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Summary

Cholera toxin (CT) moves from the cell surface to the endoplasmic reticulum (ER) by vesicular
transport. In the ER, the catalytic CTAZ1 subunit dissociates from the holotoxin and enters the cytosol
by exploiting the quality control system of ER-associated degradation (ERAD). It is hypothesized
that CTA1 triggers its ERAD-mediated translocation into the cytosol by masquerading as a misfolded
protein, but the process by which CTAL activates the ERAD system remains unknown. Here, we
directly assess the thermal stability of the isolated CTA1 polypeptide by biophysical and biochemical
methods and correlate its temperature-dependent conformational state with susceptibility to
degradation by the 20S proteasome. Measurements with circular dichroism and fluorescence
spectroscopy demonstrated that CTA1 is a thermally unstable protein with a disordered tertiary
structure and a disturbed secondary structure at 37°C. A protease sensitivity assay likewise detected
the temperature-induced loss of native CTA1 structure. This protease-sensitive conformation was
not apparent when CTA1 remained covalently associated with the CTAZ2 subunit. Thermal instability
in the dissociated CTA1 polypeptide could thus allow it to appear as a misfolded protein for ERAD-
mediated export to the cytosol. In vitro, the disturbed conformation of CTA1 at 37°C rendered it
susceptible to ubiquitin-independent degradation by the core 20S proteasome. In vivo, CTA1 was
also susceptible to degradation by a ubiquitin-independent proteasomal mechanism. ADP-
ribosylation factor 6, a cytosolic eukaryotic protein that enhances the enzymatic activity of CTAL,
stabilized the heat-labile conformation of CTAL and protected it from in vitro degradation by the
20S proteasome. Thermal instability in the reduced CTAL polypeptide has not been reported before,
yet both the translocation and degradation of CTAL may depend upon this physical property.
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Introduction

Cholera toxin (CT) is an AB5-type protein toxin that constitutively activates the stimulatory
a subunit of the heterotrimeric G protein (Gso) by ADP—ribosyIation.ll2 The A subunit of CT
is a single polypeptide that can be converted by proteolysis to a disulfide-linked heterodimer
consisting of a catalytic CTA1 fragment and a CTA2 fragment which anchors CTAL non-
covalently to the CTB subunit. The CTB subunit is a homopentameric ring-like structure that
binds to GM1 gangliosides on the eukaryotic plasma membrane. Surface-bound CT undergoes
vesicular trafficking to the endoplasmic reticulum (ER) where the disulfide bond linking CTA1
to CTA2/CTBs is reduced at the resident redox potential of the ER.34 CTAL then dissociates
from the holotoxin with the aid of protein disulfide isomerase,:8 crosses the ER membrane,
and enters the cytosol where it interacts with Gsa.

The quality control mechanism of ER-associated degradation (ERAD) facilitates CTA1
translocation into the cytosoI.A'vG'12 ERAD recognizes misfolded proteins in the ER and
exports them to the cytosol for proteasomal de%radation, most often by a mechanism involving
polyubiquitination of the ERAD substrate.12-13 1t js hypothesized that CTA1 masquerades as
a misfolded protein, thus triggering its ERAD-mediated translocation into the cytosol.lzl
14-15The cytosolic pool of CTA1 may then avoid ubiquitination and proteasomal degradation
?gcause it only has two lysine residues to serve as potential attachment sites for ubiquitin.14v

AB toxins such as ricin and pertussis toxin (PT) also move from the cell surface to the ER and
exploit ERAD for A chain export to the cytosol.12714'15 ERAD was originally thought to
recognize a hydrophobic patch or an unfolded region in the dissociated A chain of an ER-
translocating toxin.—* 12 However, Argent et al. demonstrated that ricin A chain is unstable
after separation from the holotoxin.1/ A subsequent report documented thermal instability in
the isolated A chain of PT (PT Sl).18 Thus, ricin A chain and PT S1 actually unfold after
dissociation from their respective holotoxins. This would activate the ERAD system and
promote A chain passage to the cytosol. Ricin A chain is refolded by an interaction with its
ribosome target, while PT S1 is stabilized by the association with its NAD co-factor.17,18
These events could allow the heat-labile A chains to assume active conformations in the cytosol
and to avoid the usual proteolytic fate of ERAD substrates. Ricin A chainand PT S1 are further
protected from ubiquitin-dependent proteasomal degradation because they have few (ricin A
chain) or no (PT S1) lysine residues for ubiquitin conjugation.lgv20 Interestingly, though, both
ricin A chain and PT S1 are deé;raded in vivo and/or in vitro by ubiquitin-independent
proteasomal mechanisms.18-19.21 These observations collectively suggest that A chain
instability could represent a common theme in toxin-ERAD interactions.

The CT holotoxin and the CT B pentamer are thermally stable,22:23 put the conformational
stability of the isolated CTAL polypeptide has not been determined. In this work, biophysical
and biochemical methods were used to examine the thermal stability of CTAL. We found CTA1
to be a thermally unstable protein that loses most of its tertiary structure and a considerable
fraction of its a-helical secondary structure at the physiological temperature of 37°C. The heat-
labile CTA1 polypeptide was also susceptible to ubiquitin-independent degradation by the core
20S proteasome. Covalent association of CTA1 with CTA2 provided a degree of
conformational stability to CTA1 and prevented its in vitro degradation by the 20S proteasome.
An interaction between CTAL and ADP-ribosylation factor 6 (ARF6), a cytosolic eukaryotic
protein that enhances the catalytic activity of CTA1, also provided a degree of conformational
stability to CTA1 and likewise prevented its in vitro degradation by the 20S proteasome. In
vivo, CTAL was degraded by a temperature-sensitive, ubiquitin-independent proteasomal
mechanism. These results indicate that thermal instability in the isolated CTAL polypeptide
plays an important role in host-toxin interactions.
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Structure of the CT holotoxin and the CTA1 polypeptide

Schematic representations of the CT holotoxin, the CTAL/CTAZ2 heterodimer, and the isolated
CTAL1 polypeptide are provided in Figure 1 (Protein Data Bank entry 1S5F). Based on the
crystal structure of CT (Figure 1(::1)),24 the A1/A2 heterodimer exhibits an o/B-type structure:
the 192-residue Al subunit contains 22% a-helix and 17% B-sheet content, while the 45-residue
A2 subunit has 67% a-helix and no B-sheet content (Figure 1(b)). The disulfide-bridged CTAL/
CTA2 heterodimer thus contains a total of 30% a-helix and 14% f-sheet content.

