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ABSTRACT

Cholera toxin (CT) moves from the cell surface to the endoplasmic reticulum (ER) where the
catalytic CTA1 subunit separates from the holotoxin and unfolds due to its intrinsic thermal
instability. Unfolded CTAL then moves through an ER translocon pore to reach its cytosolic
target. Due to the instability of CTAL, it must be actively refolded in the cytosol to achieve the
proper conformation for modification of its G protein target. The cytosolic heat shock protein
Hsp90 is involved with the ER-to-cytosol translocation of CTA1L, yet the mechanistic role of
Hsp90 in CTAL translocation remains unknown. Potential post-translocation roles for Hsp90 in
modulating the activity of cytosolic CTAL are also unknown. Here, we show by isotope-edited
Fourier transform infrared (FTIR) spectroscopy that Hsp90 induces a gain-of-structure in
disordered CTAL1 at physiological temperature. Only the ATP-bound form of Hsp90 interacts
with disordered CTA1, and its refolding of CTAL is dependent upon ATP hydrolysis. In vitro
reconstitution of the CTAL translocation event likewise required ATP hydrolysis by Hsp90.
Surface plasmon resonance (SPR) experiments found that Hsp90 does not release CTAL, even
after ATP hydrolysis and the return of CTAL to a folded conformation. The interaction with
Hsp90 allowed disordered CTAL to attain an active state and did not prevent further stimulation
of toxin activity by ADP-ribosylation factor 6, a host cofactor for CTAL. This activity is
consistent with its role as a chaperone that refolds endogenous cytosolic proteins as part of a
foldosome complex consisting of Hsp90, Hop, Hsp40, p23, and Hsc70. A role for Hsc70 in CT
intoxication has not yet been established. Here, biophysical, biochemical, and cell-based assays
demonstrate Hsp90 and Hsc70 play overlapping roles in the processing of CTAL. Using SPR we
determined that Hsp90 and Hsc70 could bind independently to CTA1 at distinct locations with



high affinity, even in the absence of the Hop linker. Studies using isotope-edited FTIR
spectroscopy found that, like Hsp90, Hsc70 induces a gain-of-structure in unfolded CTAL. The
interaction between CTAL and Hsc70 is essential for intoxication, as an RNAi-induced loss of
the Hsc70 protein generates a toxin-resistant phenotype. Further analysis using isotope-edited
FTIR spectroscopy demonstrated that the addition of both Hsc70 and Hsp90 to unfolded CTA1
produced a gain-of-structure above that of the individual chaperones. Our data suggest that
CTAL1 translocation involves a ratchet mechanism which couples the Hsp90-mediated refolding
of CTAL with extraction from the ER. The subsequent binding of Hsc70 further refolds CTA1
in a manner not previously observed in foldosome complex formation. The interaction of CTA1
with these chaperones is essential to intoxication and this work elucidates details of the

intoxication process not previously known.
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CHAPTER 1 INTRODUCTION

Cholera Toxin
Cholera toxin (CT) is an ABs toxin containing two distinct subunits. The A subunit consists of
two domains, Al and A2, linked by a disulfide bond. The Al domain is responsible for catalytic
activity and the A2 domain acts as a tether between the A1l subunit and the B pentamer. The
homopentameric B subunit is a highly stable ring-like structure with a central pore that interacts
with the A2 chain and contains binding sites for GM1 gangliosides on the host cell plasma

membrane [1, 2].

Binding to GML triggers toxin endocytosis from the cell surface and subsequent toxin transport
to the endoplasmic reticulum (ER) via retrograde vesicular transport [3, 4]. Reduction of the
disulfide bond between the A1 and A2 domains occurs in the ER [5, 6]. Reduced CTAL is
released from its non-covalent association with the holotoxin by protein disulfide isomerase
(PDI) [7-9]. The isolated CTA1 domain then enters the cytosol and interacts with host ADP-
ribosylation factors (ARFs) to constitutively activate the G protein stimulatory a-subunit (Gsa)
through ADP-ribosylation [10-12]. Activation of Gsa increases adenylate cyclase activity,
leading to a massive increase in the amount of cAMP produced. The increased level of cCAMP
stimulates CI release and inhibits Na™ absorption in intestinal epithelial cells, causing an efflux

of water that generates the profuse watery diarrhea associated with cholera [2, 13].



ER Associated Degradation

The isolated CTA1L polypeptide is an unstable protein that assumes a disordered conformation at
physiological temperature [14]. The conformational instability of free CTAL affects many steps
of the intoxication process [15, 16]. For example, CTAL spontaneously unfolds after its PDI-
mediated release from the holotoxin in the ER [8]. Unfolded CTAL is then exported to the
cytosol through the ER-associated degradation (ERAD) pathway [17-22]. The ER to cytosol
translocation of unfolded proteins by ERAD is a normal process that prevents the accumulation
of protein aggregates the ER. Exported ERAD substrates move through protein-conducting
channels in the ER membrane and are targeted for cytosolic degradation by the 26S proteasome
in an ubiquitin-dependent manner [23, 24]. A number of AB toxins exploit this system for A

chain passage into the cytosol [15, 25, 26].

Proteasomal Degradation

CTAL and other toxin A chains contain an arginine-over-lysine bias in its amino acid sequence.
The lack of CTA1 lysine residues limits the number of ubiquitination sites, thereby inhibiting
toxin degradation by the 26S proteasome [25, 27, 28]. CTAL is still subject to ubiquitin-
independent degradation by the core 20S proteasome [14], a variant of the proteasome that can
only degrade unfolded proteins [29]. The relatively long half-life (t;, = 2 hours) for cytosolic
CTAU1 suggests a stabilizing interaction with host factors may protect CTA1 from rapid,

ubiquitin-independent proteasomal degradation [14].



Translocation
CTAL1 instability also plays a role in toxin extraction from the ER to the cytosol. An early model
of toxin translocation proposed CTA1 spontaneously refolded as it emerged at the cytosolic face
of the ER translocon pore [27]. This would prevent backsliding in the pore and would thereby
provide an ER-to-cytosol directionality to the translocation process. Yet the subsequent
discovery of CTA1 conformational instability indicated that the toxin could not independently
refold at physiological temperature and therefore required a host factor(s) for extraction to the
cytosol [14, 30]. While most ERAD export is mediated by the AAA ATPase, p97 [31, 32],
CTAL translocation does not require this cytosolic protein [33, 34]. The ER-to-cytosol
translocation of unfolded CTA1 is instead facilitated by heat shock protein 90 (Hsp90), a
cytosolic ATP-dependent chaperone that plays a role in multiple cellular events including protein
folding, protein stabilization, and refolding of denatured proteins [35, 36]. Loss of Hsp90

function has shown that CTA1 is trapped in the ER [37].

Activity
CTAL passes through one or more ER translocon pores [38-40] in an unfolded state and must
achieve an active conformation in the cytosol to modify its G protein target in the lipid rafts of
the plasma membrane [41-45]. Refolding will not occur spontaneously because CTAL is a
thermally unstable protein. In fact, the isolated CTA1 polypeptide has little to no enzymatic
activity at 37°C [46, 47]. An interaction with ARF proteins will enhance the activity of folded
CTAZ1 and is required for productive intoxication of cultured cells, but ARF alone cannot induce

a gain-of-structure or gain-of-function in disordered CTA1 (Banerjee, submitted manuscript).
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Other host factors must therefore place cytosolic CTA1L in a folded conformation that can be
further activated by ARF proteins. Lipid rafts were recently shown to exhibit a “lipochaperone”
property that places disordered CTAL in a folded, functional state at physiological temperature.
Furthermore, lipid rafts are essential for the in vivo activity of cytosolic CTA1 [46]. However,

other host factors that could refold and/or activate cytosolic CTA1 have yet to be identified.



CHAPTER 2 MATERIALS AND METHODS

Materials

Chemicals and Reagents

Sigma (St. Louis, Missouri)

100X Vitamin Solution

Adenosine Tri-Phosphate (ATP)
Aminoguanidine bicarbonate

Boric acid (H3BO3)

Copper chloride (CuCly)

Digitonin

Dithiolthreitol (DTT)

DNAse

Guanosine Tri-Phosphate (GTP)

HEPES

Iron chloride (FeCl,)

Magnesium Sulfate (MgSO,)

Niaproof 40 (NP40)

Na', Na-Bis(carboxymethyl)-L-lysine hydrate
Potassium chloride (KCI)

Protease inhibitor cocktail for His proteins (His-PIC)
Sodium molybdate (Na,M0OQ,)

Sodium tetraborate (Na;B407)

Santa Cruz (Dallas, TX)
4-Diethylaminobenzaldehyde

Enzo Life Sciences (Farmingdale, NY)
Adenosine 5°[y-thio]triphosphate tetralithium salt (ATPyS)

Fisher Scientific (Pittsburgh, PA)
1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC)
Ammonium chloride (NH,CI,)

Ammonium sulfate ((NH4)2SOa4)

Ampicillin

Calcium chloride (CaCly)

Coomassie R-250

Deoxycholic Acid




Disodium phosphate (Na;HPO,)
Ethanol (200 proof)
Ethylenediaminetetraacetic acid (EDTA)
Glycerol

Hydrochloric Acid (HCI)
Imidazole

Luminol

Magnesium Chloride (MgCl,)
Methanol
N-Hydroxysuccinimide (NHS)
Potassium phosphate (KH,POy)
Sodium Acetate (NaOAc)
Sodium Chloride (NaCl)
Sodium Hydroxide (NaOH)
Tris Base

Tryptone

Tween 20

Urea

Yeast extract

B-mercaptoethanol (BME)

Medicago (Research Triangle Park, NC)
Phosphate Buffered Saline with 0.05% Tween Tablets (PBST)

Qiagen (Venlo, Limburq)
Qiagen Miniprep kit

Perkin Elmer (Waltham, MA)
%5-labeled methionine

Cambridge Isotope (Tewksbury, MA)
13C-labeled *Cs-D-glucose

VWR International (Radnor, PA)
Isopropyl B-D-1-thiogalactopyranoside (IPTG)
Nicotinamide adenine dinucleotide (NAD)

Amresco (Solon, OH)
Triton X-100
PVDF membrane

MP Biologicals (lllkrich, France)
Cobalt chloride (CoCly)
Coumaric acid




Hoefer (San Francisco, CA)
Sodium dodecyl sulfate (SDS)

Acros (Geel, Belgium)
Mangenese chloride (MnCl,)
Nickel sulfate (NiSO,)

Antibodies

Santa Cruz (Dallas, TX)
Anti-ARF6 rabbit polyclonal

Calbiochem (Darmstadt, Germany)
Anti-Hsp90 rabbit polyclonal

Sigma (St. Louis, MO)
Anti-Cholera toxin rabbit polyclonal
Anti-Hsp40 rabbit polyclonal

Enzo Life Sciences (Farmingdale, NY)
Anti-Hsp40 rabbit polyclonal
Anti-Hop rabbit polyclonal

Abcam (Cambridge, England)
Anti-Hsp90 rabbit polyclonal
Anti-Hsc70 rat monoclonal

Jackson ImmunoResearch (West Grove, PA)
Goat anti-Rabbit secondary HRP conjugate

Proteins

Biovision (Milpitas, CA)
Heat shock protein 90 (Hsp90)

Abcam (Cambridge, England)
Hsc70

Boston Biochem (Cambridge, MA)
20S Proteasome




26S Proteasome

Enzo Life Sciences (Farmingdale, NY)
AHA

Hop

p23

Toxins

Sigma (St. Louis, MO)
Cholera Toxin (CT)
Cholera Toxin A1/A2 (CTA1/2)

