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ABSTRACT: Intoxication by the plasmid-encoded toxin (Pet) of enteroaggregative Escherichia coli requires
toxin translocation from the endoplasmic reticulum (ER) to the cytosol. This event involves the quality
control system of ER-associated degradation (ERAD), but the molecular details of the process are poorly
characterized. For many structurally distinct AB-type toxins, ERAD-mediated translocation is triggered
by the spontaneous unfolding of a thermally unstable A chain. Here we show that Pet, a non-AB toxin,
engages ERAD by a different mechanism that does not involve thermal unfolding. Circular dichroism
and fluorescence spectroscopy measurements demonstrated that Pet maintains most of its secondary and
tertiary structural features at 37 °C, with significant thermal unfolding only occurring at temperatures
>50 °C. Fluorescence quenching experiments detected the partial solvent exposure of Pet aromatic amino
acid residues at 37 °C, and a cell-based assay suggested that these changes could activate an ERAD-
related event known as the unfolded protein response. We also found that HEp-2 cells were resistant to
Pet intoxication when incubated with glycerol, a protein stabilizer. Altogether, our data are consistent
with a model in which ERAD activity is triggered by a subtle structural destabilization of Pet and the
exposure of Pet hydrophobic residues at physiological temperature. This was further supported by computer
modeling analysis, which identified a surface-exposed hydrophobic loop among other accessible nonpolar
residues in Pet. From our data it appears that Pet can promote its ERAD-mediated translocation into the
cytosol by a distinct mechanism involving partial exposure of hydrophobic residues rather than the
substantial unfolding observed for certain AB toxins.

The plasmid-encoded toxin (Pet') of enteroaggregative
Escherichia coli is a serine protease autotransporter of the
Enterobacteriaceae (SPATE). Its eukaryotic target is the
actin-binding protein a-fodrin (/). When Pet cleaves o-fodrin
in the target cell cytosol, the organization of the actin
cytoskeleton is disrupted. The loss of actin filament structure
then results in cell rounding and detachment from the
substratum. In the intestinal epithelium of an intoxicated
mammal, these effects compromise the integrity of the
epithelial monolayer and produce a potentially life-threaten-
ing case of diarrhea (2, 3).
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Members of the SPATE family exhibit diverse functions,
but all SPATESs contain the three characteristic domains of
an autotransporter: the amino-terminal signal peptide, the
mature protein, and the carboxy-terminal 5-barrel structure
(4). The signal peptide targets the nascent protein for delivery
to the periplasmic space and is proteolytically removed from
the toxin at this site. The mature protein (also called the
passenger domain) contains a catalytic N-terminal domain
that includes the canonical GDSGSPL serine protease motif
of the SPATEs, followed by an extensive f3-helix structural
motif. The movement of the passenger domain through the
bacterial outer membrane is mediated by the pore-forming
[-barrel structure of the SPATE. Membrane-anchored pas-
senger domains remain covalently linked to 3-barrel struc-
ture, whereas secreted passenger domains are proteolytically
nicked and separated from the extracellular face of the
p-barrel. Few studies have considered how the structure of
the secreted passenger domain affects host—toxin interac-
tions. In this work we examined how the structure of the
Pet passenger domain could influence its entry into the host
cell cytosol.

The 104 kDa passenger domain of Pet (hereafter simply
referred to as Pet) is secreted into the extracellular milieu
and enters the target eukaryotic cell by receptor-mediated,
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clathrin-dependent endocytosis (5). Internalized Pet then
moves from the endosomes to the Golgi and from the Golgi
to the endoplasmic reticulum (ER) by vesicle traffic (6, 7).
Before entering the cytosol, ER-localized Pet associates with
the Sec61 translocon pore (6). Sec6l is active in ER-
associated degradation (ERAD), a quality control system that
recognizes misfolded or misassembled proteins in the ER
and exports them to the cytosol for disposal (8). ERAD also
facilitates the ER-to-cytosol export of Pet, as mutant cell
lines with aberrant ERAD activity display increased resis-
tance to Pet intoxication (6). The structural feature(s) of Pet
which engage the ERAD system are unknown.

Like Pet, many AB toxins move from the cell surface to
the ER and from the ER to the cytosol (9). These AB toxins,
which include cholera toxin (CT), pertussis toxin (PT), and
ricin, share a common structural organization that consists
of an enzymatic A subunit and a cell-binding B subunit.
Holotoxin disassembly occurs in the ER, and only the
catalytic A subunit enters the cytosol. Thermal instability in
the dissociated A chain generates an unfolded toxin confor-
mation that most likely triggers its ERAD-mediated trans-
location to the cytosol (/0—12). An absence or paucity of
lysine residues in the toxin A chain protects it from the
ubiquitin-dependent proteasomal degradation that usually
accompanies ERAD-mediated export to the cytosol (/3—15).

Pet does not have an AB structural organization, and it
enters the cytosol as an intact 104 kDa protein (6). The large
size of Pet also distinguishes it from the 20—30 kDa toxin
A chains, as do the numerous lysine residues in Pet. Because
Pet is structurally distinct from the A chains of other ER-
translocating toxins, we predicted that it activates ERAD by
a process distinct from the AB toxin mechanism. Our data
support this hypothesis and indicate that Pet can promote
its ERAD-mediated translocation into the cytosol without
the substantial loss of structure observed for some AB-type,
ER-translocating toxins.

