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ABSTRACT: Pertussis toxin (PT) is an AB-type protein toxin that consists of a catalytic A subunit (PT S1)
and an oligomeric, cell-binding B subunit. It belongs to a subset of AB toxins that move from the cell
surface to the endoplasmic reticulum (ER) before the A chain passes into the cytosol. Toxin translocation
is thought to involve A chain unfolding in the ER and the quality control mechanism of ER-associated
degradation (ERAD). The absence of lysine residues in PT S1 may allow the translocated toxin to avoid
ubiquitin-dependent degradation by the 26S proteasome, which is the usual fate of exported ERAD
substrates. As the conformation of PT S1 appears to play an important role in toxin translocation, we
used biophysical and biochemical methods to examine the structural properties of PT S1. Our in vitro
studies found that the isolated PT S1 subunit is a thermally unstable protein that can be degraded in a
ubiquitin-independent fashion by the core 20S proteasome. The thermal denaturation of PT S1 was inhibited
by its interaction with NAD, a donor molecule used by PT S1 for the ADP ribosylation of target G
proteins. These observations support a model of intoxication in which toxin translocation, degradation,
and activity are all influenced by the heat-labile nature of the isolated toxin A chain.

Pertussis toxin (PT)1 is an AB-type protein toxin that
consists of an enzymatic A moiety and a cell-binding B
moiety (reviewed in refs1 and 2). PT A (the S1 subunit)
activates certain GR proteins by an ADP ribosylation reaction
that utilizes NAD as a donor molecule. PT B is composed
of an S2 subunit, an S3 subunit, two S4 subunits, and an S5
subunit. The oligomeric PT B complex forms a ringlike
structure that is stable at temperatures of up to 60-70 °C
(3). Noncovalent interactions position the catalytic S1 subunit
within and on top of the B ring to form the PT holotoxin.

PT B binds to glycoproteins or glycolipids on the plasma
membrane of a target cell (4-6). The surface-bound toxin
then travels by vesicular transport to the Golgi apparatus and
most likely to the endoplasmic reticulum (ER) as well (7-
12). In the ER, ATP can bind to the central pore of the B
oligomer and destabilize the holotoxin (9, 13, 14). Subse-
quent reduction of the PT S1 intramolecular disulfide bond

may further destabilize the holotoxin and allow PT S1 to
dissociate from PT B (15). The isolated S1 subunit can then
cross the ER membrane and enter the cytosol to interact with
its GR targets (16, 17).

The quality control system of ER-associated degradation
(ERAD) may be involved with the ER-to-cytosol transloca-
tion of PT S1 (10). ERAD recognizes misfolded proteins
(often identified by surface-exposed hydrophobic residues)
in the ER and exports them to the cytosol for degradation
by the ubiquitin-proteasome pathway (18). Export occurs
through the Sec61p translocon, a gated pore in the ER
membrane that allows bidirectional movement of partially
or fully unfolded proteins between the ER and the cytosol
(19). The C-terminal hydrophobic region of PT S1 is thought
to trigger ERAD activity and stimulate translocation of PT
S1 into the cytosol; proteasome-mediated degradation in the
cytosol is presumably avoided because PT S1 has no lysine
residues for ubiquitin attachment (10). Similar predictions
have been made for cholera toxin (CT) and ricin, two other
AB-type toxins that move from the cell surface to the ER
and exploit ERAD for entry of the A chain into the cytosol
(10, 20).