CT moves from the cell surface to the ER as an intact AB5 holotoxin, but environmental
conditions in the ER promote reduction of the CTA1/CTAZ2 disulfide bond and dissociation of
CTAl from CTA2/CTB5.3'6 CTAL (Figure 1(c)) is then recognized as a misfolded protein for
ERAD-mediated translocation into the cytosol. We have recently proposed that thermal
instability in the isolated CTA1 polglg)eptide could generate an unfolded toxin conformation
which activates the ERAD system.<2 The ProtParam function of EXPASy-SWISS-PROT
assigns the CTAL subunit an instability index of 41.6, which indeed classifies CTAL as an
unstable protein (see Materials and Methods).26 Although CTA1 conformational instability is
predicted from computer modeling, this possibility has not been directly tested. Biophysical
experiments were therefore conducted in order to determine the conformational stability of the
isolated CTAL polypeptide.

Covalent association of CTA1 with CTA2 provides a degree of conformational stability to

CTAl

Thermotropic conformational changes in the secondary and tertiary structures of CTAL were
detected by circular dichroism (CD) and fluorescence spectroscopy. Studies were conducted
with a purified CTAL/CTA2 heterodimer in both reduced and disulfide-bridged forms. Non-
reducing SDS-PAGE and gel filtration chromatography confirmed the complete dissociation
of CTAL from CTA2 under our 10 mM B-mercaptoethanol (B-ME) reducing conditions (Figure
2). Near- and far-UV CD, as well as fluorescence spectra, were measured sequentially at each
temperature on the same sample contained in a rectangular quartz cuvette (Figure 3). The near-
UV CD signal between 260 and 290 nm is generated by the aromatic side chains and becomes
weaker upon loosening of protein tertiary structure and weakening of the chiral environment
of side chains.2’ By near-UV CD, we demonstrated a tertiary structure transition temperature
(Tm; the midpoint of transition) of 32°C in the reduced form (Figure 3(a) and (g)) and 38.5°C
in the disulfide-bridged form of CTAL/CTAZ2 (Figure 3(d) and (g)). Heating the protein sample
caused a red shift and a decrease in the intensity of tryptophan fluorescence in both oxidized
and reduced states of cysteines (Figure 3(b) and (e)). Both effects are apparently due to the
exposure of tryptophans to water, as the fluorescence intensity is quenched by the aqueous
solution itself and probably by trace amounts of dissolved molecular oxygen from the air.28
The heat-induced red shift of tryptophan fluorescence indicated increased solvent relaxation
with increasing temperature. Temperature dependencies of the peak fluorescence wavelengths
(i.e., the red shifts) showed a Ty, of 36.2°C in the reduced form (Figure 3(b) and (h)) and a
T of 41.5°C in the disulfide-bridged form of CTAL/CTA2 (Figure 3(e) and (h)). At low
temperatures, the far-UV CD spectra of the disulfide-bridged protein exhibited a minimum
around 208 nm and a well-defined shoulder around 222 nm (Figure 3(f)). This suggested an
o/B-type structure, which was consistent with the crystal structure of CT (Figure 1).™ Under
reducing conditions, the far-UV CD spectra of CTA1/CTAZ2 had a minimum around 214 nm
and the shoulder was less pronounced than the spectra obtained with the disulfide-linked CTAL/
CTAZ2 heterodimer (Figure 3(c)). The negative ellipticity decreased in a sigmoidal manner with
increasing temperature for both reduced and disulfide-bridged samples, resulting in spectra
with a single broad minimum around 216 nm at high temperatures (Figure 3(c) and (f)). These
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data indicate that reduction of the disulfide linkage between CTAL and CTAZ2 converts a
fraction of a-helical structure to B-sheet structure in either one or both polypeptide chains.
Furthermore, heating causes substantial reduction of the a-helical fraction under both reducing
and disulfide-bonding conditions. The temperature-dependent changes to secondary structure
were characterized with a Ty, of 37.5°C in the reduced form (Figure 3(c) and (i)) and a T, of
43°C in the disulfide-bridged form of CTA1/CTA2 (Figure 3(f) and (i)).

The CTAL polypeptide contains all three tryptophan residues that contributed to the emission
spectrain Figure 3(b) and Figure 3(e). CTAL also makes a major contribution to the CD spectra
because itis much larger than CTA2 (192 vs. 45 residues, respectively). Finally, nearly identical
tertiary and secondary structure T, values were obtained for a purified, Hisg-tagged CTAL
construct2® and the reduced CTA1/CTAZ2 heterodimer (S. Massey, A.H. Pande, S.A. Tatulian,
and K. Teter, manuscript in preparation). The shifts in T, resulting from reduction of the CTAL/
CTAZ2 disulfide bond thus indicate a substantial decrease in the thermal stability of CTA1 upon
its covalent dissociation from CTAZ2.

Although CTAL is in a partially unfolded state at 37°C, it does not appear to be an intrinsically
unstructured protein (IUP). The criteria to define a protein as intrinsically unstructured include
low hydrophobic amino acid content, high polar and charged amino acid content, an inability
to fold into a globular structure in isolation under physiological conditions, a lack of secondary
and tertiary structure, and resistance to heat denaturation. 9,30 5304 of the amino acids in
CTAL1 are polar or charged;1 our CD data demonstrated that the isolated CTA1 polypeptide
has substantial secondary and tertiary structure that becomes progressively disorganized with
increasing temperature (Figure 3); and additional biophysical experiments demonstrated that
the reduced CTAL/CTAZ heterodimer could not return to a native-like conformation after
sample heating to 65°C (Figure 4). Finally, the disorder prediction program PONDR31:32 oes
not classify the CTAL polypeptide as an IUP (see Materials and Methods). CTAL is thus a
thermally unstable protein but is unlikely to be an 1UP.

CTAlis in a protease-sensitive conformation at 37°C

To examine the relationship between CTA1 thermal instability and CTAL proteolysis, we
performed a protease sensitivity assay on reduced CTA1/CTAZ2 heterodimers that had been
incubated at 4°C, 25°C, 33°C, 37°C, or 41°C for 1 hour. All samples were then placed on ice
and exposed to thermolysin for 1 hour. Thermolysin is a metalloendoprotease that cleaves
peptide bonds on the N-terminal side of hydrophobic amino acid residues. Whereas toxin
samples initially incubated at > 37°C were degraded by thermolysin, samples pre-incubated at
< 33°C were protease-resistant (Figure 5). A disulfide-linked CTA1/CTAZ2 heterodimer pre-
incubated at 37°C was also resistant to proteolysis (Figure 5, lane 7). When correlated to the
temperature-dependent folding state of CTA1L, these results indicated that temperatures > 37°
C destabilize the structure of reduced CTAL and render the polypeptide susceptible to
proteolysis. However, covalent association of CTAL with CTA2 prevents its degradation by
thermolysin, most likely by decreasing the susceptibility of CTAL to thermal denaturation
(Figure 3).