EXPERIMENTAL PROCEDURES

Pet Purification. Pet was purified as previously described
(6). Lyophilized Pet was dissolved in double distilled H,O
and sterilized with a 2 um syringe filter before loading onto
a hi-load 16/60 75 Superdex size-exclusion column (GE
Healthcare, Piscataway, NJ). An AKTA purifier (GE Health-
care) was used to fractionate samples in elution buffer (20
mM Tris pH 7.4 + 25 mM KCl) at a rate of 0.5 mL/min.
Peak fractions were collected and concentrated using YM30
concentrators (Millipore, Bedford, MA). Toxin activity in
the peak fractions was confirmed by the morphological effect
(i.e., cell rounding and substratum detachment) observed in
CHO cells exposed to 40 ug/mL of the fractionated material
for 16—24 h.

Circular Dichroism (CD). Purified Pet was placed in 20
mM sodium phosphate (NaPi) buffer (pH 7.0) at a final
protein concentration of 0.31 mg/mL. Measurements were
performed with a 0.4 cm path length rectangular quartz
cuvette and a J-810 spectrofluoropolarimeter (Jasco Corp.,
Tokyo, Japan). Thermal unfolding was carried out in the
temperature range of 18 to 60 °C, and samples were allowed
to equilibrate for 4 min at each temperature before measure-
ment. CD spectra were recorded either from 200 to 250 nm
(far-UV CD) or from 245 to 300 nm (near-UV CD) and
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averaged from 5 scans. The observed ellipticity was con-
verted to mean residue molar ellipticity, [#], in units of
degrees x cm? x dmol ™! using [0] = Oops/Chiresl, where O s
is the measured ellipticity in millidegrees, ¢ is the molar
concentration of the protein, . is the number of amino acid
residues in the protein, and / is the optical path length in
millimeters.

Fluorescence Spectroscopy. Pet tryptophan residues were
excited at 280 nm, and the fluorescence emission was
measured between 300 and 400 nm. Fluorescence intensity
in the 325—345 nm region is dominated by emission from
tryptophan with a minor contribution from tyrosine because
the quantum yield of tyrosine is much lower and tyrosine
emission occurs in the 300—310 nm region (/6). Protein
concentration for the purified toxin was 0.45 mg/mL in 20
mM NaPi buffer (pH 7.0). The excitation and emission slits
were set to 1 and 10 nm, respectively, and the spectral
resolution was 1 nm. Measurements were taken in a 0.4 cm
path length cuvette with a J-810 spectrofluoropolarimeter
during a stepwise increase in temperature from 18 to 60 °C.
To calculate transition midpoints (7,,) for loss of fluorescence
intensity and for a red shift in the maximum emission
wavelength (Ama), the temperature-dependent protein unfold-
ing data were analyzed as previously described (11, 12).

For experiments involving the quenching of fluorescence
intensity, Pet tryptophan residues were excited at 290 nm
and the fluorescence emission was measured between 300
and 400 nm. Other experimental parameters were identical
to the conditions described in the preceding paragraph. After
sample measurement at the indicated temperature, 1 uL of a
1 M acrylamide solution was added to the 200 uL toxin
sample. Another measurement was then taken after 2 min
of sample equilibration. This procedure of acrylamide
addition was repeated 12 times. In parallel control experi-
ments the same protocol was followed except 1 uL additions
of 20 mM NaPi (pH 7.0) were added in the place of
acrylamide. Independent experiments were performed with
toxin samples incubated at 4 °C, 33 °C, 37 °C, 41 °C, 55
°C, and 60 °C.

Other Assays. Analysis of Pet toxicity by confocal
microscopy was performed as described in ref /. The cell
rounding Pet toxicity assay was performed as described in
ref 6; the unfolded protein response (UPR) assay was
performed as described in ref /7; and the protease sensitivity
assay was performed as described in ref /2. For the protease
sensitivity assay, glycerol was removed from the stock
sample of o-fodrin (Sigma-Aldrich, St. Louis, MO) by
dialysis before use in the assay.

Computer Modeling. Hemoglobin protease, a SPATE with
a solved crystal structure (PDB 1WXR) (/8), was used as a
template to model the structure of Pet with the ESyPred3D
online structure prediction server (/9) found at the ExPASy
Web site (http://www.fundp.ac.be/sciences/biologie/urbm/
bioinfo/esypred/). The passenger domains of Pet and hemo-
globin protease share 26% sequence identity and 43%
sequence similarity. Space-filling and ribbon structures were
generated using WebLab Viewer Lite.

RESULTS

Conformational Stability of Pet. It has been reported that
Pet is inactivated by a 15 min incubation at 75 °C (3). We
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60 °C, 50 °C, or 25 °C. Either toxin-free media or Pet-containing
media (40 ug/mL) were then added to CHO cells for 10 h at 37
°C.