Recent work has shown that the C-terminal region of PT
S1 is not required for passage into the cytosol and has
suggested that PT S1 may be degraded in the cytosol (16,
17). Likewise, the CT A1 polypeptide does not require its
C-terminal hydrophobic domain to move from the ER to the
cytosol (21). Furthermore, CT A1 and ricin A chain are both
degraded in the cytosol by ubiquitin-independent proteasomal
mechanisms (22-25; K. Teter et al., unpublished experi-
ments). These observations call for a modification to the
current ERAD models of toxin translocation.
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We have proposed a revised model of toxin-ERAD
interactions in which both toxin translocation and toxin
degradation are linked to the heat-labile nature of the isolated
toxin A moiety (21). With this model, thermal instability in
the dissociated toxin A chain generates an unfolded confor-
mational state at 37°C that triggers ERAD activity and
renders the cytosolic pool of toxin susceptible to degradation
by the 20S proteasome (in contrast to the usual route of
ubiquitin-dependent degradation by the 26S proteasome).
Both CT A1 and ricin A chain are heat-labile proteins, and
in vitro degradation of CT A1 by the 20S proteasome has
been observed by our group (26; K. Teter et al., unpublished
experiments). Here, structural studies and biochemical assays
were used to examine the putative heat-labile nature of PT
S1 and its possible degradation by the 20S proteasome.
Analysis of the physical properties of the isolated PT A
moiety supports our revised model of toxin-ERAD interac-
tions. Furthermore, we provide a mechanism by which the
PT S1 subunit can retain significant enzymatic activity in
the cytosol despite its heat-labile state.

EXPERIMENTAL PROCEDURES

Materials. Chemicals and thermolysin were purchased
from Sigma-Aldrich (St. Louis, MO). PT, PT S1, and PT B
were from List Biological Laboratories, Inc. (Campbell, CA).
ATP and the CT A1-A2 heterodimer were purchased from
Calbiochem (La Jolla, CA). The purified 20S proteasome
was from Boston Biochem (Cambridge, MA).

Circular Dichroism Measurements.Temperature-depend-
ent unfolding of the PT S1 subunit was studied by circular
dichroism (CD) experiments, using a J-810 spectrofluoropo-
larimeter equipped with a PFD-425S Peltier temperature
controller (Jasco Corp., Tokyo, Japan). The protein concen-
tration was 37.4µg in 0.225 mL of 20 mM sodium phosphate
buffer (pH 7.4) containing 150 mM NaCl and 10 mM
â-mercaptoethanol (â-ME). Measurements were taken with
a 4 mm optical path length rectangular quartz cuvette as the
temperature increased stepwise from 18 to 50°C. As shown
in the thermal unfolding profiles, measurements were taken
in 2 °C increments from 18 to 30°C, 1 °C increments from
30 to 33°C, 0.5 °C increments from 33 to 37°C, a 1°C
increment from 37 to 38°C, and 2°C increments from 40
to 50 °C. Samples were allowed to equilibrate at each
temperature for 4 min before readings were taken. CD spectra
were recorded from 200 to 315 nm, which covers both near-
UV and far-UV ranges and thus allowed us to detect thermal
changes in both the tertiary and secondary structures of PT
S1. The same sample was used for near-UV and far-UV
measurements to eliminate possible errors resulting from
sample-to-sample variability. In all cases, the spectral resolu-
tion was 1 nm. CD spectra were averaged from five scans.
The observed ellipticity was converted to mean residue molar
ellipticity, [θ], in units of degrees square centimeters per
decimole using

whereθobs is the measured ellipticity in millidegrees,c is
the molar concentration of the protein,nres is the number of
amino acid residues in the protein, andl is the optical path
length in millimeters.

The temperature-dependent protein unfolding data were
analyzed as described by Lavigne et al. (27) using the
following equation:

whereX is the ellipticity measured at a given temperature,
fL is the fraction of amino acids representing the native
conformation at low temperatures, andXL andXH are limiting
values ofX at low and high temperatures, respectively. The
parameterfL is given by

where the temperature dependence of the free energy of
unfolding (∆G) is described by

where T is the absolute temperature,Tm is the transition
temperature,∆H is the apparent enthalpy of unfolding, and
∆C is the heat capacity of unfolding.