CTALlis an in vitro substrate for the 20S proteasome

Some unfolded proteins are degraded in an ATP-independent and ubiquitin-independent
process by the barrel-shaped 20S proteasome.33'34 This macromolecular complex forms the
catalytic core of the 26S proteasome, which is generated by the association of multi-subunit
19S regulatory particles at one or both ends of the 20S proteasome. Most cytosolic proteins
are degraded by the 26S proteasome in an ATP-dependent and (usually) ubiquitin-dependent
process. However, some proteins are instead degraded by the core 20S protea\some.:"’S'36 ATP
and ubiquitin are not required for this proteolytic mechanism, although the addition of ATP
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does stimulate the turnover of some substrates such as o-casein.36 Proteins degraded by the
20S proteasome must be unfolded in order to fit through the central catalytic pore of the 20S
proteasome, and substrate unfolding represents the rate-limiting step in degradation.34v 5
Thus, thermal instability in the CTAL polypeptide could generate a partially unfolded CTA1
conformation that facilitates its ubiquitin-independent degradation by the 20S proteasome.

To detect CTAL degradation by the 20S proteasome, we incubated the reduced CTA1/CTA2
heterodimer, the disulfide-linked CTA1/CTAZ2 heterodimer, a-casein, or CTB with the 20S
proteasome at 37°C (Figure 6). Samples taken at 0, 3, 9, or 20 hours of incubation were
visualized by SDS-PAGE and Coomassie staining. With this assay, a substantial pool of
reduced CTA1 was degraded by 10 nM of the 20S proteasome after 3 hours of co-incubation.
Almost none of the reduced CTA1 remained after 9 hours of co-incubation with the 20S
proteasome. Degradation occurred in the absence of ATP and was not significantly stimulated
by the addition of 3 mM ATP (data not shown). CTA1 degradation was faster and more efficient
than that observed for a-casein, an established substrate for the 20S proteasome:36 substantial
degradation of a-casein was not observed until 9 hours of co-incubation and required 100 nM
of the 20S proteasome in the presence of 3 MM ATP. In contrast, no significant degradation
of the disulfide-bridged CTA1/CTAZ2 heterodimer or the CTB pentamer was observed over the
20 hour course of the experiment. Reduction of the CTA1/CTA2 disulfide bond was therefore
necessary for CTAL to undergo partial unfolding at 37°C and become susceptible to ubiquitin-
independent processing by the 20S proteasome. This observation again suggested that
stabilization of the folded conformation of the CTA1/CTAZ2 heterodimer by a covalent disulfide
bond between the CTAL and CTAZ2 polypeptides prevented the denaturation of CTAL and its
degradation by the 20S proteasome.

CTAl is degraded in vivo by a ubiquitin-independent, temperature-sensitive proteasomal

mechanism

To assess the role of ubiquitin in the cytosolic stability of CTA1, a plasmid-based transfection
system was used to express a recombinant CTA1 construct in the ER of CHO cells (Figure 7).
Similar systems have been used to examine the ER-to-cytosol export of CTA1 and other toxin
A chains.”11,21,.37-42 oyr CTA1 construct contained the N-terminal CTA signal sequence,
a cluster of hydrophobic amino acids that co-translationally delivers CTA1 into the ER and is
proteolytically removed from CTAL in the ER lumen.”+9 Previous work has confirmed the
efficient ER targeting of this CTAL construct and has recorded a two hour half-life for the
mature CTAL polypeptide.9’25743

When ubiquitin-dependent proteolysis was disrupted by expression of a dominant negative
K48R ubiquitin mutant in CHO cells, there was no effect on the turnover of CTA1 (Figure 7
(@) and (b)). Co-expression of K48R ubiquitin with ERAD substrate al-antitrypsin Z (a1AT-
Z)44 extended the 1.7 hour half-life of alAT-Z to 3 hours, thus confirming the inhibitory effect
of K48R ubiquitin on ERAD (data not shown). To demonstrate that CTA1 was degraded by a
proteasome-dependent mechanism, we repeated the pulse-chase experiments with cells
exposed to 100 pM of the proteasomal inhibitor N-acetyl-Leu-Leu-Norleu-Al (ALLN)."'5
Proteasomal inhibition led to substantial stabilization of CTAL, and the 2 hour half-life of
CTAL in untreated cells increased to just over 3 hours in ALLN-treated cells (Figure 7(c)).
Further extension of the CTA1 half-life was likely confounded by incomplete inhibition of
proteasome function (K. Teter and R.K. Holmes, unpublished observations).20’46'47 As
expected, treatment with brefeldin A — a fungal drug that interferes with vesicular transport
between the Golgi and ER48 _ did not inhibit the turnover of CTA1 (data not shown).
Furthermore, no secreted pool of CTA1 was detected in these experiments. Mammalian ERAD
substrates are efficiently retained in the ER and exported to the cytosol for proteasomal
degradation by a mechanism that does not require vesicular trafficking past the ER and
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proximal Golgi compartments.13 Thus, our results indicated that CTAL was processed as an
ERAD substrate but was degraded by a ubiquitin-independent mechanism.

ALLN treatment might sensitize cultured cells to the action of CTA1, as the intracellular pool
of CTAL is partially stabilized by proteasomal inhibition. A larger pool of cytosolic CTAL
should then correspond to a larger cAMP signal in intoxicated cells. To investigate whether
ALLN treatment affected sensitivity to CTAL, we monitored the CTAL-induced elevation of
cAMP in cells transfected with a CTAL expression vector. We found that, at four and eight
hours of post-transfection chase, ALLN-treated cells produced substantially larger CAMP
signals than cells chased in the absence of ALLN (Figure 7(d)). Proteasomal inhibition
therefore extended the half-life of CTAL and had a corresponding stimulatory effect on
intoxication by transfected CTAL.

To further examine the role of ubiquitin in CTA1 degradation, we monitored the turnover of
transfected CTAL in mutant ts20 cells (Table 1). The ts20 cell line expresses a heat-labile E1
ubiquitin activating enzyme that is functional at 33°C but inoperative at 41°C.49 yet, for both
the ts20 cell line and its parental E36 cell line, the degradation of CTA1 was 3-fold faster at
the restrictive temperature of 41°C than at the permissive temperature of 33°C. Inefficient
degradation of CTAL at 33°C was not due to an inhibitory effect on CTA1 export from the ER
to the cytosol because the same temperature-dependent effects were observed for the turnover
of a CTAL construct (AssCTAL) that lacked the CTA signal sequence and was therefore
expressed directly in the cytosol.43 The attenuated degradation of ERAD substrate alAT-Z in
ts20 cells incubated at 41°C (in comparison to E36 cells incubated at 41°C) confirmed that
ubiquitin-dependent processing events were inhibited at 41°C in the ts20 cells (Table I). Thus,
the turnover of CTA1 was temperature-sensitive but ubiquitin-independent.