Table 1: Computational Predictions of Toxin Stability”

toxin instability index classification
Pet 18.5 stable
ricin A 38.8 stable
CTAl 41.6 unstable
PTS1 45.2 unstable

“ Protein instability data for Pet and for the A chains of ricin, cholera
toxin (CTA1), and pertussis toxin (PTS1) were obtained from the
ProtParam function of ExPASy-SWISS-PROT. An instability index
value greater than 40 is indicative of protein instability. The predicted A
chain stabilities were consistent with experimental data from three
studies which collectively indicated a relative stability order of ricin A
> CTAl > PTS1 (10—12). It should be noted that an interaction with
negatively charged phospholipids is thought to further destabilize ricin A
chain before its export from the ER to the cytosol (34).

further noted that Pet is inactivated by a 10 min incubation
at 60 °C but retains substantial activity after a 10 min
incubation at 50 °C and is active at lower temperatures
(Figure 1). These data indicate that Pet is much more stable
than the A chains of AB-type, ER-translocating toxins, which
was consistent with protein instability estimates obtained
from ExPASy-SWISS-PROT (Table 1). To directly confirm
the thermal stability of Pet, the toxin was purified for
structural studies involving far-UV CD. A Coomassie-stained
gel of the purified toxin detected a single 104 kDa protein
which corresponded to the molecular mass of Pet (data not
shown). The purified toxin was placed in 20 mM NaPi buffer,
and far-UV CD measurements of Pet secondary structure
were then taken during a stepwise increase in temperature
from 18 to 60 °C (Figure 2). At low temperatures, the CD
spectra exhibited a single minimum around 217 nm which
corresponded to the extensive -sheet content of Pet (Figure
2A). A gradual loss of CD signal related to the S-sheet
structure occurred as the temperature increased from 18 to
52 °C, and a dramatic loss of signal occurred at temperatures
above 52 °C (Figure 2B). Using a chemical denaturant, Renn
and Clark (20) likewise documented a two-step transition to
the final unfolded state of Pet. The thermal denaturation of
Pet secondary structure was irreversible as demonstrated by
measurements taken during stepwise sample cooling from
60 to 18 °C (Figure 2B). Pet only lost 23% of its initial
secondary structure at 37 °C, which was substantially
different from the thermal stabilities of other structurally
distinct ER-translocating toxins: 88% of the secondary
structure for the catalytic S1 subunit of PT and 44% of the
secondary structure for the catalytic Al subunit of CT are
lost at 37 °C (11, 12). The secondary structure of Pet was
thus relatively stable at physiological temperature, with major
thermal unfolding only occurring at temperatures above 50
°C.

Fluorescence spectroscopy and near-UV CD were used
to monitor the thermal stability of Pet tertiary structure
(Figure 3). Purified Pet was placed in NaPi buffer, and
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measurements of tryptophan fluorescence were taken during
a stepwise increase in temperature from 18 to 60 °C. Pet
contains seven tryptophan residues that dominate its fluo-
rescence spectra (Figure 3A). The fluorescence intensity
gradually decreased with increasing temperature from 18 to
37 °C, and then a steeper and sigmoidal decrease in
fluorescence intensity occurred at higher temperatures (Figure
3A, inset). This suggested the involvement of at least two
distinct thermal effects. The initial gradual decrease in
fluorescence intensity most likely resulted from nonradiative
deexcitation of the fluorophores because of internal conver-
sion and, with increasing temperature, an increased rate of
collisions with the solvent molecules. These effects are
independent of conformational changes in the protein (27, 22).
A combination of this “trivial” thermal deexcitation and an
actual destabilization of protein tertiary structure provides
the most reasonable interpretation of the steeper and sig-
moidal quenching of Pet fluorescence that occurred at
temperatures above 37 °C. By fitting the higher-temperature
wing of the thermal profile of Pet fluorescence intensity with
a simulated curve, changes in the tertiary structure could be
described as a thermal transition with a T, of 46 °C.

A red shift in the A, is indicative of a change in protein
compaction and the exposure of tryptophans to water,
followed by partial loss of the excited-state energy due to
solvent relaxation (22). For Pet, the red shift occurred above
40 °C and exhibited a sigmoidal transition with a T, of 50
°C (Figure 3B). Different molecular mechanisms for changes
in fluorescence intensity and Amay (€.g., quenching via internal
conversion and Stokes shift, respectively) can explain the
slightly different 7, values and transition curves for these
two parameters (2/, 22). However, both parameters suggested
that physiological temperatures do not induce changes in the
tertiary structure of Pet which would generate significant
solvent access to tryptophan residues.