List Biologicals (Campbell, CA)
Cholera Toxin A1/A2 (CTAL/2)

Tissue Culture Reagents

Invitrogen (Carlsbad, CA)
Antibiotic/Antimycotic (A/A)

Dulbecco’s modified eagle medium (DMEM)
Ham’s F-12 Medium

Lipofectamine

OPTIMEM

Atlanta Biologicals (Flowery Branch, GA)
Fetal Bovine Serum (FBS)

Other Materials

Clontech (Mountain View, CA)
Talon Resin

GE Healthcare (Piscataway, NJ)
DEAE ion exchange column

Biorad (Hercules, CA)
AG50W-4X beads




Buffers

10X Phosphate Buffered Saline (PBS)
82.3 g Na,HPO, (0.58M)

23.5 g NaH,PO, (0.17M)

40.0 g NaCl (0.69 M)

H,Oto 1L and autoclave

10X Tris Buffered Saline (TBS)
24249 TrisClpH 7.5

5.56 g Tris Base

80.1g NaCl

Hzo tolL

10X Tris Buffered Saline with Tween (TBST)
24.24 g TrisClpH 7.5

5.56 g Tris Base

80.1g NaCl

10 ml Tween20

Hzo tolL

10X SDS PAGE Running Buffer (RB)
30.2 g Tris Base

144 g Glycine

10 g SDS

Hzo tolL

Transfer Buffer

100 ml 10X Running buffer
200 ml 100% Methanol
700 ml H,O

HCN Buffer

50 mM HEPES pH 7.5
150 mM NaCl

2mM CacCl,

10 mM N-ethylmaleimide
10 pl/ml PIC

Lysis Buffer
25 mM Tris-Cl pH 7.4

20 mM NaCl
1% Deoxycholic Acid
1% Triton X-100



10 pl/ml PIC

Lysine Hydrate Buffer (His-tag Immobilization)
0.15 M Ng-N,-Bis carboxymethyl-L-Lysine Hydrate in 20mM Sodium Acetate (pH 5.2)-filter

0.1 M Sodium Phosphate Buffer
195 ml 0.2M NaH,PO,

305 ml 0.2M Na,HPO,

500 ml H,0O

Digitonin Buffer
2.5 mg digitonin dissolved in 250 pl warmed 200 proof ethanol
Add 40 pl digitonin/ethanol to 960 ul HCN buffer

Borate Buffer
10 mM Sodium borate
100 mM NacCl

Solutions

5X M9 salts

64 g Na,HPO, 7H,0

15 g KH,PO,

2.5 g NaCl

H,O to 1L and Autoclave

Solution Q
8 ml 5M HCI

5 g FeCl,

185 mg CaCl,

64 mg H3;BO;

18 mg CoCl,

4 mg CuCl,

605 mg Na;MoO,

40 mg MnCl; 4H,0

H,O to 1 L and filter sterilize

M9 Minimal Media

100 ml 5X M9 salts

1 ml 1M MgSO,

50 pl 1M CacCl,

5 ml 100X Vitamin Solution
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2 ml Solution Q
5 ml Filter sterilized 0.1 g/ml NH,CI

5 ml Filter sterilized 0.1 g/ml (NH,4),SO4

2 g dry Ce-D-glucose
Autoclaved H,0O to 500 ml

Luria Bertani Media

10 g Tryptone

5 g Yeast extract

5 g NaCl

H,O to 1 L and autoclave

NDET

1% NP-40

0.4% Deoxycholic Acid
5mM EDTA

10 mM Tris-Cl, pH 7.4
150 mM NaCl

Coomassie Stain

1.0 g Coomassie Brilliant Blue R-250
50 ml Glacial Acetic Acid

500 ml Methanol

450 ml dH20

Coomassie Destain
10% Glacial Acetic Acid
50% Methanol

ECL Developing Solution Stock
1 ml 250 mM Luminol

444 ul 90 mM p-coumaric acid
10 ml 1 M TrispH 8.5

Water to 100 mL

ECL Working Solution

5 ml ECL developing solution stock
5ml 100 mM Tris pH 8.5

3.1 pl 30% hydrogen peroxide

11



Methods

Purification of CTA1-Hiss
5 ml Luria Bertani (LB) media containing 100 pg/ml ampicillin was inoculated with Escherichia
coli strain BL21 pLysS transformed with pT7CTA1h6, an inducible CTA1-Hisg expression
plasmid, and grown at 37°C overnight with shaking. The culture was then expanded to 1000 ml
LB media containing 100 pg/ml ampicillin, incubated at 37°C with shaking, and allowed to reach
ODggo 0f 0.6-0.8. The culture was then induced with ImM IPTG for 18 h at 18°C. The cells
were then centrifuged at 6000 rpm and 4°C for 20 minutes. The supernatant was discarded, and
the cells were resuspended in extraction buffer containing 20 mM Tris-HCI pH 7.0, 300 mM
NaCl, 8 M urea, 0.1% sodium deoxycholate, 100 pg/ml lysozyme and 0.1 pl/ml DNASse.
Following three freeze/thaw cycles at -80°C /37°C, the lysed cells were centrifuged at 12000 rpm
for 30 min at 4°C. The supernatant was collected, syringe filtered to remove any remaining
cellular debris and 10 ul/ml His-PIC was added. For every 5 ml of crude lysate, 1 ml Talon resin
beads were prepared as described by the manufacturer. After equilibration of the resin with
extraction buffer, lysate was added to the resin and agitated at room temperature for 45 min. The
resin was then centrifuged at 700 g for 5 min, and the supernatant was removed and labeled as
unbound lysate. The resin with bound proteins was then resuspended with wash buffer
containing 20 mM Tris-HCI pH 7.0, 600 mM NaCl and 0.1% Triton X-100 and agitated at room
temperature for 15 min. The resin was centrifuged at 700 g for 5 minutes and the supernatant
removed and labeled as wash. Washes were repeated twice. The washed beads were then

resuspended in buffer, transferred to a gravity flow column and allowed to settle. The resin bed
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was then washed with buffer, and the wash was collected and saved. CTA1-Hisg was then eluted
from the column using 2 mL of increasing concentrations of imidazole (10, 15, 20, 25, 35, 40,
and 50 mM), with 0.5 ml fractions collected. Fractions were stored at 4°C until needed.

Samples of each step and elution fractions were prepared for SDS-PAGE and Coomassie
staining for verification of purity. Prior to use, samples were dialyzed in 20 mM sodium
phosphate (pH 7.0) buffer containing 6 M urea for 2 h at room temperature, 4 M urea overnight
at 4°C, 2 M urea for 2 h at 4°C, urea-free buffer for 1 h at 4°C followed by another urea-free

buffer for 30 min at 4°C. Dialyzed samples were used within 24 h.

13C Labeling and Purification of CTA1-Hiss
5 ml M9 minimal media containing 100 pg/ml ampicillin was inoculated with E. coli strain BL21
pLysS transformed with pT7CTA1h6, an inducible CTA1-Hisg expression plasmid, and grown at
37°C overnight with shaking. The culture was then expanded to 1000 ml M9 minimal media
supplemented with **C-labeled *3C¢-D-glucose containing 100 pg/ml ampicillin, incubated at
37°C with shaking and allowed to reach ODggo 0f 0.6-0.8. The culture was then induced with 1
mM IPTG for 18 h at 18°C. The cells were then centrifuged at 6000 rpm 4°C for 20 min. The
supernatant was discarded, and the cells were resuspended in extraction buffer containing 20 mM
Tris-HCI pH 7.0, 300 mM NacCl, 8 M urea, 0.1% sodium deoxycholate, 100 pg/ml lysozyme and
0.1 ul/ml DNAse. Following three freeze/thaw cycles at -80°C /37°C, the lysed cells were
centrifuged at 12000 rpm for 30 min at 4°C. The supernatant was collected, syringe filtered to
remove any remaining cellular debris and 10 pl/ml His-P1C was added. For every 5 ml of crude

lysate, 1 ml Talon resin beads were prepared as described by the manufacturer. After
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equilibration of the resin with extraction buffer, lysate was added to the resin and agitated at
room temperature for 45 min. The resin was then centrifuged at 700 g for 5 min, and the
supernatant was removed and labeled as unbound lysate. The resin with bound proteins was then
resuspended with wash buffer containing 20 mM Tris-HCI pH 7.0, 600 mM NaCl and 0.1%
Triton X-100 and agitated at room temperature for 15 min. The resin was centrifuged at 700 g
for 5 min, and the supernatant was removed and labeled as wash. Washes were repeated twice.
The washed beads were then resuspended in buffer, transferred to a gravity flow column and
allowed to settle. The resin bed was then washed with buffer, and the wash was collected and
saved. CTAL-Hisg was then eluted from the column using 2 ml of increasing concentrations of
imidazole (10, 15, 20, 25, 35, 40, and 50 mM), with 0.5 ml fractions collected. Fractions were
stored at 4°C until needed. Samples of each step and elution fractions were prepared for SDS-
PAGE and Coomassie staining for verification of purity. Prior to use, samples were dialyzed in
20 mM sodium borate buffer (pH 7.0) containing 100 mM NacCl to facilitate refolding. Samples
were dialyzed in borate buffer containing 6 M urea for 2 h at 4°C, 2 M urea for 2 h at 4°C, 1M
urea for 2 h at 4°C, urea-free buffer for 2 h at 4°C followed by another urea-free buffer for 2 h at

4°C. Dialyzed samples were then lyophilized and stored at -80°C.

Isotope Edited Fourier Transform Infrared Spectroscopy
Samples for FTIR measurement (*C labeled CTA1-Hiss, Hsp90, Hsc70, ATP, and ATPyS) were
prepared in D,O-based 10 mM sodium borate buffer (pD 7.0) containing 100 mM NaCl. A 2:1
molar ratio of Hsp90:CTAL and a 1:1 molar ratio of Hsc70:CTA1 was used for all

measurements. Spectra were collected using a Jasco 4200 FTIR spectrometer (Easton, MD) with
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the spectral resolution set at 0.964 cm™ and a set resolution of 1 cm™. Uniformly **C-labeled
CTA1 was used in order to shift the spectra of the labeled protein approximately 45 cm™ from
unlabeled Hsp90 and Hsc70. The *C-labeled protein was assigned wavenumbers corresponding
to protein secondary structures in the amide I region: o-helix (1600-08 cm™), B-sheet (1570-84
cm™), irregular (1588-98 cm™), and turns (1610-18 cm™). Deconvolution of protein secondary

structures was performed using Grams/Al software (ThermoScientific, San Francisco, CA).

Purification of ARF6

E. coli strain BL21 pLysS carrying an expression plasmid for ARF6 was grown at 37°C in Luria-
Bertani media and induced at ODggo 0.6-0.8 by adding 1 mM IPTG. After overnight induction at
18°C, the cells were pelleted and resuspended in buffer containing 20 mM Tris (pH 8.0), 100
mM NaCl, 1 mM DTT, 2 mM EDTA and 1 mM MgCl,. The resuspended cells were lysed using
three -80°C /37°C freeze thaw cycles and then centrifuged at 16,200 g for 30 min. The
supernatant was dialyzed in buffer containing 20 mM Tris (pH 7.6), 50 mM NaCl, 1 mM DTT, 2
mM EDTA and 1 mM MgCl, with two exchanges for 2 h each. The dialyzed lysate was then
passed through a 0.45 um pore syringe filter prior to loading it on a DEAE ion exchange column.
The column was equilibrated using buffer containing 20 mM Tris (pH 7.6) and 50 mM NaCl
before use. Samples were collected in 1 ml fractions and were run on a 15% gel to check for

purity. Samples were verified by immunoblot using an ARF6 specific antibody.