Temperature-sensitive degradation of CTAL was also observed in transfected CHO cells
incubated at 33°C or 41°C (Table 1). Furthermore, the combined data from Table 1 and Figure
7 provided a clear correlation between temperature and the rate of CTAL degradation: in CHO
cells, CTAL had a half-life of 3.6 hours at 33°C, a half-life of 2 hours at 37°C, and 1.0 hour
half-life at 41°C.

CTA1-ARF6 interactions

The isolated CTA1 polypeptide would likely remain in a partially unfolded state after passage
into the cytosol. This would limit its in vivo activity and render it susceptible to ubiquitin-
independent proteasomal degradation. Since CT is highly toxic and CTAL exhibits a relatively
slow turnover rate, components of the host cell may interact with CTAL to stabilize the toxin
and prevent its degradation by the proteasome. This prediction was tested by performing the
protease sensitivity and 20S proteasome assays on toxin samples co-incubated with ARF6, a
eukaryotic low molecular mass GTP-binding Erotein that greatly enhances the in vitro
enzymatic activity of CTAL (Figure 8).25v5 -51 \We found that ARF6-GTP inhibited the shift
of reduced CTAL1 to a protease-sensitive conformation at 37°C (Figure 8(a)). The active, GTP-
bound form of ARF6 was required for CTA1 stabilization. Incubation with the inactive form
of ARF6 actually promoted some CTA1 proteolysis at a lower pre-incubation temperature (33°
C) than was observed under control conditions. ARF6 itself was nicked by thermolysin when
GTP was added to the reaction mixture; the proteolytic fragment seen in the CTAL + ARF6-
GTP sample was also seen in a control reaction which contained ARF6-GTP without CTA1
(data not shown). This was consistent with the known conformational shift that occurs in low
molecular mass GTP-binding proteins upon binding to GTP.52 Co-incubation of CTAL with
GTP in the absence of ARF6 did not affect the pattern of CTA1 protease sensitivity. The
specific interaction between CTAL and ARF6-GTP thus provided a degree of conformational
stability to CTAL that prevented its shift to a protease-sensitive state at the physiological
temperature of 37°C.

J Mol Biol. Author manuscript; available in PMC 2008 December 7.
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Since the 20S proteasome can only act upon unfolded substrates, the stabilization of CTA1 by
ARF6-GTP could prevent toxin processing by the 20S proteasome. To test this prediction, we
performed our 20S proteasome assay with toxin samples exposed to ARF6 or ARF6-GTP
(Figure 8(b)). Co-incubation of the reduced CTA1/CTAZ2 heterodimer with ARF6-GTP indeed
protected CTAL from degradation by the 20S proteasome. However, co-incubation of reduced
CTA1/CTA2 with the inactive form of ARF6 also prevented CTA1 degradation by the 20S
proteasome. Control experiments with a-casein as a substrate confirmed that ARF6 did not
directly inhibit proteasomal activity (data now shown). A physical interaction between ARF6
and CTAL, irrespective of the structural impact from this association, thus appeared to be
sufficient to protect CTAL from degradation by the 20S proteasome.

The data from Figure 8 indicated that CTA1 could interact with the inactive form of ARF6.
However, stimulation of CTA1 activity requires the active, GTP-bound form of an ARF
protein.50'51 We therefore employed the technique of surface plasmon resonance (SPR) to
confirm the physical association of CTAL with inactive ARF6 (Figure 9). With this method,
a protein of interest is perfused in microliter quantities over a sensor slide that contains the
second protein of interest. An interaction between the two proteins increases the mass on the
sensor slide, which consequently changes the resonance angle of the reflected light from the
slide. A CTA1-Hisg sensor slide was prepared as described in Materials and Methods, and
control anti-CTA or anti-CTB antibodies were then passed over the slide (Figure 9(a)). The
specificity of our detection system was demonstrated by the robust signal produced with the
anti-CTA antibody and the lack of signal produced with the anti-CTB antibody. A strong signal
was also obtained when ARF6-GTP was perfused over the CTAL-Hisg sensor slide, whereas
a weaker but detectable signal was obtained when inactive ARF6 was perfused over the sensor
slide (Figure 9(b)). A C-terminal CTAL deletion construct (CTA1;.16g°Hisg) also bound
strongly to ARF6-GTP and weakly to ARF6 (Figure 9(c)). In contrast, no binding was detected
when either ARF6 or ARF6-GTP was added to a sensor slide containing the CT holotoxin
(Figure 9(d)). This demonstrated the specificity of the interactions between CTA1 and ARF6
or ARF6-GTP. It was also consistent with a structural study which demonstrated that CTA1
only attains a conformational state suitable for binding to ARF6-GTP after dissociation from
the holotoxin.®3 The CTAL/ARF6-GTP co-crystal described in this structural study identified
the N-terminal Al; subdomain of CTA1 as the binding site for ARF6, which was again
consistent with our observed interactions between ARF6 or ARF6-GTP and the C-terminal
CTA1;.16g8°Hisg deletion construct.

The SPR data presented in Figure 9 were generated with 1 uM ARF6 in the absence or presence
of 1 pM GTP. To calculate equilibrium dissociation constants for CTA1/ARF6 interactions,
additional experiments were performed with six concentrations of ARF6 in the absence or
presence of equimolar amounts of GTP (Supplemental Figure 1). SPR experiments performed
at 25°C or 33°C also used six different analyte concentrations to determine CTA1/ARF6
equilibrium dissociation constants (Table 2). CTAL and CTA11.16g both exhibited high affinity
interactions with ARF6-GTP at 37°C, although in terms of Kp values the binding affinity
between CTAL and ARF6-GTP was 3-fold stronger than the binding affinity between
CTAl;.143 and ARF6-GTP. The data also detected a temperature-dependent association
between CTAL or CTAL; 158 and ARF6-GTP. For full-length CTAL, the binding affinity for
ARF6-GTP was 4-fold weaker at 33°C than at 37°C and 6-fold weaker at 25°C than at 37°C.
For CTA1;.16g, the binding affinity for ARF6-GTP was 2-fold weaker at 33°C than at 37°C
and 4-fold weaker at 25°C than at 37°C. Neither CTAL nor CTA1.14g bound to ARF6-GTP
at 10°C (data not shown). Temperature-dependent interactions between CTAL or CTAL; 158
and inactive ARF6 were also detected, but the binding affinities were much weaker than those
calculated for toxin interactions with ARF6-GTP. These data suggest that only CTAL or
CTA11.16g interactions with ARF6-GTP are likely to be physiologically relevant, and they
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support a putative role for ARF6-GTP in stabilizing cytosolic CTAL and protecting it from
proteasomal degradation in vivo.