Near-UV CD spectroscopy was used as a complementary
method to probe the temperature dependence of Pet tertiary
structure (Figures 3C,D). This method is very sensitive to
changes in protein tertiary structure and associated changes
in the conformation and microenvironment of aromatic amino
acid side chains (23—25). The near-UV CD spectra of Pet
showed two major components around 270 nm and 280—288
nm (Figure 3C). A weaker component was also present at
250—260 nm. Near-UV CD bands around 250 nm are generated
by m—m* transitions of tyrosine side chains and by the n—o*
transition of disulfides, while both tyrosine and tryptophan can
contribute to the signal around 280 nm (24, 25). Phenylalanine
generates weaker signals at shorter wavelengths (24, 25). Pet
has two cysteine residues that are unlikely to form a disulfide
bond, so its near-UV CD spectra mainly results from the
contributions of twenty-nine tyrosine and seven tryptophan
residues. The three near-UV CD components at 250, 270,
and 280 nm all exhibited a biphasic dependence on temper-
ature: the band intensities gradually changed from negative
values to nearly zero or positive values as the temperature
increased from 18 °C to 40—45 °C, and then changed to
the opposite direction at higher temperatures (Figure 3D).
The change in CD signals from 18 °C to 40—45 °C can be
interpreted as a gradual destabilization, or opening, of Pet
tertiary structure, accompanied with increased flexibility of
tyrosine and tryptophan side chains. Partial restoration of
the signal at temperatures >45 °C might result from
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FIGURE 2: Thermal stability of Pet secondary structure. (A) Far-UV CD spectra of Pet were measured during a stepwise increase in temperature.
The change in color from blue to red corresponds to a change in temperature from 18 to 60 °C. (B) Alterations to the secondary structure
of Pet ([0],17) were plotted as a function of temperature (filled circles). Also shown are the [0],;7 signals for a Pet sample that was cooled
to 18 °C after heating to 60 °C (open circles). The overall temperature dependence of [0]»7 is fitted with two simulated curves using
transition midpoint values of T,,, = 37 °C (blue curve) and T, = 55 °C (red curve).
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FIGURE 3: Thermal stability of Pet tertiary structure. (A) The fluorescence spectra of Pet were measured during a stepwise increase in
temperature. The change in color from blue to red corresponds to a change in temperature from 18 to 60 °C. Temperature-dependent
alterations to the fluorescence intensity are shown in the inset. The initial gradual decrease in fluorescence intensity is plotted as a dashed
line, and the temperature-induced sigmoidal change in the protein tertiary structure is plotted as a solid line using 7},, = 46 °C. (B) Alterations
to the A Of Pet tryptophan fluorescence were plotted as a function of temperature. The circles are the data points, and the solid line was
simulated using 7, = 50 °C. (C) Near-UV CD spectra of Pet were measured during a stepwise increase in temperature from 18 to 60 °C.
Select spectra (18 °C, 24 °C, 37 °C, 46 °C, and 60 °C) are shown for clarity; the colors correspond to the temperature coloring scheme used
for presentation of other CD and fluorescence data. (D) Alterations to the near-UV CD bands at 250, 270, and 280 nm are plotted as
functions of temperature.

protein—protein hydrophobic interactions, probably because
of exposed nonpolar residues. The appearance of chiral Cq
atoms from surrounding molecules near surface-exposed
tyrosine and tryptophan residues would mimic the formation
of a more compact tertiary structure, as at the lower
temperatures, and would result in a biphasic temperature
dependence of the CD signal.

Comparison of the near- and far-UV CD data shows that
the Pet tertiary structure undergoes a steeper thermal
destabilization than the secondary structure when the protein
is heated from 18 °C to 40—45 °C. However, our fluores-
cence spectroscopy data demonstrated that this destabilization
does not produce a toxin conformation with solvent-exposed
tryptophan residues until the temperature is raised above 40
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FIGURE 4: Irreversible disordering of Pet tertiary structure. The fluorescence spectra of Pet were measured at 37 °C after cooling from the
indicated temperatures. One of two experiments is shown in (A); the average =+ range of both experiments is shown in (B).

°C (Figure 3B). The red shift for Am. of tryptophan
fluorescence also indicated that a substantial loss of protein
compaction only occurs at temperatures above 50 °C and is
concurrent with the major thermal destabilization of Pet
secondary structure. Pet therefore appears to undergo some
temperature-dependent alterations to its secondary and
tertiary structures at physiological temperature, but dramatic
thermal unfolding of the toxin only occurs at higher
temperatures. In contrast, the catalytic subunits of PT and
CT are in unfolded conformations at 37 °C (11, 12).

Refolding of Pet Tertiary Structure. Ricin A chain may
trigger the ERAD system by a thermal ratchet mechanism
in which minor irreversible changes to the toxin structure
accumulate due to thermal fluctuations (/0). These changes
eventually produce an unfolded protein at temperatures that
normally support the folded toxin conformation. To deter-
mine if Pet could activate the ERAD system by a similar
mechanism, we examined the refolding of Pet tertiary
structure by fluorescence spectroscopy (Figure 4). Purified
toxin was heated with a stepwise increase in temperature to
41 °C. The sample was then cooled back to 37 °C, and the
fluorescence emission spectrum was recorded at 37 °C. This
process was repeated for separate toxin samples that had been
heated to maximum temperatures of 45 °C, 50 °C, or 60 °C.
For reference, the fluorescence emission spectrum of a toxin
sample that was only heated to 37 °C was recorded as well.
A transient rise in temperature up to 45 °C did not affect
the fluorescence emission spectrum of Pet upon sample
cooling to the 37 °C. In contrast, heating Pet to 50 or 60 °C
resulted in a substantial red shift which was not reversed
upon sample cooling and measurement at 37 °C. The loss
of Pet tertiary structure at these temperatures was therefore
irreversible. As relatively high temperatures were required
for the irreversible unfolding of Pet tertiary structure, a
thermal ratchet mechanism in the physiological temperature
range is unlikely to account for Pet activation of the ERAD
system.

Effect of Glycerol, a Chemical Chaperone, on In Vivo Pet
Activity. Our biophysical data demonstrated that Pet is in a
folded conformation at 37 °C. However, most proteins
require at least partial unfolding in order to move from the
ER to the cytosol through the pore of the Sec61 translocon.
Unfolding is facilitated by ER-localized chaperones which
comprise part of the ERAD system. To determine if protein
unfolding is required for Pet to access the cytosol, we

F-actin a-fodrin Merge

FIGURE 5: Effect of glycerol on Pet toxicity. After a 2 h exposure
to 7% glycerol and/or 37 ug of Pet/mL, HEp-2 cells were fixed
and exposed to rhodamine-phalloidin, anti-o-fodrin antibodies, and
anti-Pet antibodies. Fluorescein-labeled secondary antibodies were
used to visualize a-fodrin, while CY5-labeled secondary antibodies
were used to visualize Pet. (A—D) Cells were incubated with
glycerol in the absence of Pet. (E—H) Cells were incubated with
Pet in the absence of glycerol. (I—L) Cells were incubated with
both glycerol and Pet. Colocalization of o-fodrin and Pet is indicated
by the aquamarine color in the merged images.

performed a Pet toxicity assay with glycerol-treated HEp-2
cells (Figure 5). Glycerol is a chemical chaperone that
stabilizes protein structures and prevents intoxication with
ricin (26, 27). An inhibition of Pet toxicity in glycerol-treated
cells would therefore suggest that an unfolding step may be
necessary for Pet to reach its cytosolic target.