15



Diethylamino(benzylidineamino)guanidine (DEA-BAG) Synthesis
500 ml of 0.11 M aminoguanidine bicarbonate pH 6.5 was filtered to remove insoluble solids
and heated to 60°C. 9.74 g 4-Diethylaminobenzaldehyde added to make a 1:1 molar ratio to the
aminoguanidine bicarbonate. After removing from heat, approximately 300 ml of 200 proof
ethanol was added to make the solution homogenous. The solution was stirred at room
temperature for 16 h. Existing precipitate was harvested by filtration, and the remaining mixture
was evaporated and cooled to promote further precipitate formation. Collected precipitate was

then lyophilized and stored at -80°C.

In Vitro ADP-Ribosylation Assay
To monitor the catalytic activity of CTAL, the stated concentrations of CTA1-Hisg were placed
in 200 pl assay buffer containing 200 mM potassium phosphate buffer (pH 7.5), 20 mM DTT,
and 0.1 mg/ml BSA. Hsp90 at a 2:1 molar ratio to CTA1, equimolar ARF6, and/or 800 uM lipid
raft LUVs were also present as indicated, as were 1 mM ATP, ATPyS, or GTP. CTA1 samples
were incubated for 30 min at 25°C or 37°C, followed by addition of the indicated components
and further incubation for 1 h at respective temperature followed by addition of 0.4 mg DEA-
BAG. For experiments dependent upon sequential addition of components, following the 30 min
pre-incubation of CTAL, the first set of host factor(s) was added and allowed to incubate at the
indicated temperature for 1 h. Following this incubation, the second set of host factor(s) was
added and incubated for another hour at the indicated temperature. The ADP-ribosylation
reaction was initiated by addition of 25 pul 10 mM NAD, and samples were incubated at the

indicated temperature for two hours during which CTAL, if active, was able to ADP-ribosylate
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the artificial substrate (DEA-BAG). The reaction was stopped by addition of 800 ul of 30%
AG50W-4X bead slurry. ADP-ribosylation of DEA-BAG inhibits its ability to bind to AG50W-
4X beads, so the resulting supernatant contains only modified substrate. The samples were
vortexed for 30 sec, followed by centrifugation at maximum speed for 10 min. 400 pl of
supernatant was removed and fluorescence (excitation 361 nm, emission 440 nm) was read by

Bio-Tek Synergy 2 plate reader (Winooski, VT).

Cell Culture and Transfection

CHO cells were seeded to 6-well plates in Ham’s F-12 media supplemented with 10% fetal
bovine serum and incubated overnight at 37°C with 5% CO to reach 60-80% confluency. Cells
were washed two times with OPTIMEM, and 0.8 ml of OPTIMEM was added to each well.
Lipofectamine was diluted in OPTIMEM at a ratio of 1:20 and incubated for 5 min at room
temperature. A plasmid encoding the mature CTAL polypeptide (o)cDNA3.1/mCTAL) was
diluted at a ratio of 1 ug DNA:100 ul OPTIMEM and incubated for 5 min at room temperature.
The diluted plasmid and lipofectamine mixtures were then combined and allowed to incubate at
room temperature for 30 min. 200 pl of the mixture was then added to each well and incubated
at 37°C and 5% CO, for 3 h. At the end of the transfection, cells were rinsed with Ham’s F-12
media and incubated in 1 ml Ham’s F-12 media at 37°C and 5% CO, for 4 h (to monitor cCAMP

levels) or overnight (to monitor the turnover of CTAL).
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Metabolic Labeling and Immunoprecipitation
CHO cells transfected with pcDNA3.1/mCTAlwere incubated for 30 min at 37 °C and 5% CO,
with methionine-free DMEM. The cells were then incubated with methionine-free DMEM
supplemented with 150 uCi/ml *S-labeled methionine. A subset of intoxicated cells was also
incubated with 0.1 uM of the Hsp90 inhibitor geldanamycin (GA). All cells were then chased
for 0-4 h in radiolabel-free medium either lacking or containing 0.1 uM GA. After each stated
chase point, clarified cell extracts generated from a 20 min 4°C exposure to lysis buffer (25 mM
Tris-Cl (pH 7.4), 20 mM NacCl, 1% deoxycholic acid, 1% Triton X-100, protease inhibitor
cocktail) were incubated overnight at 4°C with sepharose A beads conjugated with an anti-CT
antibody. After centrifugation at 2000 rpm for 5 min, the supernatant was removed and beads
were rinsed twice with NDET (1% NP-40, 0.4% deoxycholic acid, 5 mM EDTA, 10 mM Tris-Cl
(pH 7.4), 150 mM NacCl) and once with water before the addition of 1X sample buffer. Samples
boiled for 5 min were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) on 15% polyacrylamide gels and visualized by Biorad Personal Molecular Imager
(Hercules, CA), and the image was processed using Biorad Quantity One software. Background
pixel intensity was subtracted from each lane; each value was set as a percentage of the 0 h

value.

Surface Plasmon Resonance (SPR) Nickel NTA sensor slides
Experiments were performed with a Reichert (Depew, NY) SR7000 SPR refractometer. To
capture His-tagged CTAL on nickel-NTA sensor slides, a Reichert SPR sensor slide with a

mixed self-assembled monolayer was rinsed with 2 M NaCl and 10 mM NaOH. The slide was
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then rinsed with water and activated with 0.08 mg/ml 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDC) and 0.02 mg/ml N-Hydroxysuccinimide (NHS) for 10 min.
The slide was then rinsed with water again and covered with 1 mg/ml Na', Na-
Bis(carboxymethyl)-L-lysine hydrate in 20 mM sodium acetate (pH 5.2). After an overnight
incubation, the slide was rinsed with water and covered with 1 M ethanolamine (pH 8.5) for 10
min. The slide was then rinsed with water and allowed to dry. After mounting the activated
slide in the SPR instrument, 0.01 M phosphate buffered saline (pH 7.4) with 0.05% Tween® 20
(PBST) was perfused over the plate. An injection of 40 mM nickel sulfate was then perfused
over the plate for 5 min. His-tagged CTAL diluted in 20 mM sodium acetate (pH 5.5) was then
perfused over the plate for 5 min followed by PBST for 5-10 min. After establishment of a new
baseline measurement corresponding to the mass of the sensor-bound CTA1, Hsp90, Hsc70,
ARF®6, or other ligands were perfused over the CTAl-coated sensor slide. Protein concentration
was 1600 ng/ml in PBST unless otherwise noted. A 5 min perfusion of ligand was followed by a
5 min PBST wash. The flow rate for all steps was 41 pul/min. Reichert Labview software was
used for data collection. The BioLogic (Campbell, Australia) Scrubber 2 software and
WaveMetrics (Lake Oswego, OR) Igor Pro software were used to analyze the data and generate

figures.

Surface Plasmon Resonance (SPR) Antibody Coated sensor slides
Experiments were performed with a Reichert SR7000 SPR refractometer. To capture proteins on
antibody-coated sensor slides, a Reichert SPR sensor slide with a mixed self-assembled

monolayer was mounted in the SPR instrument, and PBST was perfused over the plate. The
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plate was then activated with 0.08 mg/ml EDC and 0.02 mg/ml NHS for 5 min. The slide was
then rinsed with a perfusion of PBST for 5 min. The antibody of interest was diluted in 20 mM
sodium acetate (pH 5.5) and then perfused over the plate for 5 min followed by PBST for 5 min.
The activated plate was then blocked by a 5 min perfusion of 1 M ethanolamine (pH 8.5)
followed by PBST for 5-10 min. After establishment of a new baseline measurement
corresponding to the mass of the sensor-bound antibody, ligands were perfused over the
antibody-coated sensor slide. Protein concentration was 1600 ng/ml in PBST unless otherwise
noted. A 5 min perfusion of ligand was followed by a 5 min PBST wash. The flow rate for all
steps was 41 pl/min. Reichert Labview software was used for data collection. The BioLogic
(Campbell, Australia) Scrubber 2 software and WaveMetrics (Lake Oswego, OR) Igor Pro

software were used to analyze the data and generate figures.

Surface Plasmon Resonance (SPR) Amine Coupled sensor slides
Experiments were performed with a Reichert SR7000 SPR refractometer. To directly couple a
protein to a sensor slide, a Reichert SPR sensor slide with a mixed self-assembled monolayer
was mounted in the SPR instrument, and PBST was perfused over the plate. The plate was then
activated with 0.08 mg/ml EDC and 0.02 mg/ml NHS for 5 min. The slide was then rinsed with
a perfusion of PBST for 5 min. The protein of interest was diluted in 20 mM sodium acetate (pH
5.5) and then perfused over the plate for 5 min followed by PBST for 5 min. The activated plate
was then blocked by a 5 min perfusion of 1 M ethanolamine (pH 8.5) followed by PBST for 5-10
min. After establishment of a new baseline measurement corresponding to the mass of the

sensor-bound protein, the ligand(s) of interest was perfused over the protein-coated sensor slide.
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Protein concentration was 1600 ng/ml in PBST unless otherwise noted. A 5 min perfusion of

ligand was followed by a 5 min PBST wash. The flow rate for all steps was 41 pul/min. Reichert
Labview software was used for data collection. The BioLogic (Campbell, Australia) Scrubber 2
software and WaveMetrics (Lake Oswego, OR) Igor Pro software were used to analyze the data

and generate figures.

Western Blot
Following transfer of protein to PVDF membrane, the membrane was washed briefly in TBST.
The TBST was removed and replaced with 5% dry milk/TBST solution for 10 min rocking to
block unbound membrane. The blocking solution was then removed and replaced with primary
antibody diluted in 1% dry milk/TBST solution at the indicated ratio. The membrane was
incubated with rocking at 4°C overnight. The primary antibody solution was removed, and the
membrane was washed four times with 1% milk/TBST and rocking for 15 min each wash. The
solution was then replaced with secondary antibody (goat anti-rabbit HRP) at a dilution of
1:10000 in 1% milk/TBST solution. The membrane was incubated for 30 min at room
temperature with rocking. The secondary antibody was then removed and the membrane was
washed twice with milk/TBST with rocking for 15 min each. The membrane was then washed
with TBST with rocking for 15 min and repeated. After removal of the TBST, ECL developing
solution was added for 5 min with rocking at room temperature. The membrane was then
transferred to cassette for exposure. Primary antibodies dilutions were as follows: anti-Hsp90

1:5000, anti-CT 1:10000, anti-Hsc70 1:5000.
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Digitonin Permeabilization
CHO cells were seeded to 6 well plates in Ham’s F-12 media supplemented with 10% fetal
bovine serum and incubated overnight at 37°C with 5% CO, to reach 60-70% confluency. Cells
were washed two times with F-12 media and incubated overnight at 37°C with 5% CO,. Cells
were then washed two times with PBS, and 1 ml of PBS with 0.5 mM EDTA was added for 5-10
min incubation. 3 wells of cells per condition were then transferred to microcentrifuge tubes and
centrifuged at 5000 g for 2 min. PBS was removed, and cells and digitonin buffer (0.04%
digitonin in HCN buffer with 10 pl/ml PIC) were allowed to incubate separately on ice for 10
min. Following incubation, 100 ul of digitonin buffer was added to each sample for exactly 10
min. The samples were then centrifuged at 14000 g for 10 min. The supernatant (containing
cytosolic components) and pellet (containing membrane bound components) were then separated

and stored at -20 °C until needed.