Discussion

CTAL1 thermal instability and host-toxin interactions

Our biophysical measurements demonstrated that reduced CTA1 has a disordered tertiary
structure and a partially perturbed secondary structure at 37°C. Furthermore, the conformation
of CTAL is stabilized by its covalent association with CTAZ2. The latter observation was
consistent with the work of Surewicz et al., who noted that, in the CTAL/CTAZ2 heterodimer,
a significant loss of CTA1 secondary structure occurs between 40°C and 46°C.23 The
arrangement of the CT holotoxin provides an additional degree of structural stability for CTAL,
as temperatures of at least 51°C are required to induce CTAL unfolding when it is present in
the holotoxin.22 Thus, CTAL is held in a relatively stable conformation until reduction of the
CTA1/CTAZ2 disulfide bond in the ER allows chaperone-dependent dissociation of CTAL from
the rest of the toxin.3°-6 The subsequent partially unfolded state of CTAL at 37°C could then
help trigger its ERAD-mediated export into the cytosol.

Translocated CTAL is unlikely to spontaneously refold in the cytosol. However, an interaction
with eukaryotic factors could allow the cytosolic pool of CTA1 to attain an active conformation.
The six mammalian ARF proteins, phospholipids, or other cytosolic factors could possibly act
in this fashion to stimulate CTAL folding and expression of its catalytic activity. The reduced
CTAL/CTA2 heterodimer is more active in vitro at 25°C than at 37°C,2# which is consistent
with the heat-labile nature of CTA1. However, the reduced CTAL/CTA2 heterodimer is more
active in vitro at 37°C than at 25°C when ARFs and phospholipids are present.54 In vivo
modulation of the CTA1 folding state by host factors could therefore allow CTAL to elicit a
significant cellular response from intoxicated cells despite its initially unfolded conformation
in the cytosol. Preliminary experiments indeed suggest that ARF-GTP can stabilize the heat-
labile conformation of the dissociated CTA1 polypeptide; ongoing structural studies will
provide additional data to support or discount the model for ARF-assisted refolding of cytosolic
CTAL.

Ubiquitin-independent degradation of CTA1

The heat-labile state of reduced CTA1 leaves it susceptible to ubiquitin-independent
degradation by the 20S proteasome in vitro and most likely in vivo as well. This stands in
contrast to the usual route of ubiquitin-dependent degradation by the 26S proteasome. Substrate
unfolding is the rate-limiting step for degradation by the 20S proteasome,34'35 which could
explain the invivo effects of temperature on CTA1 degradation: elevated temperatures increase
the extent of CTA1 unfolding and thereby increase the rate of CTAL degradation. The inability
of ARF6-GTP to prevent the 41°C shift of CTAL to a protease sensitive conformation could
also contribute to the accelerated turnover of CTA1 at this temperature.

Proteasomal inhibition generates a 3-fold increase in cellular sensitivity to ricin, another AB-
type ER-translocating toxin.19:55 With our transfection-cAMP assay, we found that
proteasomal inhibition also had a stimulatory effect on the onset of intoxication with transfected
CTAL. However, proteasomal inhibition did not affect the onset of intoxication with
exogenously applied CT when intoxication was detected by chloride efflux from polarized
epithelial monolayers.16 These apparently incongruous results suggest that the exogenously
applied CT elicited a submaximal cAMP response from intoxicated cells, but this submaximal
level of intracellular cAMP was still sufficient to generate the maximal level of chloride
secretion. Thus, according to our interpretation of the available data, proteasomal inhibition
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increases the cCAMP response of intoxicated cells to certain doses of CT without further
stimulating chloride efflux from those same cells.

Under normal conditions, the cytosolic degradation of CTAL is probably not rapid enough to
affect the initial stages of CT intoxication. A dearth of ubiquitin attachment sites in the CTA1
polypeptide contributes to the persistence of CTAL in the cytosol and, consequently, to its in
Vivo activity.16 Our work suggests that an interaction with ARF6-GTP or other active ARF
proteins could further protect cytosolic CTAL from proteasomal degradation. By this model,
an inhibition of CTAL binding to ARF proteins is predicted to increase the rate of CTA1
degradation. Each of the six mammalian ARF proteins can interact with cTAL,0 0 testing
this prediction with RNA interference or similar techniques is not feasible. Unfortunately, the
tools necessary to examine CTAL turnover in cells with disrupted CTAL/ARF interactions are
not currently available.

In previous work we reported that CTAL4.1gg/9 deletion constructs lacking most of the C-
terminal Als subdomain did not interact physically (as determined by a two-hybrid assay) or
functionally (as determined by an in vitro ADP-ribosylation assay) with ARF6.25
CTA11_169 exhibited the same in vivo turnover rate as full-length CTAL.25 However, the SPR
data presented in this work indicated that CTA1;.1gg could interact with ARF6-GTP at 37°C
and, to a lesser extent, at 33°C or 25°C. As such, the in vivo turnover of CTA1;.1g9 did not
represent a condition in which toxin-ARF interactions were blocked. The two-hybrid assay
which detected a minimal interaction between CTA11.163 and ARF6 was conducted at 30°C,
so the weaker protein-protein interaction at this temperature was apparently below the threshold
for a robust response from the two-hybird assay. If the two-hybrid assay had been performed
at 37°C, it is possible that an interaction between CTA1;.165 and ARF6 would have been more
readily detected. These considerations underscore the impact of CTA1 thermal instability on
host-toxin interactions. The lack of functional interaction between CTA1;_165 and ARF6
indicates that the C-terminal Als subdomain, although unnecessary for binding to ARF6, is
required for the ARF-induced conformational change that stimulates CTA1 activity. This
interpretation is consistent with published reports on the physical interactions between CTA1
and ARF6.93,56

Thermal instability: a common theme for toxin-ERAD interactions

In addition to CT, at least two other ER-translocating toxins (PT and ricin) contain heat-labile
A chains that are stable when incorporated into their respective holotoxins.17-18,22,57-58
Each toxin A chain is also stabilized by an association with its cytosolic target or other host
factor.17-18 Thus, A chain instability is only apparent after separation from the holotoxin in
the ER and before interaction with a specific component of the host cell cytosol. In this interval
the isolated A chain can be identified as a misfolded protein for ERAD-mediated export to the
cytosol. It mag/ also be susceptible to ubiquitin-independent degradation by the core 20S
proteasome.1 -19.21 Thjs general process has now been observed for three distinct ER-
translocating toxins. As such, A chain instability may represent a common strategy for
triggering ERAD-mediated toxin translocation.