Prolonged exposure to glycerol results in cell rounding,
so we could not use this phenotype to track Pet toxicity in
glycerol-treated cells. Instead, we monitored the intracellular
redistribution of o-fodrin that occurs after it is cleaved by
cytosolic Pet. Unintoxicated cells incubated with 7% glycerol
for 2 h displayed an intact actin cytoskeleton and the typical
punctate distribution of o-fodrin that has been previously
reported (Figures SA—D) (/). Untreated cells exposed to 37
ug of Pet/mL for 2 h also displayed an intact cytoskeleton,
but a-fodrin was clearly redistributed into intracellular
aggregates that colocalized with Pet (Figures SE—H). Previ-
ous work has shown that Pet can be detected in the cytosol
after 2 h of intoxication, but it does not affect the actin
cytoskeleton in this time frame (/, 6). Aggregation of
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FIGURE 6: Quenching of Pet tryptophan fluorescence. Fluorescence
spectra were measured at each indicated temperature with two
parallel samples of Pet: one in which an increasing volume of
acrylamide was added to the sample (F), and another in which an
increasing volume of buffer was added to the sample (F,). The
ratio of the maximum emission wavelength for each matched set
of samples (F,/F) is plotted as function of acyrlamide concentration.
For the inset, Ksy values are plotted as functions of temperature.

o-fodrin was nearly absent in glycerol-treated cells exposed
to Pet (Figures 5I—L). Very little colocalization between
o-fodrin and Pet was detected in the glycerol-treated cells;
Pet instead accumulated in tubularized structures that tracked
along the actin microfilaments. As the ER can be closely
associated with the actin cytoskeleton (28), the tubularized
Pet-containing structures most likely represent regions of the
ER. Our findings indicate that glycerol treatment prevents
Pet intoxication, most likely by blocking Pet exit from the
endomembrane system. Thus, although Pet does not undergo
spontaneous unfolding at physiological temperature, at least
partial unfolding in the ER is likely required for Pet to move
into the cytosol and reach its cytosolic target.

The Hydrophobic Properties of Pet. Temperature-induced
changes to the tertiary structure of Pet were monitored in
Figure 3, but these experiments did not determine the surface
hydrophobicity of native Pet. Fluorescence quenching ex-
periments were accordingly used to examine the hydrophobic
characteristics of Pet (27). Pet could activate the ERAD
system without the need for a substantial structural change
if its native conformation contained surface-exposed hydro-
phobic residues.

In order to test this hypothesis, flourescence quenching
experiments were performed with Pet samples incubated at
4 °C, 33 °C, 37 °C, 41 °C, 55 °C, or 60 °C (Figure 6).
Addition of up to 60 mM acrylamide, a water-soluble
fluorescence quencher, had negligible effect on Pet fluores-
cence intensity when the toxin was incubated at 4 °C. This
indicated that tryptophans and other aromatic amino acid
residues were effectively shielded from the solvent at low
temperatures. However, some quenching was detected when
Pet was incubated at 33 °C, and a greater level of quenching
was observed when Pet was incubated at 37 °C. No further
quenching was detected for the 41 and 55 °C toxin samples.
Acrylamide quenching of Pet fluorescence decreased to a
negligible level at 60 °C, similar to that observed at 4 °C.
The inset to Figure 6 shows the Stern—Volmer constants
(Ksv; the quenching efficiency of acrylamide) as a function
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FIGURE 7: Pet protease sensitivity. Pet or the reduced CTA1/CTA2
heterodimer was incubated for 1 h at the indicated temperatures in
the absence or presence of a-fodrin. Toxin samples were then
shifted to 4 °C and exposed to thermolysin for 1 h before resolution
by SDS—PAGE with Coomassie staining.

of temperature, which describes the temperature-dependence
of acrylamide quenching in a quantitative manner.

Acrylamide quenching experiments detected an 8-fold
increase in quenching efficiency as the temperature increased
from 4 to 37 °C. This was consistent with the gradual thermal
destabilization of Pet tertiary structure as detected by changes
to the near-UV CD signals (Figures 3C,D). However, as
judged from the temperature dependence of Ama Of tryp-
tophan fluorescence, the loss of protein compaction and
solvent exposure of tryptophans did not occur until Pet was
heated above 40 °C (Figures 3A,B). These collective results
suggest that physiological temperatures induce a subtle
destabilization of Pet tertiary structure which allows stronger
quenching by a water-soluble quencher without extensive
exposure of tryptophans to the solvent. The nearly identical
Ksv values obtained at 37 °C, 41 °C, and 55 °C further
indicated that the maximal access of acrylamide to tryptophan
residues occurred at or around the physiological temperature
of 37 °C. The sharp decline in acrylamide quenching at 60
°C most likely resulted from protein denaturation and
aggregation. This event, which was consistent with (i) the
irreversible disordering of Pet secondary and tertiary struc-
tures at 60 °C (Figures 2B and 4) and (ii) the biphasic
temperature dependence of the near-UV CD signals (Figure
3D), would block acrylamide access to the fluorescent amino
acid residues of Pet and would thereby prevent fluorescence
quenching. Temperature-induced aggregation of Pet at high
temperatures has been supported by experiments using
Fourier transform infrared (FTIR) spectroscopy, which
suggested formation of intermolecular 3-sheet structures and
concomitant loss of intramolecular [-sheet structures at
temperatures above 55 °C (Supporting Information Figures
S1-S3).