In Vitro Translocation Assay
CHO cells were seeded to 6 well plates in Ham’s F-12 media supplemented with 10% fetal
bovine serum and incubated overnight at 37°C with 5% CO; to reach 60-70% confluency. Cells
were washed two times with F-12 media, and 1 ml of 100 ng/ml CT was added to each well.
Cells were then incubated 2 h at 37°C with 5% CO,. Cells were then washed two times with
PBS, and 0.5 ml of PBS with 0.5 mM EDTA was added for a 5-10 min incubation at room
temperature. 3 wells of cells per condition were then collected in a microcentrifuge tube and
centrifuged at 5000 g for 2 min. PBS was removed, and cells and digitonin buffer (0.04%
digitonin in HCN buffer with 10 pl/ml PIC) were allowed to incubate separately on ice for 10
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min. Following this pre-incubation, 100 pl of digitonin buffer was added to each sample for 10
min. The samples were then centrifuged at 13000 rpm for 10 min. The supernatant, containing
cytosolic components, and pellet, containing membrane bound components, were separated for
further processing. Pelleted membranes were then incubated with 800 mM NacCl in PBS for 30
min at 4°C to remove membrane associated proteins. The pellet was then washed two times with
PBS followed by 5 min centrifugation at 13000 rpm. Wash buffer was removed, and excess
purified Hsp90, ATP, Hsp90/ATP, or Hsp90/ATPyS in HCN buffer was then added to the
membrane fraction and incubated for 1 h at 4°C. After a 5 min spin at 13000 g, the supernatant
was collected and perfused over an anti-CTA coated sensor slide. Verification of the fidelity of
membrane stripping was performed via Western blotting. 20 ul of sample was loaded on a 15%
gel and separated by SDS-PAGE. The gel was transferred to PVDF membrane, and Western

blotting was performed with rabbit anti-Hsp90 at a dilution of 1:5000.
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CHAPTER 3 CO-AND POST-TRANSLOCATION ROLES FOR HSP90 IN
CHOLERA INTOXICATION

Introduction
The high affinity interaction between CTAL and Hsp90 [37], combined with the established
chaperone activity of Hsp90, suggests Hsp90 could be another host factor linked to the cytosolic

activity of CTAL.

To provide molecular detail regarding the co- and post-translocation roles of Hsp90 in CT
intoxication, we performed a structure-function analysis on the interaction between Hsp90 and
CTAL. Biophysical measurements provided a mechanistic basis for Hsp90-mediated extraction
of CTA1 from the ER by demonstrating that Hsp90 can convert disordered CTA1 to a structured
conformation. ATP hydrolysis was required for Hsp90 to refold CTAL and to maintain a high-
affinity interaction with the refolded toxin. ATP hydrolysis by Hsp90 was also required for the
ER-to-cytosol export of CTAL. The Hsp90-mediated refolding of CTAL thus appears to provide
the driving force for toxin extraction from the ER. Hsp90 remained associated with the refolded
toxin and did not release CTAL upon exposure to a number of host factors known to interact with
Hsp90 and/or CTAL. The continued association of CTAL with Hsp90 did not protect the toxin
from proteasomal degradation. The interaction with Hsp90 did not interfere with the ability of
CTAL1 to manifest its enzymatic activity at physiological temperature. This basal level of in vitro
toxin activity could be further enhanced by ARF6 and lipid rafts. However, the toxin had to be
incubated with Hsp90 and ARF6 before exposure to lipid rafts; simultaneous treatment with

Hsp90, ARF6, and lipid rafts at 37°C actually inhibited toxin activity. Our studies suggest CTA1
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translocation involves a ratchet mechanism which couples the Hsp90-mediated refolding of
CTA1 with CTAL1 extraction from the ER. Continued association of Hsp90 with refolded CTA1
allows the cytosolic toxin to attain an active conformation but does not protect it from
proteasomal degradation. Our data thus provides mechanistic insight into how Hsp90 modulates

the structure and function of CTA1.

Hsp90 refolds disordered CTAL in a process requiring ATP hydrolysis

Isotope-edited Fourier transform infrared spectroscopy (FTIR) was performed to examine the
effect of Hsp90 on the folding state of CTA1 (Fig. 1). Uniformly **C-labeled CTA1 was used in
order to differentiate between the spectra of CTA1 and unlabeled Hsp90. An approximately 45
cm’ shift in the spectra of the **C-labeled protein allows it to be resolved from the spectra of the
unlabeled protein thus facilitating analysis of the individual proteins [8, 48]. The spectra of
CTAL alone (Fig. 1A) showed that, at 10°C, CTAL is in a folded conformation with
approximately 34% a-helical, 42% B-sheet, and 17% irregular (i.e. undefined) structure (Table
1). The amount of secondary and irregular structure in CTAL at 10°C was consistent with
previous FTIR measurements of folded CTAL [8] and the structural content of holotoxin-
associated CTAL determined by X-ray crystallography [1, 49]. As expected from the intrinsic
instability of CTA1, increasing the temperature to 37°C caused CTA1 to unfold: it lost at least
half of its initial a-helical and B-sheet content, while the amount of irregular structure increased
to 54% (Fig. 1B, Table 1). In the absence of ATP, Hsp90 cannot bind to CTA1 [37] and
accordingly had no appreciable effect on the structure of CTAL when added to the unfolded

toxin at 37°C (Fig. 1C, Table 1). However, the addition of Hsp90/ATP to unfolded CTAL at
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37°C produced a substantial increase in both the a-helical and B-sheet content of CTAL,with a
corresponding loss of irregular structure (Fig. 1D, Table 1). Exposure of unfolded CTAL to
Hsp90/ATP did not fully restore the toxin to its native conformation, but CTA1 did gain 11% a-
helical content and 18% B-sheet content while losing 26% irregular structure. Hsp90/ATP thus
induces a gain-of-structure in the disordered 37°C conformation of CTAL. In contrast,
Hsp90/ATPyS did not substantially alter the structure of disordered CTAL (Fig. 1E, Table 1).
ATPyS is a non-hydrolyzable form of ATP. As shown in Figure 1E and Table 1, the gain of
structure was dependent on ATP hydrolysis. The chaperone-driven refolding of disordered
CTAL therefore required ATP hydrolysis by Hsp90. Control experiments using FTIR
spectroscopy demonstrated that ATP and ATPyS alone had no direct effect on the structure of
CTAL (Fig. 2, Table 2). Additional control experiments using SPR confirmed that
Hsp90/ATPyS could, like Hsp90/ATP, bind to CTA1 at physiological temperature (Fig. 3) so the
inability of Hsp90/ATPyS to fold CTAL was not a result of an inability to bind toxin. However,
as discussed in the next section, the binding affinity of Hsp90/ATPyS appears to be less than that

of Hsp90/ATP.
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Figure 1. Hsp90/ATP induces a gain-of-structure in disordered CTAl

The FTIR spectrum of *3C-labeled CTA1 was recorded in the absence or presence of Hsp90. In
the curve-fitting panels of the left column, the dotted line represents the sum of all deconvoluted
components (solid lines) from the measured spectrum (dashed line). The right column presents
the respective second derivatives. A. CTAL structure at 10°C. B. CTAL structure at 37°C. C.
CTAL structure in the presence of Hsp90 at 37°C. D. CTA1 structure in the presence of

Hsp90/ATP at 37°C. E, CTALI structure in the presence of Hsp90/ATPyS at 37°C.
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Table 1. ATP-driven refolding of CTA1 by Hsp90

% of CTAL structure
Condition a-Helix B-Sheet Irregular Other
10°C 34+2 422 17+2 80
37°C 17+1 15+2 94 +2 14+1
37°C + Hsp90 201 19+3 52+3 9+1
37°C + Hsp90/ATP 28+1 33+2 28+ 3 11+1
37°C + Hsp90/ATPyS 16 +1 12+2 92+2 19+2

Deconvolution of amide I bands from the FTIR spectroscopy data of Figure 1 was used to
calculate the percentages of CTAL structure under the stated conditions. The averages *

standard deviations from three to four individual curve fittings are shown.
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Figure 2. ATP and ATPyS do not affect the structure of CTAL
The FTIR spectrum of *C-labeled CTA1 was recorded in the presence of ATP and ATPyS. In

the curve-fitting panels of the left column, the dotted line represents the sum of all deconvoluted
components (solid lines) from the measured spectrum (dashed line). The right column presents

the respective second derivatives. A. CTAL/ATP structure at 37°C. B. CTAL/ATPyS structure

at 37°C.

29



Table 2. Effect of ATP and ATPyS on CTAL1 structure

% of CTAL structure
Condition a-Helix B-Sheet Irregular Other
37°C + ATP 18+ 2 17+2 54+2 11+1
37°C + ATPyS 25+3 15+1 50+4 10+4

Deconvolution of amide I bands from the FTIR spectroscopy data of Figure 2 was used to
calculate the percentages of CTAL structure under the stated conditions. The averages +

standard deviations from three independent curve fittings is shown.
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Figure 3. Comparative binding of Hsp90/ATP and Hsp90/ATPyS to CTAl
Hsp90/ATP was perfused over a CTAL-coated sensor slide at 37°C (solid line). Hsp90/ATPyS

was perfused over the same sensor slide (dotted line). Ligand was removed from perfusion
buffer at approximately 250 sec. Both Hsp90/ATP and Hsp90/ATPyS are able to bind to

unfolded CTAL.
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ATP hydrolysis by Hsp90 influences its affinity for CTA1

To further investigate the interaction between Hsp90/ATPyS and CTA1 multiple concentrations
of Hsp90/ATPyS were perfused over a CTAl-coated SPR sensor at 37°C. A representative
experiment is presented in Figure 4, with best fit curves calculated from four independent

experiments overlaid on the raw data.