Materials and Methods

Materials

Chemicals, thermolysin, a-casein, ganglioside GM1, and the CTB pentamer were purchased
from Sigma-Aldrich (St. Louis, MO). Cell culture reagents, Lipofectamine, and the pcDNA3.1
expression vector were from Invitrogen (Carlsbad, CA). ATP and the purified CTA1/CTA2
heterodimer were purchased from Calbiochem (La Jolla, CA). The purified 20S proteasome
was from Boston Biochem (Cambridge, MA). [3®S]methionine was purchased from Perkin-
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Elmer (Boston, MA). ARF6, CTAL-Hisg, and CTAL;.14g°Hisg Were purified as previously
described.2® Dr. A.A. McCracken (University of Nevada, Reno) provided the pSV7/a1AT-Z
plasmid;59 Dr. D.A. Gray (University of Ottawa, Ontario)grovided the plasmids encoding
wild-type (pDG268) or K48R mutant (pDG279) ubiquitin; 0 and Dr. J.R. Riordan (Mayo
Clinic, Scottsdale) provided the ts20 and E36 Chinese hamster lung fibroblast cell lines.49

Computer modeling of protein stability

The protein instability data obtained from EXPASY-SWISS-PROT ProtParam (http://
ca.expasy.org/sprot/) indicated that the CTAL subunit has an instability index of 41.6, the
CTAZ2 subunit has an instability index of 55.1, and the CTB monomer has an instability index
of 39.3. An instability index value greater than 40 is indicative of protein instability;2 CTAl
and CTAZ2 are therefore classified as unstable, while the CTB monomer is classified as stable.

The estimation of CTA1 disorder was conducted with the PONDR program from Molecular
Kinetics, Inc. (Indianapolis, IN).31'32 Whether CTA1 should be classified as an IUP was
examined using the criteria outlined by Galea et al.30 An average PONDR score of 0.2990
was obtained for CTAL by VL-XT statistical analysis. In addition, the boundary hydropathy
value 0f 0.4226 (mean net charge: 0.0260; hydropathy: 0.4214) calculated for CTA1 by charge-
hydropathy analysis was just to the right-hand side (i.e., ordered protein side) of the linear
boundary between disordered and ordered proteins. Both results indicated that CTAL is not an
IUP.

Structural studies

The temperature-dependent unfolding of CTAL was studied using a J-810
spectrofluoropolarimeter (Jasco Corp., Tokyo, Japan), which is a spectropolarimeter equipped
with a fluorescence photomultiplier mounted at a right angle to the incident light beam and a
Jasco PFD-425S Peltier temperature controller. This arrangement allows nearly simultaneous
measurements of protein fluorescence and CD spectra on the same sample at varying
temperatures. Experiments were carried out with a 4-mm path-length rectangular quartz cuvette
Protein concentration was 34 pg /ml in 0.2 ml of 20 mM Na-phosphate (pH 7.0) containing
150 mM NaCl £ 10 mM B-ME. Thermal unfolding was carried out in the temperature range
of 18-65°C, and samples were allowed to equilibrate for 4 minutes at each temperature before
measurements. Readings were taken at 2°C increments from 18-30°C, 1°C increments from
30-33°C, 0.5°C increments from 33-39°C, 1°C increments from 39-46°C, and at 50°C, 55°C,
60°C, and 65°C. For fluorescence spectra, CTAL tryptophan residues were excited at 290 nm
and the fluorescence emission was measured between 300 and 400 nm. The excitation and
emission slits were set to 1 nm and 10 nm, respectively. CD spectra were recorded from 195
to 320 nm, which covers both near-UV and far-UV range. In all cases the spectral resolution
was 1 nm. CD spectra were averaged from 5 scans. The observed ellipticity (6gps) Was
converted to mean residue molar ellipticity, [0], in units of degreesxcm?xdmol-! using [4] =
Oobs/Chresl, Where g is the measured ellipticity in millidegrees, ¢ is the molar concentration
of the protein, nygg is the number of amino acid residues in the protein, and | is the optical path-
length in millimeters.

The temperature-dependent protein unfolding data were analyzed as described by Lavigne et.
al b1 using the following equation:

X= fLXL+(1 - f; )XH

where X is the measured temperature-dependent variable, such as the ellipticity or the peak
fluorescence emission wavelength, f|_is the fraction of amino acids representing the native
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conformation at low temperature, X and Xy are limiting values of X at low and high
temperatures, respectively. The parameter, f,, is given by

£, =exp(~ AG[ RT) [[1+ exp (- AG[ RT)),

L
where the free energy of unfolding (AG) is given by

AG=AHU - T[ T )+ACT-T, - Tin(1/ Tl

Here Ty, is the transition temperature, AH is the apparent enthalpy of unfolding and AC is the
heat capacity of unfolding. The parameters AC = 0.39 kcal molt K1 and AH = 25 kcal
mol-1 were used to obtain the best fit between experimental and simulated curves, except in
the case of near-UV CD data where AH = 55 kcal mol-! was used.

Protease sensitivity assay

Cell culture,

12 pg of the purified CTA1/CTA2 heterodimer was added to 0.3 ml of 20 mM Na-phosphate
buffer (pH 7.0) containing 10 mM B-ME. 1 mM GTP and/or equimolar concentrations of ARF6
were mixed with the CTA1/CTAZ2 heterodimer as indicated. 0.05 ml toxin aliquots were
transferred to fresh microcentrifuge tubes and incubated at 4°C, 25°C, 33°C, 37°C, or 41°C
for 1 hour. All samples were then shifted to 4°C for 10 minutes. Thermolysin (prepared as a
10x stock in 50 mM CaCl, and 100 mM Hepes pH 8.0) was subsequently added to a final
concentration of 0.04 mg / ml for a 1 hour 4°C incubation. Digests were stopped with the
addition of 10 mM EDTA (final concentration), and the toxin samples were visualized by SDS-
PAGE with Coomassie staining.

transfection, and transfection-cAMP assay

CHO cells were grown in Ham's F-12 media supplemented with 10% fetal bovine serum.
Growth conditions were at 37°C and 5% CO, in a humidified incubator. The ts20 and E36
cells were grown under humidified conditions at 33°C and 5% CO, in a-MEM containng 10%
fetal bovine serum. Cells were seeded in 6-well plates at 75% confluency the day before
transfection. 1 pg of an expression plasmid was mixed with 5 pl Lipofectamine for 20 minutes
at room temperature, and the mixture was then added to cells for a 3 hour incubation at 37°C
(CHO) or 33°C (E36 and ts20). CHO cells were transfected and grown at 33°C for the
experiments presented in Table 1. Cells were processed for the transfection-cAMP assay at 4
hours post-transfection and were used for metabolic labeling experiments at 16-24 hours post-
transfection. The transfection-cAMP assay was performed as previously described.43