As an alternative method to demonstrate the hydrophobic
properties of Pet, we employed a thermolysin protease
sensitivity assay (Figure 7). Thermolysin cleaves peptide
bonds to the amino-terminal side of the hydrophobic amino
acids valine, alanine, isoleucine, leucine, phenylalanine, and
methionine. Sensitivity to thermolysin digestion would
therefore indicate that Pet contains accessible, surface-
exposed hydrophobic residues other than the tryptophans
detected by our fluorescence quenching experiment.

Samples of Pet were preincubated for 1 hour at 4 °C, 25
°C, 33 °C, 37 °C, or 41 °C. The toxin samples were then
placed on ice and exposed to thermolysin for another 1 hour.
Since all digestions were performed at 4 °C, any differences
in protease sensitivity must have resulted from temperature-
induced conformational changes that occurred during the
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preincubation stage. Pet samples preincubated at temperatures
=33 °C were highly susceptible to proteolysis with ther-
molysin: the toxin sample preincubated at 41 °C was
completely digested by thermolysin, and only minor amounts
of toxin remained from the 33 and 37 °C samples. Some
proteolysis of the 25 °C toxin sample also occurred. These
results were consistent with our CD and fluorescence data
which demonstrated a mildly disturbed secondary structure
(Figure 2B), gradual destabilization of tertiary structure
(Figures 3C,D), and a partial opening of the tertiary fold of
Pet (Figure 6) over a physiological temperature range.
Interestingly, Pet was substantially protected from degrada-
tion when it was exposed to an equimolar concentration of
o-fodrin. An interaction with its cellular target may thus
induce a conformational change in Pet that alters the
accessibility of its surface-exposed hydrophobic residues.
Alternatively, a-fodrin may have acted as a competitive
inhibitor to prevent an interaction between Pet and thermol-
ysin. Future structure—function studies should distinguish
between these possibilities.

For comparative purposes, the protease sensitivity assay
was also performed with samples of a purified, reduced
CTA1/CTA2 heterodimer. The catalytic CTA1 subunit
dissociates from CTA2 in the presence of 10 mM [-mer-
captoethanol, which mimics the normal holotoxin disas-
sembly event that occurs in the ER (/2). As previously
reported, reduced CTA1 exhibited a temperature-dependent
pattern of thermolysin sensitivity: it was in a protease-
sensitive state when preincubated at temperatures =37 °C
and in a protease-resistant state when preincubated at
temperatures <33 °C (/2). The presence of a-fodrin did not
alter the pattern of protease sensitivity for reduced CTAI,
thereby demonstrating the specificity of the inhibitory effect
of a-fodrin on Pet proteolysis.

Pet Activation of the UPR. ERAD is a normal cellular
process that continually clears the ER of misfolded or
misassembled proteins. A secondary quality control system
called the UPR is activated under conditions of cellular stress
and/or when basal ERAD activity cannot effectively cope
with the amount of misfolded proteins in the ER (29). Pet
translocation involves ERAD, so the UPR might be triggered
by Pet intoxication. To examine this possibility, we used a
previously described reporter assay in which the expression
of firefly luciferase is controlled by a UPR-inducible
promoter (/7). This assay could readily detect UPR activation
after stress induction with thapsigargin, a Ca?>"-ATPase
inhibitor that depletes the ER Ca* stores (Figure 8). A 10 h
exposure to 60 ug of Pet/mL also led to activation of the
UPR, although Pet concentrations of 40 or 20 ug/mL did
not trigger the UPR (Figure 8). Productive intoxication occurs
with 40 ug of Pet/mL (Figure 1), so the cytopathic activity
of Pet did not appear to be responsible for UPR activation.
Furthermore, a catalytically inactive S2601 Pet mutant (30)
was also able to trigger the UPR when applied to cells at a
concentration of 60 ug/mL (Figure 8). UPR activation was
thus linked to the Pet protein itself rather than to Pet activity.
This was consistent with a translocation model in which Pet
masquerades as a misfolded protein to trigger its ERAD-
mediated export to the cytosol.