The equilibrium dissociation constant (Kp) between CTA1 and Hsp90/ATPyS was calculated to
be 121 uM, which was substantially weaker than the 7 nM previously reported affinity of
Hsp90/ATP for CTAL [37]. Thus, ATP hydrolysis by Hsp90 appears to facilitate the remarkably

high affinity interaction between Hsp90 and CTAL.
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Figure 4. Concentration-dependent binding of Hsp90/ATPyS to CTA1
Five concentrations of Hsp90 (100, 200, 400, 800, 1600 ng/ml) in the presence of 1| mM ATPyS

were perfused over a CTAL-coated SPR sensor at 37°C. The 100 ng/ml concentration of Hsp90
is not shown because the signal was not above background levels. Best fit curves (orange lines)
derived from four independent experiments were calculated using a 2:1 (Hsp90:CTAL)

Langmuir fit. The Kp value of 121 pM was calculated as an average from all four data sets.
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ATP hydrolysis by Hsp90 is required for CTA1 extraction from the ER

Cooperative work with Dr. Michael Taylor demonstrated that Hsp90/ATP is sufficient for ER-to-
cytosol export of CTAL. CHO cells were exposed to CT for 2 h, permeabilized with digitonin,
and separated by centrifugation into cytosolic and intact membrane fractions. The pelleted
membranes were washed with 800 mM salt to remove any peripheral membrane associated
proteins. The minor pool of Hsp90 which is consistently detected in association with the
membrane fraction of digitonin-permeabilized cells [17, 37] was removed by this wash (Fig.
5A). Pelleted membranes were then washed two times with PBS followed by a 5 min
centrifugation at 13000 rpm. Wash buffer was removed, and purified Hsp90, ATP, Hsp90/ATP,
or Hsp90/ATPyS in HCN buffer was then added to the membrane fraction for 1 h at 4°C. After
a 5 min spin at 13000 rpm, the supernatant from the sample was collected and perfused over a
SPR sensor coated with an anti-CTAL antibody. CTAL translocation across the ER membrane
would place it in the supernatant and would accordingly generate a positive SPR signal. Hsp90,
Hsp90/ATPyS, and ATP incubated with the membrane fraction did not produce a positive signal
as seen in Figure 5B. However, the addition of Hsp90/ATP did provide a positive signal on the
anti-CTAL plate indicating translocation of CTAL from the ER membrane. Identical results were
obtained when the pelleted membranes were washed with 2 M urea instead of 800 mM salt (data
not shown). The addition of ATP prior to stripping the membrane also produced a positive
signal (data not shown), which is consistent with the previously published work by Winkeler, et
al. [50] Using this in vitro reconstitution system to monitor CTAL export, we discovered that
translocation from the ER is dependent upon ATP hydrolysis by Hsp90. The addition of Hsp90,

Hsp90/ATPyS, or ATP did not allow the translocation event to occur (Fig. 5B). In view of the
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fact that ATP hydrolysis by Hsp90 is also required to refold CTA1, our collective observations
support a ratchet model of toxin translocation in which Hsp90 couples CTA1 refolding with

extraction from the ER.
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Figure 5. ATP hydrolysis by Hsp90 is required for CTAL extraction from the ER

CHO cells were intoxicated with CT for 2h prior to digitonin permeabilization in order to ensure
a detectable amount of CT was able to reach the ER. The separation of cytosolic components
from membrane bound components ensured that no previously translocated CTA1 was detected
during the assay. A, Western blot verifying the removal of membrane-associated Hsp90 from
salt-washed pellets obtained from digitonin-permeabilized cells. B, Purified Hsp90, ATP,
Hsp90/ATP, or Hsp90/ATPyS in HCN buffer was added to the membrane fraction for 1 h at 4°C.
Supernatant samples were obtained after centrifugation, and CTA1 translocation was monitored
by SPR. Samples were perfused over and anti-CTA plate to determine the presence of CTAL.
CTALI translocation did not occur with the addition of Hsp90, Hsp90/ATPyS, or ATP. The
addition of Hsp90/ATP did provide a positive signal on the anti-CTA plate indicating

translocation of CTA1 from the ER membrane.
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Hsp90 preferentially binds to disordered CTA1 but is not released after CTA1 refolding

An additional series of SPR experiments was performed to characterize the interaction between
Hsp90/ATP and CTAL (Fig. 6). Hsp90/ATP was perfused over a CTAL-coated sensor slide at
15°C, a temperature that maintains CTAL in a folded conformation. The minimal interaction
between Hsp90 and CTAL1 at this temperature (Fig. 6A, dotted line) was not strong enough to
calculate a Kp value. The temperature was then increased to 37°C in order to promote the
unfolding of CTAL. As expected, Hsp90/ATP bound readily to CTAL at 37°C (Fig. 6A, solid
line). Hsp90 thus appeared to specifically recognize the unfolded conformation of CTAL. In
support of this interpretation, we found that Hsp90/ATP could bind to heat-denatured CTA1 at
15°C (Fig. 6B). This demonstrated Hsp90/ATP is functional at low temperature, so the weak
interaction between Hsp90/ATP and folded CTAL at 15°C could be attributed to the

conformation of CTAL rather than to the temperature of the experiment.

Hsp90/ATP interacts specifically with disordered CTAL (Fig. 6A, B) and will refold the toxin in
an ATP-dependent process (Fig. 1, Tablel), yet toxin refolding does not appear to result in the
dissociation of Hsp90. To further examine this possibility, we perfused Hsp90/ATP over a
CTAL bound sensor slide at 37°C (Fig. 6C). After Hsp90/ATP was removed from the perfusion
buffer, the Hsp90-CTAL complex was cooled to 10°C in a stepwise manner. This process has
previously been shown to promote the refolding of disordered CTA1 [14]. The temperature was
then increased back to 37°C to allow direct comparison of the RIU signal before and after
cooling (temperature has a direct effect on the RIU signal [51, 52]). We recorded identical RIU
signals before and after cooling, which indicated Hsp90 did not appreciably dissociate from the

temperature-stabilized CTA1L subunit over the time course of the experiment. The continued
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presence of Hsp90 on the CTA1-coated sensor slide was verified with an anti-Hsp90 antibody
which generated a positive signal when perfused over the sensor slide. Thus, neither the
chaperone- or temperature-induced refolding of CTA1 appeared to displace Hsp90 from its

binding partner.

Additional SPR experiments were performed to see if specific host factors could promote
dissociation of Hsp90 from CTAL. For these experiments, Hsp90/ATP was perfused over a
CTAL-coated sensor slide at 37°C. Subsequent perfusions of purified Hsp90 cofactors, the 20S
proteasome, 26S proteasome, LUVs mimicking the composition of the plasma membrane or lipid
rafts, or the cytosolic fraction from approximately 3.6 x 10° cells failed to separate Hsp90 from
CTAL (Table 3). Although these in vitro studies may not fully replicate the in vivo condition,

they suggest Hsp90 does not dissociate from CTA1 after extracting the toxin from the ER.
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Figure 6. Hsp90 binds unfolded CTA1 and is not released after CTAL refolding

A, Hsp90/ATP was perfused over a CTAL-coated sensor slide at 15°C (dashed line) or 37°C

(solid line). The arrowhead denotes removal of Hsp90/ATP from the perfusion buffer. B,

Hsp90/ATP was perfused at 15°C over a SPR sensor coated with heat-denatured CTAL. The

arrowhead denotes removal of Hsp90/ATP from the perfusion buffer. C, Hsp90/ATP was

perfused over a CTAL-coated sensor slide at 37°C and was removed from the perfusion buffer

after 300 sec (arrowhead). This was followed by a stepwise temperature decrease to 15°C,

temperature held for 10 min, followed by increase in temperature back to 37°C. Upon return to

37°C, the continued association of Hsp90 with CTAL was verified by the addition of an anti-

Hsp90 antibody to the perfusion buffer (arrow).
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Table 3. Host factors that do not displace Hsp90/ATP from CTA1

CTA1 cofactor ARF6
Lipid Raft LUVs

Hsp90 cofactor Hsc70
Hsp40
AHA
Hop
p23

Other Cytosolic extract

Plasma membrane LUVs
20S proteasome

26S proteasome

Hsp90/ATP was perfused over a CTAL-coated SPR sensor at 37°C. After plateau of the
resulting RIU signal, Hsp90 was removed from the perfusion buffer and replaced with one of the
listed host factors for a 300 sec perfusion. No decrease in the amount of binding was observed.
The continued association of Hsp90 with CTA1 was then confirmed with the addition of an anti-

Hsp90 antibody to the perfusion buffer, which provided a positive signal in every case.
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Association of CTA1 with Hsp90 does not protect the toxin from proteasomal degradation.

Studies have shown that Hsp90 can play a role in protein degradation dependent upon its
association with the proteasome [53, 54]. Coupled with its role as a chaperone, we hypothesized
that may protect CTAL from degradation in the cytosol. To determine if continued association
with Hsp90 had an effect on the in vivo turnover of CTAL, we used a plasmid-based system to
express CTAL directly in the host cytosol [21]. Geldanamycin (GA) [55] was then used to
inhibit the function of Hsp90 in CTAL-expressing cells. Exogenous application of the CT
holotoxin could not be used for this experiment because GA blocks translocation of CTAL from
the ER to the cytosol [37], which would prevent CTA1 from interacting with the proteasome.
Plasmid-expressed CTA1 was pulse-labeled with **S-methionine and chased for up to four hours.
The radiolabeled pool of CTA1 immunoprecipitated at 0, 0.5 1, 2, or 4 hours of chase was
detected by SDS-PAGE with Biorad Personal Molecular Imager and subsequent Biorad Quantity
One analysis (Fig. 7A). The amount of CTA1L remaining in GA-treated cells was not
significantly different from the untreated cells (Fig. 7B). In untreated cells, CTA1 exhibited a
half-life between 1-2 h as previously reported (Fig. 7B, circles) [56]. These data indicate the
association of CTAL with Hsp90 does not significantly alter proteasomal degradation of CTAL

and does not affect the half-life of the toxin.
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Figure 7. Hsp90 does not protect CTAL from proteasomal degradation

CTAL was directly expressed into the cytosol via a plasmid-based expression system that thereby
removed the need of Hsp90 for translocation from the ER. Cells were pulse-chased with **S
radiolabeling in the presence or absence of 0.1 uM geldanamycin (GA). Cells were collected,
lysed, and subjected to immunoprecipitation with anti-CT bound sepharose beads. A,
Representative phosphoimage of **S-labeled CTA1 with and without 0.1 uM GA treatment over
four hours. B, Graphical representation of degradation minus background lane intensity, with
points set as a percentage of the pulse amount of CTAL. The resulting values from 5-6

independent experiments were then averaged, and the standard error of the means is indicated.
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Hsp90/ATP enhances the ADP-ribosyltransferase activity of CTAl

To determine the effect of Hsp90 on the activity of CTAL, we performed an in vitro toxicity
assay using DEA-BAG as a synthetic substrate for the ADP-ribosyltransferase activity of CTAL
(Fig. 8). The fluorescent output from this assay is directly proportional to the amount of
substrate modified by CTAL. As shown in Figure 8A, the folded conformation of CTAL at 25°C
(circles) produced a concentration-dependent increase in the amount of modified DEA-BAG.
CTAL1 activity at 25°C was slightly elevated in the presence a 2-fold molar amount of
Hsp90/ATP (squares), which functions as a dimer. When our ADP-ribosylation assay was
repeated at 37°C, the disordered conformation of CTAL did not produce a concentration-
dependent increase in the amount of modified DEA-BAG (Fig. 8B, circles). The baseline signal
observed under this condition represents a background reading, as previous work has shown
CTAL and heat-denatured CTAL produce similar DEA-BAG responses at 37°C. Addition of
Hsp90 alone (triangles) or Hsp90/ATPyS (inverted triangles) to the disordered conformation of
CTAL at 37°C had no effect on toxin activity. However, the addition of Hsp90/ATP to
disordered CTA1L (Fig 8B, squares) produced a dramatic, concentration-dependent increase in
toxin activity. The gain-of-structure in disordered CTAL resulting from its interaction with
Hsp90/ATP thus generated a corresponding gain-of-function for the toxin’s ADP-
ribosyltransferase activity. This gain-of-function was dependent upon ATP hydrolysis by

Hsp90, which was consistent with the structural requirements for CTA1 refolding by Hsp90.
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Figure 8. Hsp90/ATP increases the in vitro ADP- ribosylation activity of CTAL
Folded CTA1 was incubated with DEA-BAG, an artificial substrate for ADP-ribosylation, in the

presence and absence of Hsp90/ATP. Modification of substrate by CTAL results in an increased
fluorescence signal measured at 440 nm. A, The amount of modified substrate in the presence of
ordered CTAL at 25°C (circles) increases in a concentration dependent manner, and the addition
of Hsp90/ATP further increases toxin activity (squares). B, CTAL was thermally unfolded by
incubation at 37°C for 30 minutes prior to performing the assay. CTAL, CTA1 + Hsp90, and
CTAL + Hsp90/ATPyS at 37°C show no concentration dependent increase in activity.