Metabolic labeling and immunoprecipitation

CTAL and alAT-Z pulse-chase experiments have been previously described.8 In brief,
transfected cells were radiolabeled for 1 hour and chased in serum-free media containing 0.5
mg methionine / ml. Cell extracts generated after the indicated chase intervals were subjected
to anti-CTA or anti-alAT immunoprecipitation, and the immunoisolated material was resolved
by SDS-PAGE. Phosphorimager analysis (BioRad; Hercules, CA) was used for sample
quantification. Results from the chase intervals were expressed as percentages of the values
obtained from the corresponding pulse-labeled cells. The data presented in Table 1 were
calculated from at least 3 pulse-chase experiments with 0, 1, 2, 4, and 6 hour chase points.
Half-lives were calculated by plotting the average results from all experiments on a single
graph as explicitly shown in Figure 7(b). A standard deviation of less than 10% was typically
calculated for the averaged results of each chase point.
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20S proteasome assay

5 pg of substrate was mixed with 10 nM or 100 nM of the purified 20S proteasome in 0.1 ml
assay buffer (50 mM Hepes pH 7.5, 10 mM MgCls,, 100 mM KCI, and 0.1 mM CaCly) at 37°
C. These conditions represented a 200,000-fold molar excess of CTA1/CTA2 over the
proteasome, a 20,000-fold molar excess of a-casein over the proteasome, and a 10,000-fold
molar excess of CTB pentamer over the proteasome. As indicated, 3 mM ATP, 1 mM GTP,
10 mM B-ME, and/or 5 pg of ARF6 (a 1.4-fold molar excess in relation to CTA1/CTA2) were
also present in the assay buffer. The presence or absence of 10 mM B-ME did not alter results
obtained with CTB or a-casein (data not shown). 1 pg substrate aliquots taken at the stated
intervals were visualized by SDS-PAGE with Coomassie staining.

Surface plasmon resonance

Protein-protein interactions were examined with a Reichert (Depew, NY) SR7000 SPR
Refractometer. After cleaning the flow cell with 1% Triton X-100 in phosphate-buffered saline
(PBS), both the flow cell and gold sensor slide were mounted in the instrument. The flow cell
was subsequently washed with PBS for 5 minutes at a flow rate of 5 pl / min. This same flow
rate was used for all steps of the protocol. A baseline control reading of PBS buffer alone (pH
7.4) was taken, and purified CTA1-Hisg or purified CTA1;_16g°Hisg Was then coupled to a
gold sensor slide (the Reichert Dithiol Dendritic Tethers slide) that is specifically developed
for the adherence of His-tagged proteins. The following steps were taken to coat the sensor
slide with CTAL-Hisg or CTA14_16g°Hisg: (i) the carboxy groups on the surface of the sensor
plate were activated for Hisg binding by passing an EDC-NHS mixture through the flow cell
and over the gold plate for 5 minutes; (ii) EDC-NHS was removed with a 5 minute PBS wash;
(iii) the activated surface was exposed to immobilization buffer (10 mM sodium acetate pH
4.1) for 2 minutes; (iv) Hisg-tagged toxin was added for 10 minutes at a concentration of 100
pg / ml; and (v) the remaining reactive groups on the sensor surface were deactivated using a
3 minute wash with 1 M ethanolamine. After another 5 minute wash with PBS, the putative
CTALl-interacting protein (i.e., control antibodies, purified ARF6, or purified ARF6 in the
presence of equimolar GTP) was added for 10 minutes. Control antibodies were added in PBS
at a concentration of 100 pg / ml; ARF6 was added in PBS at concentrations of 4, 2, 1, 0.5,
0.25, or 0.125 pM. A real-time change in the refractive index of the CTA1-coated sensor plate
upon ligand addition indicated a physical interaction between CTA1 and the added protein.
Subsequent addition of PBS buffer without the CTA1-interacting protein present resulted in
the release of the bound protein and generated another shift in refractive index. Reichert
Labview software was used for data collection. BioLogic (Campbell, Australia) Scrubber 2
software was used for curve fitting and data analysis.

For SPR experiments using the CT holotoxin, a gold plate sensor was coated with the GM1
ganglioside receptor of CT by a procedure described for the coating of ELISA plates.62 CT
was then bound to the GM1-coated sensor by perfusing 1 ml of CT (10 pg / ml) over the slide
for 15 min at a flow rate of 5 pl / min. Additional steps were performed as described above for
the CTA1-Hisg and CTA1;_1gg°Hisg Sensor slides.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Ribbon diagrams of CT and the CTA subunits. (a-c): Structural models for CT (a), the disulfide-

linked CTA1/CTAZ2 heterodimer (b), and the isolated CTA1 polypeptide (c) are based upon

the X-ray crystal structure of CT as determined by O'Neal et al. (Protein Data Bank entry 1S5F).
Images were generated using the WebLab Viewer Lite molecular modeling and

visualization software.
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Figure 2.

Reductive separation of CTA1 from CTAZ2. (a): 1 pg samples of the CTA1/CTA2 heterodimer
were exposed to 10 mM B-ME for 1 minute at 4°C or 37°C before loading on a non-reducing
SDS-PAGE gel. 1 pg of a CTA1/CTA2 heterodimer that was not exposed to -ME was also
run on the gel. Samples were visualized by Coomassie staining, which does not detect the
dissociated 5 kDa CTA2 subunit. Lane 1, disulfide-bridged CTA1/CTAZ2; lane 2, blank; lane
3, CTAL/CTAZ reduction at 4°C; lane 4, CTAL/CTAZ reduction at 37°C. (b): A 1 pg sample
of the CTA1/CTAZ2 heterodimer was exposed to 10 mM B-ME for 1 minute at 4°C. Size
exclusion column chromatography was subsequently run with a Superdex G-75 column on an
AKTA purifier. A 1 ug CTA1/CTA2 heterodimer sample that was not exposed to B-ME was
also run through the column. The unreduced and reduced heterodimers were individually eluted
at 4°C in a buffer of 150 mM KCl and 25 mM Tris (pH 7.4) at a rate of 1 ml / minute. Sample
elution was detected by absorbance at 280 nm, which after 125 mls of elution could not
definitively distinguish between the weak CTA2 signal and the background noise from p-ME.
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Temperature-induced unfolding of CTA1/CTAZ2. (a-f): The thermal denaturation of a purified
CTA1/CTAZ2 heterodimer in either reduced (a-c) or disulfide-bridged (d-f) forms was
monitored by near-UV CD (a, d), tryptophan fluorescence (b, e), and far-UV CD (c, ). Both
CD and fluorescence measurements were conducted near-simultaneously on the same sample
after equilibration at each temperature for 4 minutes. Protein concentration was 34 ug /ml in
20 mM Na-phosphate (pH 7.0) containing 150 mM NaCl + 10 mM B-ME. The change in color
from blue to red corresponds to a change in temperature from 18°C to 65°C. (g-i): Thermal
unfolding profiles for the CTA1/CTA2 heterodimer in either reduced (blue) or disulfide-
bridged (red) forms were derived from the data presented in panels a-f. (g): For near-UV CD
analysis, the mean residue molar ellipticities at 280 nm ([6],g0) were plotted as a function of
temperature. (h): For fluorescence measurements, the protein sample was excited at 290 nm
and the maximum emission wavelengths (Amay) Were plotted as a function of temperature. (i):
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For far-UV CD analysis, the mean residue molar ellipticities at 220 nm ([8]220) were plotted
as a function of temperature.
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Irreversible denaturation of CTAL. (a-c): Near-UV CD (a), tryptophan fluorescence (b), and
far-UV CD (c) were used to monitor the refolding of denatured CTAL. Data were collected for
a reduced CTA1/CTAZ2 heterodimer that was heated from 18°C to 65°C (filled circles) and
then cooled from 65°C to 18°C (open circles). Measurements were conducted near-
simultaneously on the same sample after equilibration at each temperature for 4 minutes.
Protein concentration was 34 pg /ml in 20 mM Na-phosphate (pH 7.0) containing 150 mM
NaCl and 10 mM B-ME. The simulated curves for reduced CTA1 from Figures 3(a), 3(b), and
3(c) were used to fit the experimental data in the corresponding panels of this Figure.
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Figure 5.