Computer Modeling of Pet Structure. As our fluorescence
quenching and protease sensitivity data indicated solvent
accessibility of Pet hydrophobic/aromatic amino acid residues
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FIGURE 8: Pet induction of the UPR. A luciferase-based reporter
assay was used to monitor UPR activation in CHO cells exposed
to Pet for 10 h or to 200 nM thapsigargin (Tg) for 2 h. To calculate
the extent of UPR induction, values from the experimental
conditions were divided by the control value from untreated cells.
The means =+ standard errors of the means from 3—5 independent
experiments per condition are shown.

wild-type Pet

FIGURE 9: Surface-exposed hydrophobic residues of Pet. A space-
filling diagram highlights the Pet tryptophan residues in green and
the thermolysin-susceptible hydrophobic amino acid residues in
yellow. The space-filling diagram was rotated on a 20° axis to
distinguish the catalytic domain from the f-helix domain in the
presented ribbon structure. For both space-filling and ribbon
diagrams, orange space-filling molecules denote the hydrophobic
amino acid residues (Fag7, L3os, L3os, F300, and I3;0) located in the
unstructured region of Pet linking the 5-helix domain to the catalytic
domain. In the ribbon diagram, f-sheets are highlighted in blue
and o-helices are highlighted in red.

at 37 °C, we attempted to identify the location of these
surface-exposed hydrophobic residues. A crystal structure
of Pet is not available, but the structure of another SPATE
(hemoglobin protease) has been determined (/8). We there-
fore used the hemoglobin protease crystal structure as a
template to model the structure of Pet with the ESyPred3D
program from the ExPASy Proteomics tools Web site.
Additional computer modeling was then used to identify
potential surface-exposed hydrophobic residues in Pet that
could trigger the ERAD mechanism (Figure 9). A space-
filling diagram of Pet indicated that at least three tryptophan
residues (Trpaza, Trpezs, and Trpogs; all numbering is from
the first residue of the signal sequence) are partially acces-
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sible to solvent. Trpsps and Trpgey are buried within the
[-helix; Trpe; and Trpssy Were not returned with the model
coordinates. The three solvent-exposed tryptophan residues
are unlikely to serve as the ERAD recognition motif because
they are spatially segregated and only partially accessible to
solvent. However, a different view was obtained when the
space-filling model of Pet was used to map the hydrophobic
residues susceptible to thermolysin cleavage. In this case,
numerous clusters of solvent-exposed hydrophobic amino
acid residues were identified. One such cluster of partially
or fully exposed residues included Fag7, Los, L3os, Fa9, and
I310. This particular hydrophobic region is of interest because
it spans an exposed loop which connects the catalytic domain
to the S-helix (Figure 9). This stretch of exposed hydrophobic
residues lacks secondary structure and is a potential site for
toxin—ERAD interactions.

DISCUSSION

The A subunits of at least three AB-type, ER-translocating
toxins exhibit a common property of thermal instability that
becomes apparent after holotoxin disassembly in the
ER (10—12). Partial unfolding of the dissociated toxin A
chain at physiological temperature could then identify it as
a misfolded protein for ERAD-mediated export to the cytosol.
Pet, in contrast, is a non-AB toxin that moves from the ER
to the cytosol as an intact, 104 kDa protein (6). In this report
our data demonstrates that Pet is a thermally stable protein
within the physiological temperature range and must there-
fore trigger the ERAD export system by a means that is
distinct from the AB toxin translocation mechanism.

Substantial disordering of Pet tertiary and secondary
structure does not occur at 37 °C. However, the UPR is active
in Pet-treated cells. This indicates that Pet can, without
dramatic alterations to its native conformation, masquerade
as a misfolded protein to trigger both ERAD and the UPR.
CD, fluorescence quenching, and protease sensitivity assays
indeed detected subtle temperature-dependent changes to the
structure of Pet that were linked to the surface exposure of
Pet hydrophobic amino acid residues. The homology-
modeled structure of Pet identified numerous surface-exposed
hydrophobic residues, and a potential candidate for the
ERAD trigger was found in an exposed, unstructured
hydrophobic region linking the S-helix domain to the
catalytic domain. Future studies to define the Pet transloca-
tion domain will focus on this stretch of hydrophobic amino
acids residues.

The temperature dependence of protein fluorescence
involves various factors. Protein fluorescence intensity is
determined by ¢r = ke/{kr + kic + kis + kg[Q]}, where ¢ is
the fraction of excited fluorophores that emit fluorescence
with a rate constant kg; k;. is the rate constant of internal
conversion; k;s is the rate constant of intersystem crossing;
and k is the rate constant of direct quenching by a quencher
at concentration [Q] (for more detail see ref 27). An increase
in k. with increasing temperature is believed to cause a
decrease in protein fluorescence even in the absence of
external quenchers (27). The temperature dependence of Pet
fluorescence intensity shown in Figure 3A and Figure 4 thus
involves at least two components: (i) the effect of k., which
may result from increased motional freedom of amino acid
side chains without considerable changes in the protein
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backbone structure; and (ii) the effect of kq that is likely
related to changes in the protein tertiary structure. For the
fluorescence quenching data of Figure 6, Pet samples were
held at a single temperature as the concentration of acryla-
mide quencher increased. The changes to protein fluorescence
intensity were therefore mainly due to the effect of k,. The
CD and fluorescence quenching data of Figures 2B and 6
identified changes in Pet ellipticity and fluorescence intensity
at 33 and 37 °C, yet a red shift of Ay did not occur until
the temperature was above 40 °C. We conclude that Pet
undergoes subtle structural changes at 33 and 37 °C but only
becomes destabilized at temperatures above 40 °C when the
Amax undergoes a red shift. It is likely that these subtle
structural changes help Pet masquerade as a misfolded
protein for ERAD-mediated export to the cytosol. In contrast,
the A chains of AB-type, ER-translocating toxins actually
unfold before passage into the cytosol. Pet thus appears to
activate the ERAD system by a process that is distinct from
the AB toxin mechanism.