Disordered CTA1 incubated with Hsp90/ATP at 37°C regains activity in a concentration
dependent manner (squares). Error bars indicate standard error of the mean of 12-16 replications

from 4 independent experiments.
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ARF6/GTP can bind and activate the Hsp90-associated CTA1 polypeptide

The GTP-bound form of ARF is an allosteric activator of CTAL [10, 12], and in vivo CT
intoxication requires an interaction between ARF and CTAL (Banerjee, submitted manuscript).
To determine if ARF6/GTP could associate with the CTA1-Hsp90 complex, sequential additions
of Hsp90/ATP and ARF6/GTP were perfused over a CTA1-bound SPR sensor slide (Fig. 9A).
As indicated in the sensorgram, the presence of Hsp90/ATP did not interfere with the binding of
ARF6/GTP. Antibodies to both Hsp90 and ARF6 were perfused over the sensor slide to verify
their continued association (data not shown). Even though ARF6 was still able to bind in the
presence of Hsp90, we had to determine if binding had any effect on the stimulatory activity of

ARF6.

We then performed an in vitro toxicity assay to determine if ARF6/GTP could enhance the
enzymatic activity of Hsp90-associated CTA1L (Fig. 9B). We found that ARF6 stimulation of
CTAL activity was not inhibited by the presence of Hsp90, rather the addition of both ARF6 and
Hsp90 enhanced the activity of CTAL (Fig. 9B, triangles) in a concentration dependent manner

above that of Hsp90 alone (Fig. 9B, squares).
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Figure 9. The presence of Hsp90/ATP does not affect the ability of ARF6/GTP to bind and
activate CTAl

A, Hsp90/ATP was perfused over a CTAL-coated sensor slide at 37°C and removed from
perfusion buffer at 300 sec (first arrowhead). ARF6/GTP was subsequently perfused over the
CTAL/Hsp90 complex beginning at 700 sec (second arrowhead) and removed at 1000 sec (third
arrowhead). The presence of both Hsp90 and ARF6 on the CTAL sensor slide were confirmed at
the end of the experiment with perfusions of anti-Hsp90 and anti-ARF6 antibodies (data not
shown). B, ADP-ribosylation assays were performed at 37°C with previously unfolded CTAL
and Hsp90, Hsp90/ARF6, or ARF6. Unfolded CTA1 incubated with both Hsp90 and ARF6
together (triangles) resulted in a higher amount of activity, in a concentration dependent manner,
than CTA1 with Hsp90 (squares) or ARF6 (circles) alone. Excess amounts of ATP/GTP were

provided in conditions involving Hsp90/ARF6 respectively.
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CTA activity is enhanced by host factors in a sequence dependent manner

Lipid rafts on the cytosolic face of the plasma membrane are the site of the G protein target of
CTA1 [10-12]. Lipid raft interaction has been shown to induce a gain-of-structure and function
in disordered CTAL [57]. Previous experiments verified that lipid rafts did not dislodge Hsp90
from CTAL (Table 3). To determine if Hsp90-associated CTA1 could interact with lipid rafts,
CTAL and Hsp90/ATP were incubated at 37°C for ten minutes to allow complex formation and
subsequently perfused over a lipid raft LUV-bound sensor slide (Fig. 10A). The bound
components were then probed with CTA and Hsp90 antibodies, verifying the presence of both

(data not shown).

To assess the relative contributions of host factors to CTA1 activity, various combinations of
Hsp90/ATP, ARF6/GTP, and lipid raft LUVs were added to CTAL in our DEA-BAG activity
assay (Fig. 10B-C). Experiments were performed at 37°C to mimic physiological temperature.
In Figure 10B, host factors were added to CTAL after the toxin had been warmed to 37°C for 30
min. Combinations of both ARF6/Hsp90 and ARF6/lipid rafts returned the disordered toxin to a
functional state (Fig. 10B). However, toxin activity in the presence of ARF6/Hsp90 was
approximately 2-fold greater than the level of activity recorded for the CTAL sample exposed to
a combination of ARF6 and lipid rafts. We hypothesized that a combination of ARF6, Hsp90,
and lipid rafts would restore the greatest level of activity to disordered CTA1, but, surprisingly,

no activity was observed from the CTA1 sample incubated with all three host factors.

In vivo, CTAL will interact with Hsp90 before encountering the lipid raft environment where its

Gsa target is located. The active, GTP-bound form of ARF®6 is associated with membranes as
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well [12]. Furthermore, our data indicate Hsp90 remains bound to the cytosolic pool of CTAl
after facilitating the translocation event. We therefore hypothesized that the sequential
interactions between CTAL and Hsp90, followed by contact with ARF6 and lipid rafts, would
allow the refolded toxin to maintain an active conformation. To test this model, we warmed
CTAL to 37°C for 30 min and then added either Hsp90, ARF6 and/or lipid rafts. After 1 h at
37°C, the other missing host factor(s) were added for another hour at 37°C. The ADP-
ribosylation reaction was then initiated by addition of substrate and NAD and allowed to proceed
for 2 h at 37°C. No toxin activity was recorded when all three host factors were added
simultaneously, but some level of activity was obtained when lipid rafts were added before
ARF6 and Hsp90 (Fig. 10C). A much greater level of activity was recorded when Hsp90 and
ARF6 were added before lipid rafts, which suggested the order of host factor interaction is

important for CTA1 to achieve maximum activity.
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Figure 10. CTA activity is enhanced by host factors in a sequential manner

A, CTA1 and Hsp90/ATP were incubated at 37°C for 10 min at a molar ratio of 1:2 to allow
complex formation. The complex was then perfused over a lipid raft LUV coated sensor slide
for 300 sec and then removed from the perfusion buffer (arrowhead). The presence of Hsp90
and CTAL were verified by antibody controls (data not shown). B, In vitro ADP-ribosylation
activity of CTAL at 37°C in the presence of indicated host factors. Incubation of disordered
CTAL with Hsp90 and ARF6 lead to the strongest gain of function, while incubation with lipid
rafts and ARF6 produced only partial gain of function. The simultaneous addition of lipid rafts
with both Hsp90 and ARF6 inhibited CTAL activity. C, Disordered CTA1 was incubated with
the first host factor for 1 h at 37°C, followed by the additional host factor(s) for another hour.
The activity of CTAL was then measured. The simultaneous addition of all three host factors
inhibited CTAL activity, while a modest increase in activity was seen with the addition of lipid
rafts prior to Hsp90 and ARF6. The addition of Hsp90 and ARF6 prior to the addition of lipid
rafts stimulated CTAL activity above the previously observed maximum activity with

Hsp90/ARF6.
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Discussion
Cholera toxin binds the cell surface, is internalized and undergoes retrograde transport to the ER
where the Al catalytic subunit dissociates from the holotoxin. Due to the thermal instability of
CTAL, it spontaneously unfolds following dissociation. The ERAD system then recognizes
unfolded CTAL and targets the protein to the cytosol for degradation. The translocation of
CTAL from the ER has been shown to be dependent upon the cytosolic chaperone Hsp90. Our
structure/function analysis of the interaction of Hsp90 with CTA1 provides molecular details of

intoxication that were previously unknown.

Following CTAL translocation to the cytosol, it must regain its active conformation in order to
modify its Gso target. We have shown by isotope-edited FTIR spectroscopy that Hsp90 refolds
CTAL in an ATP-dependent manner (Fig. 1, Tablel). Interestingly, we found that the refolding
of CTA1 and high affinity binding of Hsp90 is dependent on hydrolysis of ATP (Fig. 1, 3, 4).
Translocation of CTA1 from the ER is also dependent on the ability of Hsp90 to hydrolyze ATP
(Fig. 5). These data suggest Hsp90-mediated extraction from the ER is coupled with the

refolding event in an ATP-dependent manner.

Further investigation of this interaction has shown that Hsp90/ATP preferentially interacts with
unfolded CTAL (Fig. 6A). This is an example of standard chaperone function, however, once
the interaction occurs, Hsp90 remains bound to the folded conformation of CTAL (Fig. 6C). In
order to determine if a host factor was necessary to dislodge Hsp90 from CTAL, we perfused
multiple known cytosolic host factors over the bound proteins. Surprisingly, none of the host

factors tested would dislodge Hsp90 from CTA1 (Table 3), thus supporting previous data
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demonstrating the high affinity interaction [37]. The strength of interaction suggested that
Hsp90 remains bound to CTAL in the cytosol. To determine if this interaction with Hsp90 had
any effect on the half life of CTA1L, we performed in vivo degradation assays and found that the
interaction did not protect CTAL from proteasomal degradation (Fig. 7). The lack of protection
could be due to the fact that CTAL is still in a partially disordered conformation and is still able

to be a substrate for the 20S proteasome.

We then investigated the effect continued association with Hsp90 would have on the activity of
CTAL. Invitro ribosylation assays showed that the Hsp90-mediated refolding of CTA1 leads to
gain-of-function at physiological temperature (Fig. 8). This increase in activity is dependent on
ATP hydrolysis as shown in Figure 8B, consistent with the requirement of hydrolysis for
refolding of CTAL (Fig. 1). Because CTAL is known to interact with ARF6 [11] and lipid rafts
[57], we investigated the effect of continued Hsp90 association on these interactions. Formation
of the CTA1/Hsp90 complex did not interfere with binding to these co-factors (Fig. 9A, 10A).
Using ADP-ribosylation assays to determine the effect of complex formation on CTAL activity,
we found that the addition of Hsp90/ATP and ARF6 increased the activity of CTA1 above the
gain-of-function seen with the addition of Hsp90/ATP alone (Fig. 9B). Interestingly, the
addition of Hsp90/ATP, ARF®6, and lipid rafts concurrently actually inhibited CTAL activity
(Fig. 10B). We hypothesized that, because CTA1 interacts with host factors in a specific
sequence in the cytosol, perhaps the order of interaction was important for activity. We then
performed the activity assay by adding the host factors in a sequential manner. The addition of
Hsp90/ARF6 to CTAL before the addition of lipid rafts significantly increased the in vitro

activity of CTAL (Fig. 10C). This data suggest that the initial interaction of CTAL with Hsp90 is
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important for refolding prior to interaction with and lipid rafts. These observations support the
model of Hsp90/ATP dependent extraction from the ER, coupled with continued association of

Hsp90 in the cytosol until CTAL reaches host factors that further enhance the activity of CTAL.

