoxin and its subunits. Infect. Immun. 1983, 42, 914-923.
Norton, E.B.; Lawson, L.B.; Mahdi, Z.; Freytag, L.C.; Clements, J.D. The A Subunit of
Escherichia coli Heat-Labile Enterotoxin Functions as a Mucosal Adjuvant and Promotes 1gG2a,
IgA, and Th17 Responses to Vaccine Antigens. Infect. Immun. 2012, 80, 2426—2435.

Kim, S.H.; Ryu, S.H.; Lee, S.H.; Lee, Y.H.; Lee, S.R.; Huh, J.W.; Kim, S.U.; Kim, E.; Kim, S.;
Jon, S.; et al. Instability of toxin A subunit of ABs toxins in the bacterial periplasm caused by
deficiency of their cognate B subunits. Biochim. Biophys. Acta 2011, 1808, 2359-2365.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