CTA1 protease sensitivity. Samples of a purified CTAL1/CTAZ2 heterodimer were placed in 20
mM Na-phosphate buffer (pH 7.0) with 10 mM B-ME and incubated for 1 hour at 4°C (lane
1), 25°C (lane 2), 33°C (lane 3), 37°C (lane 4), or 41°C (lane 5). All samples of reduced toxin
were then shifted to 4°C and exposed to thermolysin for 1 hour. Thermolysin without toxin
was run in lane 6; a thermolysin-treated, disulfide-linked CTA1/CTAZ2 heterodimer (no -ME
present in the buffer) that was pre-incubated at 37°C was run in lane 7. Samples were visualized
by SDS-PAGE and Coomassie staining.
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Figure 6.

In vitro degradation of CTA1 by the 20S proteasome. The reduced CTA1/CTA2 heterodimer
(rCTAL), the disulfide-linked CTA1/CTA2 heterodimer (CTA1 + CTA2), a-casein, and the
CTB pentamer were incubated at 37°C with the 20S proteasome. Samples taken after 0 hours
(lane 1), 3 hours (lane 2), 9 hours (lane 3), or 20 hours (lane 4) of incubation were visualized
by SDS-PAGE and Coomassie staining. The CTA1/CTAZ2 heterodimers were incubated with
10 nM of the 20S proteasome; a-casein and CTB were incubated with 100 nM of the 20S
proteasome and 3 mM ATP.
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Figure 7.

Degradation and activity of transfected CTAL. (a-b): Transfected CHO cells co-expressing
CTAZ1 with either an empty vector (+ Vector), wild-type ubiquitin (+ Ub), or dominant negative
K48R ubiquitin (+ dn Ub) were radiolabeled and chased for 0-4 hours. Anti-CTA
immunoprecipitates from cell extracts generated after each indicated chase interval were
visualized (a) and quantified (b) by SDS-PAGE with Phosphorimager analysis. Graphs
represent the means + standard errors of the means of at least four independent experiments.
(c): Transfected CHO cells expressing CTAL were incubated in the absence or presence of 100
UM ALLN and processed as described above. One of four representative experiments is shown.
(d): CHO cells transfected with the CTAL construct were immediately chased for 2, 4, or 8
hours in the absence or presence of 100 uM ALLN. Cell extracts were then generated and
assayed for cAMP content. Background-subtracted cAMP levels from five experiments with
triplicate samples (means + standard errors of the means) are shown.
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Effect of ARF6 on CTAL proteolysis. (a-b): Samples of a purified CTA1/CTAZ2 heterodimer
were placed in 20 mM Na-phosphate buffer (pH 7.0) with 10 mM B-ME. The toxins were also
co-incubated with no additions (CTA1), ARF6 (CTAL + ARF6), or ARF6 and GTP (CTAL +
ARF6/GTP). (a): After a 1 hour incubation at the indicated temperatures, the samples were

shifted to 4°C and exposed to thermolysin for 1 hour. CTA1, ARF6, and the ARF6 proteolytic
fragment (*ARF6) were then visualized by SDS-PAGE and Coomassie staining. (b): Samples
were incubated with 3 mM ATP and 100 nM of the 20S proteasome for 0, 3, 9, or 20 hours of
incubation at 37°C. Aliquots taken after these intervals were visualized by SDS-PAGE and

Coomassie staining.
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Figure 9.

ARF6 interactions with CTAL. (a-d): Toxin-protein interactions at 37°C were monitored by
SPR. High values for the Micro Refractive Index Unit (RIU) denote strong toxin-protein
interactions. A decrease in Micro RIU values occurred when the CTAZ1-interacting protein was
removed from the perfusion buffer (indicated by the arrows). (a): CTA1-Hisg interactions with
anti-CTA or anti-CTB antibodies. (b): CTA1-Hisg interactions with ARF6 in the absence or
presence of GTP. (c): CTAL;.1gg°Hisg interactions with ARF6 in the absence or presence of
GTP. (d): Interactions between the CT holotoxin and anti-CTA antibodies, anti-CTB
antibodies, ARF6, or ARF6 in the presence of GTP. The dramatic signal obtained with the
anti-CTB antibody was likely due to the pentameric structure of the CTB subunit and the
corresponding increase in antibody binding sites compared to the CTA subunit.
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Table 2
Binding affinities between CTA1 and ARF6
Binding condition Temperature K, (1/ Ms) kq(1759) Kp (nM)
CTAIl-Hisg + ARF6/GTP 37°C 1.32 x 10° 0.062 47
33°C 1.23x10° 0.024 195
25°C 1.17 x 10° 0.033 282
CTAI1-His, + ARF6 37°C 9.81 x 10* 0.051 519
33°C 8.49 x 10* 0.069 812
25°C 8.21 x 10* 0.086 1048
CTAL,1gg*Hiss + ARF6/ 37°C 4.23 x 10° 0.057 135
GTP
33°C 2.83 x 10° 0.065 230
25°C 1.26 x 10° 0.061 484
CTAL,_155°Hiss + ARF6 37°C 8.66 x 10* 0.028 323
33°C 8.86 x 10 0.034 384
25°C 7.65 x 10* 0.086 1124

SPR experiments were performed with the listed binding conditions and temperatures. Each condition was performed with six different analyte
concentrations: 4, 2, 1, 0.5, 0.25, and 0.125 uM of ARF6 in the absence or presence of equimolar amounts of GTP. Each analyte concentration was used
in three independent experiments (i.e., with three different CTA1-Hisg or CTA11-168°Hisg sensor slides). Standard curves fitted to these data were used

to calculate on rates (kg), off rates (kq), and equilibrium dissociation constants (Kp).
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