Hsp90 was previously shown to be essential for export of CTAL to the cytosol by both RNAI and
drug treatment [37]. These studies also established the requirement of ATP for Hsp90 binding to
CTAL. Our work has provided molecular detail to this process that was previously unknown.
Surface plasmon resonance studies established that high affinity binding of Hsp90 to CTAL is
dependent on ATP hydrolysis and FTIR analysis determined that refolding of CTAL is
dependent on ATP hydrolysis as well. The requirement of hydrolysis for translocation
established by our in vitro reconstitution assay provides further insight into this process. Our
results suggest that Hsp90/ATP binds to CTAL as it emerges from the ER, and the hydrolysis of
ATP allows Hsp90 to refold CTAL. This refolding-coupled translocation event acts as a ratchet
providing the driving force for extraction of CTAL from the ER. Association of Hsp90 with
CTAL in the cytosol does not prevent interaction with known CTAL cofactors and in fact
stimulates CTAL activity in a sequence-dependent manner consistent with the order of
interaction expected in the cytosol. Collectively, our data provide evidence that Hsp90 is
essential in cholera intoxication both co- and post-translocation. Our data provide new
mechanistic details of the modulation of CTAL structure and function by Hsp90. These findings
could also be applied to understanding the ER-to-cytosol export of other p97-independent ADP-

ribosylating toxins.
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CHAPTER 4 HSP90 AND HSC70 PERFORM OVERLAPPING ROLES IN
POST-TRANSLOCATION PROCESSING OF CHOLERA TOXIN

Introduction
Cholera toxin (CT) is an ABs toxin that binds the surface of intestinal epithelial cells and travels
by vesicle carriers to the endoplasmic reticulum (ER) where the catalytically active Al subunit is
separated from the rest of the toxin [3, 4]. The dissociated CTAL subunit then spontaneously
unfolds due to its intrinsic instability [14] and is processed by the ER-associated degradation
(ERAD) system for export to the cytosol [17-19]. CTAL evades ERAD-mediated degradation in
the cytosol [25, 27, 28] and modifies its G protein target to elicit a toxic effect [41-45]. Because
CTAL is an unstable protein, it must be refolded and stabilized by host factors in the cytosol.
Our previous studies have shown that Hsp90 actively refolds CTAL. This activity is consistent
with its role as a chaperone that refolds endogenous cytosolic proteins as part of a foldosome
complex consisting of Hsp90, Hop, p23, Hsp40, and Hsc70 [58-61]. Refolding of unfolded
substrates in the cytosol normally occurs via interaction with Hsp40, delivery to Hsc70, and
further complex formation with Hop, Hsp90, and p23 [62-64]. Interestingly, Hsp90 and Hsc70
alone have been found to be sufficient for processing of glucocorticoid receptors [65]. Our work
has shown that Hsp90 is involved in translocation and refolding of CTAL, however, a role for
Hsc70 in CT intoxication has not yet been established. Here, biophysical, biochemical, and cell-
based assays demonstrate that Hsp90 and Hsc70 play overlapping roles in the processing of
CTA1L. Hsc70 binds CTAL with high affinity in the absence of ATP. The interaction between
CTA1 and Hsc70 is essential for intoxication, as an RNAi-induced loss of the Hsc70 protein
generates a toxin-resistant phenotype. Studies using isotope-edited FTIR spectroscopy found
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that, like Hsp90, Hsc70 induced a gain-of-structure in unfolded CTAL. Binding studies using
SPR showed that Hsp90 and Hsc70 could bind independently to CTA1 at distinct locations with
high affinity, even in the absence of the Hop linker. Further FTIR analysis demonstrated that the
addition of Hsc70 and Hsp90 to unfolded CTAL induced a gain-of-structure above that of Hsp90
or Hsc70 alone. Collectively, these results suggest that their cooperative refolding would
increase the catalytic activity of CTAL above the level of independent association and that Hsc70

plays a vital role in the processing of CTAL.
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Hsc70 binds unfolded CTAL1 in the absence of ATP with high affinity

In order to determine if Hsc70 was able to bind to CTAL, we performed SPR analysis. Due to
the fact that previous work has found that Hsc70 binding is dependent upon the presence of ATP
[62, 66], we perfused the same concentration of Hsc70 with and without ATP over the CTAL
coated sensor slide at 37°C. We found that Hsc70 was able to bind to CTA1 in the absence but
not in the presence of ATP (Figure 11A). Previous studies have found that Hsc70 is able to bind
other substrates in this manner as well [67, 68]. Because of the relative high affinity for CTA1
observed during the binding assay, we performed further analysis by SPR. We perfused multiple
concentrations of Hsc70 over a CTAl-coated sensor slide at 37°C. The resulting concentration-
dependent binding is represented in Figure 11B, with the best fit curves from 5 independent
experiments overlaid on the raw data. The equilibrium dissociation constant (Kp) between
CTAL and Hsc70 was calculated to be 4.5 nM, which indicates a very high affinity between the

two proteins.
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Figure 11. Hsc70 binds unfolded CTAL in the absence of ATP with high affinity

A, ldentical concentrations of Hsc70 (blue line) and Hsc70/ATP (red line) were perfused over a
CTALl-coated SPR sensor at 37°C. Hsc70 + ATP was removed from the perfusion buffer at 200
seconds. The absence or presence of Hsc70 was verified by anti-Hsc70 antibody (data not
shown). B, Five concentrations of Hsc70 (100, 200, 400, 800, 1600 ng/ml) were perfused over a
CTALl-coated SPR sensor at 37°C. Hsc70 was removed from the perfusion buffer at 300 sec.
Best fit curves (orange lines) derived from five independent experiments were calculated using a

1:1 (Hsc70:CTAL) Langmuir fit. The presented Kp value was calculated from all five data sets.

56



Hsc70 induces a gain-of-structure in disordered CTA1l

Preliminary data has shown that the interaction of CTAL with Hsc70 has an effect on CTAL
activity. Partial knockdown of Hsc70 by siRNA led to complete inhibition of CTA1 activity (A.
Romero and K. Teter, unpublished observations). We then investigated what effect binding of
Hsc70 had on the structure of CTAL. Hsc70 has been shown to allow refolding of disordered
client proteins [65, 69, 70]. Determination of the effect of Hsc70 on the folding state of
disordered CTA1 was performed by isotope-edited FTIR spectroscopy (Fig.12). Uniformly *3C-
labeled CTA1 was used in order to differentiate between the spectra of CTA1 and unlabeled
Hsc70 as previously described. The spectra of CTAL alone (Fig. 12A) showed that, at 10°C,
CTALl is in a folded conformation with approximately 36% o-helical, 39% B-sheet, and 17%
irregular structure (Table 4) consistent with previous work (Fig. 1, Table 1). Increasing the
temperature to 37°C caused CTA1 to unfold and lose the majority of its a-helical and B-sheet
components while increasing the amount of irregular structure to 54% (Fig. 12B, Table 4). The
addition of Hsc70 to previously unfolded CTAL allowed CTAL1 to regain a substantial amount of
a-helical and B-sheet content (Fig. 12C, Table 4). CTA1 regained 15% a-helical content, 10%
[-sheet content and lost 25% of irregular structure. The addition of ATP to Hsc70 prior to
incubation with unfolded CTA1 dramatically reduced the refolding achieved by the addition of
Hsc70 alone (Fig. 12D, Table 4). This evidence is consistent with the inability of Hsc70 to bind

to CTAL in the presence of ATP (Fig. 11A).
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Figure 12. Hsc70 induces a gain-of-structure in disordered CTA1

The FTIR spectrum of *3C-labeled CTA1 was recorded in the absence or presence of Hsc70. In
the curve-fitting panels of the left column, the dotted line represents the sum of all deconvoluted
components (solid lines) from the measured spectrum (dashed line). The right column presents
the respective second derivatives. CTAL samples incubated with Hsc70 were first heated to
37°C for 30 min prior to addition of equimolar Hsc70. A, CTAL structure at 10°C. B, CTAl
structure at 37°C. C, CTAL structure in the presence of Hsc70 at 37°C. D, CTAL structure in

the presence of Hsc70/ATP at 37°C.
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Table 4. Gain-of-structure induced in disordered CTAL by Hsc70

% of CTAL structure

Condition

o-Helix B-Sheet Irregular Other
10°C

36+1 39+1 17+2 9+1
37°C

18+2 16+2 54 +3 12+2
37°C + Hsc70

33+1 26+ 2 29+3 13+2
37°C + Hsc70 + ATP

25+2 20+ 2 43+3 12+2

Deconvolution of amide I bands from the FTIR spectroscopy data of Figure 12 was used to

calculate the percentages of CTAL structure under the stated conditions. The averages

standard deviations from three to four individual curve fittings are shown.
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Hsc70 and Hsp90 can bind CTAL1 independently or in a complex with Hop

Hsc70 and Hsp90 have been reported to bind distinct sites on their client proteins [60, 65, 71].

In order to investigate the binding interactions of Hsc70 and Hsp90 with CTA1, we performed a
series of SPR experiments. We perfused Hsp90/ATP over a CTA1-coated sensor slide at 37°C
for 300 sec and then removed Hsp90/ATP from the perfusion buffer. After allowing the
stabilization of the refractive index units (RIU) corresponding to the mass of Hsp90/ATP bound
to CTAL, we then perfused Hsc70 over the sensor slide (Fig. 13A). Both Hsp90 and Hsc70 were
able to bind to the unfolded CTAL in the absence of Hop. This is consistent with other reports
that Hsp90 and Hsc70 are able to bind endogenous substrates in the absence of Hop [65, 72].
We then investigated whether the addition of Hop had an effect on the binding of Hsc70 to the
complex, as this is the normal route of complex formation [63, 73]. The experiment was
repeated with the addition of Hop following the binding of Hsp90/ATP on the CTA1-coated
sensor slide (Fig. 13B). Hsc70 was then perfused over the sensor slide and binding indicated by
the increase in RIU. Antibodies were perfused over the sensor slides to verify the bound
components following the experiments (data not shown). The data indicate that Hsc70 and
Hsp90 can bind in the presence or absence of the Hop linker. A previous study indicated that
Hsp90 and Hsc70 interact weakly with each other [74]. To ensure that the increased RIU signal
was not due to an interaction of Hsp90 with Hsc70, we performed additional SPR experiments.
Hsc70 was appended to a sensor slide via amide linkage and CTAL was perfused over the sensor
slide at 37°C followed by perfusion of Hsp90/ATP (Fig. 14A). CTAL was able to bind to the
Hsc70-coated sensor slide, and the following perfusion of Hsp90/ATP bound to CTAL. The

presence of bound proteins was verified by anti-CTA and anti-Hsp90 antibody perfusions at the
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end of the experiment (data not shown). These experiments also verified that Hsc70 was binding
a distinct site on CTAL. The increase in RIU in Figure 13A could have been due to Hsc70
binding to unbound CTAL at the same site as Hsp90. The use of an Hsc70-bound sensor slide
ensured that all CTAL binding sites on Hsc70 would be occupied by CTA1 prior to addition of
Hsp90. The interaction of Hsp90 directly with Hsc70 was examined in Figure 14B. Hsp90/ATP
was perfused over an Hsc70-coated sensor slide and the resulting RIU recorded. Only minimal,
weak interaction was observed in the absence of CTAL. These data indicate that Hsp90 and

Hsc70 bind distinct sites on CTAL and can bind in the presence or absence of Hop.
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Figure 13. Hsc70 and Hsp90 can bind CTA1 independently or in a complex with Hop
A, Hsp90/ATP was perfused over a CTAL-coated SPR slide at 37°C. After removing Hsp90

from the perfusion buffer (first empty triangle), Hsc70 was then perfused over the sensor slide
(solid triangle). Removal of Hsc70 from the perfusion buffer is indicated by the second empty
triangle. B, Hsp90/ATP was perfused over a CTAL-coated sensor slide at 37°C (solid triangle)
and removed from the perfusion buffer (first empty triangle). Hop was then perfused over the
CTAL/Hsp90 complex (second solid arrow) and removed from perfusion buffer (second empty
triangle). Hsc70 was then perfused over the CTA1/Hsp90/Hop complex (third solid triangle) and
removed from perfusion at the third empty triangle. Antibodies confirmed the presence of bound

proteins on the sensor slide at the conclusion of each experiment (data not shown).
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Figure 14. CTA1 binding to Hsc70 prior to addition of Hsp90

A, CTA1 was perfused over an Hsc70-coated sensor slide at 37°C (first arrow). CTA1 was
removed from buffer at 300 sec, followed by perfusion of Hsp90 pre-bound with ATP and
removal at 1000 sec. B, Hsp90 pre-bound with ATP was perfused over an Hsc70-coated sensor
slide at 37°C in the absence of CTAL1. Antibodies confirmed the presence or absence of bound

proteins on the sensor slide at the conclusion of each experiment (data not shown).
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Combined impact of Hsc70 and Hsp90 on CTAI1 structure

The ability of both Hsc70 and Hsp90 to bind CTAL at distinct sites suggested a possible
cooperative effect on the refolding of CTAL. We then performed isotope-edited FTIR
spectroscopy to examine the effect of both proteins on the folding state of CTA1 using uniformly
3C-labeled CTAL1 to differentiate between the spectra of CTA1 and unlabeled Hsc70 and Hsp90.
3C-labeled CTA1 was warmed to 37°C for 30 min prior to addition of 2-fold molar excess
Hsp90 pre-bound to ATP and equimolar Hsc70. Following a 10 min incubation, the spectra was
recorded. Analysis of the spectra showed that the addition of Hsc70 and Hsp90 allowed CTA1
to regain both a-helical and -sheet content to approximately that of folded CTAL (Fig. 15 A,B,

Fig. 12, Table 4).