Our data consistently indicated that Pet tertiary structure
becomes more open at 40 °C, but near-UV CD data implied
the onset of intermolecular interactions at 40—45 °C while
quenching data indicated protein aggregation above 55 °C.
FTIR spectroscopy measurements also suggested the forma-
tion of intermolecular hydrogen bonds and protein aggrega-
tion at temperatures above 55 °C. Thus, the near-UV CD
signal is apparently more sensitive to the microenvironment
than either fluorescence quenching or FTIR spectroscopy.
Conditions/temperatures which modulate the microenviron-
ment of aromatic amino acid side chains and alter the CD
signal upon the onset of protein aggregation do not neces-
sarily prevent acrylamide from reaching the aromatic side
chains and causing fluorescence quenching. Likewise, near-
UV CD is sensitive to the microenvironment at intermo-
lecular distances larger than those necessary for hydrogen
bond formation and appearance of the respective low-
frequency amide I component in the FTIR spectra. Although
the onset of intermolecular interactions occurs at 40—45 °C
(Figure 3D), Pet maintains some in vivo activity after heating
to 50 °C (Figure 1) and does not undergo irreversible
aggregation until the temperature is raised above 50 °C
(Figures 2B, 4, 6, and S3). Altogether, these results indicate
that Pet is in a relatively stable conformation at 37 °C and
only undergoes dramatic structural alterations at significantly
higher temperatures.

The N-terminal region of Pet that spans both the $-helix
and the catalytic domain has a predicted width of 76 A
(Figure 9), but the Sec61 translocon pore has a maximum
diameter of 60 A (31). Thus, chaperone-assisted rearrange-
ment of Pet structure is likely required for its passage from
the ER to the cytosol. This possibility is supported by the
inhibition of Pet intoxication in glycerol-treated cells.
Unfolding of the Pet S-helix is unnecessary, as this structure
is sufficiently narrow (50 A predicted width) to pass through
the translocon intact. Interestingly, the unstructured hydro-
phobic linker which may facilitate toxin—ERAD interactions
is found within the 76 A N-terminal region of Pet. Recruit-
ment of ER chaperones to this putative ERAD interaction
motif could consequently lead to localized unfolding of the
one region in Pet that cannot pass through the Sec6l
translocon in a folded state. Alternatively, ER chaperones
could simply pivot the catalytic domain along the hydro-
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phobic linker so that the $-helix and catalytic domain would
be in a nearly collinear orientation (Supporting Information
Figure S4, middle panel). In this structure, however, a
loop—helix—loop motif spanning residues Aspsy to Prosss
is still protruding from the toxin. Because reorientation of
the N-terminal catalytic domain disrupts several hydrogen
bonds between the catalytic domain and this loop—helix—loop
motif (e.g., residues Asnggp and Serjzo; Lysero and Thrse;
Alas7e and Aspe7; and Lysss, and Serz;s), the hinge-like
repositioning of the catalytic domain may result in additional
conformational changes to the loops connecting the
Thrsgo—Asnsgs o-helix to the S-helix core structure (Sup-
porting Information Figure S4, right panel). These linked
structural changes could thus alleviate the steric barrier to
Pet passage through the 60 A pore of the Sec61 translocon.
In regard to this model, translocation of hemoglobin protease
across the E. coli outer membrane has recently been
suggested to involve a hingelike movement of the catalytic
domain to a position below the f3-helix (32).

The absence of secondary structure within the putative Pet
hinge/linker region would provide a degree of structural
flexibility to the secreted toxin that could conceivably allow
it to enact a chaperone-assisted pivot mechanism in the ER
lumen. Other SPATEs appear to contain o-helical secondary
structure within their linker domains, but none of these
autotransporters contact the ER or the ERAD system
(Supporting Information Figure S5). The secreted autotrans-
porter toxin of uropathogenic E. coli is the one exception to
this observation: like Pet, it is predicted to have an
unstructured linker between its $-helix domain and catalytic
domain. However, Pet and the secreted autotransporter toxin
are both internalized by host cells before they disrupt the
actin cytoskeleton through proteolysis of a-fodrin and
possibly other substrates (33). It is therefore likely that Pet
and the secreted autotransporter toxin both enter the cytosol
by crossing the ER membrane. The absence of secondary
structure within the SPATE linker domain could thus be
functionally significant for toxin passage from the ER to the
cytosol.

After passing through the Sec61 translocon, toxin refolding
would likely be required for Pet to act upon its cytosolic
fodrin target. The loss of Pet tertiary structure that occurs
upon sample heating up to ~50 °C is reversible and does
not eliminate toxin activity against cultured cells. This
indicates that the toxin can regain its native conformation
after partial unfolding, such as might occur during export to
the cytosol. Our protease sensitivity assay further suggests
that the interaction between Pet and fodrin may alter and
stabilize the conformation of Pet. Similar stabilizing interac-
tions between toxin A chains and specific cytosolic cofactors
or targets have been reported (/10—12).

Autotransporters are a diverse family of virulence factors
with similar f-helix structural motifs. Here, we examined
how host—toxin interactions are influenced by the structure
of the Pet autotransporter. Our data indicate that the structure
of Pet has evolved to manipulate the ERAD translocation
pathway by a process distinct from the mechanism utilized
by AB-type, ER-translocating toxins.
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The FTIR data on temperature-induced structural changes
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via the Internet at http://pubs.acs.org.
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