64



d Aldv’)

nyative

002

Absorbance
'~

‘A,/‘«/L/‘\A /\

1700 16850 1600 1550 1700 1650 1600

- PP |
Wavenumber (cm ") Wavenumber (cm )

B
% of CTAL structure
Condition a-Helix B-Sheet Irregular Other
37°C + HscrO + 3042 45+3 1842 7+1

Hsp90/ATP

Figure 15. Combined impact of Hsc70 and Hsp90 on CTA1 structure
A, BC-labeled CTA1 was heated to 37°C for 30 min before addition of equimolar Hsc70 and 2-

fold molar excess of Hsp90 pre-bound to ATP for an additional 10 min at 37°C. Curve fitting
(left panel) and second derivative (right panel) for the FTIR spectrum shown. For curve fitting,
the dotted line represents the sum of all deconvoluted components (solid lines) from the
measured spectrum (dashed line). B, Deconvolution of amide | bands from the FTIR
spectroscopy data of panel A was used to calculate the percentages of CTAL structure in the
presence of Hsc70 and Hsp90/ATP. The averages + standard deviations from four independent

curve fittings are shown.
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Discussion
Cholera toxin is ABs toxin that binds the surface of intestinal epithelial cells and travels by
vesicle carriers to the ER where the catalytically active Al subunit is processed by the ERAD
system for export to the cytosol. Because CTAL is an unstable protein, it must be refolded and
stabilized by host factors in the cytosol. Our studies have shown that Hsp90 is involved in
translocation and refolding of CTAL (Chapter 3). We have demonstrated by biophysical,
biochemical, and cell-based assays that Hsp90 and Hsc70 play overlapping roles in the

processing of CTAL.

Our preliminary studies showed that the interaction between CTAL and Hsc70 is essential for
intoxication. Partial loss of the Hsc70 protein through RNAI generates a toxin-resistant
phenotype (unpublished observation). While Hsc70 normally interacts with unfolded substrates
in the presence of ATP [62, 66], we found that Hsc70 is able to bind to CTAL in the absence of
ATP and binding is inhibited by the presence of ATP (Fig. 11A). Other studies have also shown
that the ATP-dependent binding is substrate specific [67, 68]. Due to apparent high affinity
binding observed during this binding assay, we perfused multiple concentration of Hsc70 over a
CTAL-coated sensor slide to determine the equilibrium dissociation constant (Kp). We found

that Hsc70 has a high affinity for CTAL, Kp~ 4.5 nM (Fig. 11B).

Analysis of the effect of Hsc70 binding on the structure of CTAL was performed using isotope-
edited FTIR spectroscopy. We found that the addition of Hsc70 to unfolded CTA1 at 37°C
induces a gain-of-structure in unfolded CTAL (Fig.12C, Table 4). This regain-of-structure was

inhibited when ATP was incubated with Hsc70 prior to its addition to CTAL (Fig. 12D, Table 4).
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The lack of folding observed is consistent with the inability of Hsc70/ATP to bind to CTAL (Fig.

11A).

Our previous work has shown that CTA1 translocation from the ER and refolding is dependent
upon Hsp90 (Chapter 3). However, typical foldosome activity begins with substrate binding to
Hsp40, delivery to Hsc70 and further complex formation with Hop and Hsp90 [58-61]. Binding
assays were performed to determine if Hsc70 was able to bind to CTAL in the presence of
Hsp90. We found that Hsp90 and Hsc70 bind distinct sites on CTAL and are able to bind
independently of other foldosome components (Fig. 13, 14). These results, taken together with
the gain-of-structure studies, indicated that a possible cooperative refolding event may be
occurring. Further isotope-edited FTIR studies were performed with unfolded CTA1 and both
Hsc70 and Hsp90. Analysis of the results confirmed that, in the presence of both chaperones,

CTAL1 achieved a higher regain of structure than with either chaperone alone (Fig. 15).

Our results suggest that Hsc70 binds CTAL after its interaction with Hsp90. The binding of both
chaperones allows CTAL to achieve a higher degree of folding. We have shown that this binding
occurs in the absence of other foldosome components and in a sequence not typical of unfolded
substrates. Our data provide insight into a non-canonical sequence of refolding that has not been
previously observed and a role of Hsc70 in the CT intoxication process that was previously

unknown.
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CHAPTER 5 GENERAL DISCUSSION

The catalytic subunit of cholera toxin (CTAL) is a thermally unstable protein and is largely
misfolded at physiological temperature. Despite this intrinsic thermal instability, CTAL is able
to translocate from the ER to the cytosol and elicit its toxic effect through the ADP-ribosylation
of the Gsa subunit of the heterotrimeric G protein. In order for CTAL to gain activity in the
cytosol, it must escape the ER into the cytosol and be refolded. While many steps of intoxication
are well known, very little is known about the factors involved in translocation and post-

translocation processing of CTAL.

Prior work by Taylor et al [37] found that translocation was dependent upon the cytosolic
chaperone Hsp90; however, the details of this mechanism were still unknown. Through our
biophysical, biochemical, and cell-based assays, we have elucidated many of these details. Our
work has shown that Hsp90 causes a gain-of-structure in CTAL in an ATP-dependent manner.
While this is consistent with typical Hsp90 chaperone activity, we also observed, by using a non-
hydrolyzable form of ATP (ATPyS), that the hydrolysis of ATP substantially increases the
affinity of Hsp90 for CTAL. We then investigated of the effect of ATP hydrolysis on
translocation of CTAL from the ER to the cytosol. Our in vitro translocation assay found that the
translocation event is dependent upon the ability of Hsp90 to hydrolyze ATP. These data
support our hypothesis that CTA1 translocation is coupled to the refolding of CTA1 by Hsp90

and that the refolding event itself provides the driving force for translocation.

Interestingly, further analysis of the interaction between Hsp90 and CTAL using SPR revealed

that even after the refolding event occurs, CTAL remains bound to Hsp90. This type of
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continued interaction is not consistent with typical chaperone behavior, but we believe that
because of the thermal instability of CTA1 and the high affinity binding with Hsp90, CTA1 is
not released as other endogenous substrates. Hsp90 has been known to associate with the
proteasome during endogenous refolding/degradation events, so we used metabolic labeling to
determine if Hsp90 was influencing the half-life of CTAL in the cytosol. Inhibition of Hsp90 did
not affect the half life of cytosolic CTA1, indicating that Hsp90 is neither delivering CTAL to the

proteasome nor protecting it from degradation.

We then investigated the effect of Hsp90 binding on CTAL activity. Using in vitro ADP-
ribosylation assays, we determined that CTAL activity is significantly increased by Hsp90/ATP
binding, but is not affected by Hsp90/ATPyS. This observation is consistent with the ability of
Hsp90 to refold CTAL in the presence of ATP, but not ATPyS. Further studies showed that the
continued association with Hsp90 did not interfere with the ability to bind to a known co-factor
of CTAL, ARF6. We found through SPR analysis that both proteins could in fact bind CTA1 at
the same time. We investigated the ADP-ribosylation activity of CTAL in the presence of both

Hsp90 and ARF6 and found that activity was significantly increased above that of Hsp90 alone.

Recent studies by Ray et al [57] showed that the lipid raft environment that CTA1 encounters
during ADP-ribosylation of Gsa acts as a lipochaperone and allows CTAL refolding to occur.
We performed binding assays and found that the binding of Hsp90 and CTA1 did not interfere
with interaction of the complex with lipid rafts. The subsequent activity assays performed found
that, while the addition of lipid rafts/ARF6 or Hsp90/ARF6 increased ribosylation activity, the

simultaneous addition of all three host factors inhibited activity. Further investigation found that
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the sequence of host factor binding is critical for CTA1L activity. These data indicate that CTA1
must initially interact with Hsp90, followed by interaction with ARF6 and lipid rafts to achieve
maximal activity. This sequence-dependent interaction mimics the order in which host factors

would be encountered by CTAL in the cellular environment.

We then considered other cytosolic factors that may be involved in the processing of CTAL.
Hsp90 normally interacts with other members of the foldosome complex, consisting of Hsc70,
Hsp40, p23, and Hop. From preliminary evidence obtained by A. Romero (unpublished
observations), we knew that knockdown of Hsc70 by siRNA inhibited the activity of CTAL1. We
then investigated the interaction of Hsc70 with CTAL directly. We found, through binding
assays, that CTAL binds to Hsc70 in the absence of but not presence of ATP. While most Hsc70
substrate binding is dependent upon the presence of ATP, studies have noted that the
requirement of ATP can be substrate-dependent. Our further studies showed that this was a high

affinity interaction similar to that observed with Hsp90.

In order to investigate the effect of Hsc70 binding on the structure of CTAL, we performed FTIR
analysis that demonstrated the Hsc70 interaction allowed CTA1 to regain partial structure. The
regain in structure did not occur in the presence of ATP, consistent with the results from the

binding assay.

Normally, unfolded proteins are first bound by Hsp40, delivered to Hsc70, followed by
association of Hop, Hsp90 and p23. However, due to the previous data collected on Hsp90
interaction with CTAL and the preliminary data showing inhibition of activity with Hsc70

knockdown, we investigated the possibility that this was not typical foldosome activity. We then
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performed a series of binding assays and determined that Hsc70 and Hsp90 bound to CTAL at
distinct locations. We also discovered that Hsc70 and Hsp90 could bind in the presence or

absence of Hop, which normally serves as a linker between Hsp90 and Hsc70.

Due to the ability of both Hsp90 and Hsc70 to bind CTAL, we then performed FTIR analysis to
determine their combined effect on CTAL structure. We determined that, in the presence of
Hsp90 and Hsc70, CTAL regains more structure than when incubated with either chaperone
alone. This observation suggests that while Hsp90 extracts CTAL from the ER and begins the
refolding process, Hsc70 binding is required for optimal gain-of-structure. Collectively, our
results provide details on mechanisms of cholera intoxication that were not previously known.
The data collected may be applicable to other ABs toxins that rely on export from the ER as well.
We have identified host proteins that interact with a non-native substrate in a manner not
previously described and our work provides new insight into the flexibility of host chaperone

activity.
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