Thermolysin Degradation Assay.For this, 6µg of PT S1,
6 µg of the CT A1-A2 heterodimer, 12µg of PT B, or 18
µg of PT was added to 0.12 mL of 20 mM sodium phosphate
buffer (pH 7.0) containing 10 mMâ-ME. Where indicated,
1 mM NAD, 1% CHAPS, or both 1 mM NAD and 1%
CHAPS together were present in the sodium phosphate
buffer; 20 µL sample aliquots were transferred to fresh
microcentrifuge tubes and incubated at 4, 25, 33, 37, or 41
°C for 45 min. All samples were then shifted to 4°C for 10
min. Thermolysin [prepared as a 10× stock in 50 mM CaCl2
and 100 mM Hepes (pH 8.0)] was added to a final
concentration of 0.04 mg/mL for a 45 min incubation at
4 °C. Digests were halted by the addition of 10 mM EDTA
(final concentration) and SDS-PAGE sample buffer to the
reaction mix. Toxin samples were visualized by SDS-PAGE
and Coomassie staining. The NAD glycohydrolase activity
of PT S1 at 37°C is approximately 0.6 pmol min-1 (µg of
toxin)-1 (28). From this value, we estimate an inconsequential
0.14% of the NAD present in our assay buffer was
hydrolyzed during the course of the experiment.

20S Proteasome Assay.For this, 5µg of PT S1, 5µg of
the CT A1-A2 heterodimer, 10µg of PT B, or 15µg of PT
was mixed with 100 nM purified 20S proteasome in 0.1 mL
of assay buffer [100 mM KCl, 10 mM MgCl2, 0.1 mM
CaCl2, 10 mM â-ME, 3 mM ATP, and 50 mM Hepes (pH
7.5)] and kept at 37°C; 20 µL aliquots taken at the stated
intervals were mixed with SDS-PAGE sample buffer
visualized by SDS-PAGE with Coomassie staining.

RESULTS

Effect of Temperature on PT S1 Structure. The structure
of PT has been determined by X-ray crystallography, which
identified the S1 subunit as a 26 kDa protein with 28%
R-helix content and 14%â-sheet content (29). To examine
the thermal stability of PT S1, temperature-induced changes
in the structure of PT S1 were monitored by near-UV and
far-UV CD (Figure 1). The disruption of PT S1 tertiary
structure was detected by a decrease in the magnitude of
the near-UV CD signal from PT S1 aromatic side chains at
∼280 nm (Figure 1A), while the loss of PT S1 secondary
structure was detected by a decrease in the ellipticity in the

[θ] ) θobs/cnresl (1)

X ) fLXL + (1 - fL)XH (2)

fL ) exp(-∆G/RT)/[1 + exp(-∆G/RT)] (3)

∆G ) ∆H(1 - T/Tm) + ∆C[T - Tm - T ln(T/Tm)] (4)
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far-UV region at∼225 nm (Figure 1B). The mean residue
molar ellipticities at 280 and 225 nm then were plotted as a
function of temperature to generate thermal unfolding profiles
for the tertiary and secondary structures of PT S1. With these
studies, we found thermotropic conformational changes
occurred in a sigmodial manner for both the tertiary (Figure
1C) and secondary (Figure 1D) structures of PT S1. The
transition temperature (Tm, the midpoint of transition) for
the tertiary structure of PT S1 was 28.5°C. The secondary
structure of PT S1 exhibited a slightly higherTm of 31.0°C.
Both values demonstrate that PT S1 is a heat-labile protein,
with perturbed tertiary and secondary structures at the
physiological temperature of 37°C (see also Figure 2).

The thermal denaturation of PT S1 was irreversible (Figure
1C,D). After PT S1 had been heated to 50°C, the toxin was
cooled in stepwise increments to 18°C. Measurements of
the near- and far-UV CD spectra taken at various tempera-
tures during sample cooling are represented by the empty
circles in panels C and D. The data clearly indicate that PT
S1 was unable to assume a native conformation following
its temperature-induced unfolding at 50°C.

Effect of Temperature, NAD, and CHAPS on PT S1
Protease SensitiVity. The temperature-dependent folding state
of PT S1 was also monitored with a protease sensitivity assay
(Figure 2). Samples of the purified and reduced PT S1
subunit were placed in 20 mM sodium phosphate buffer (pH
7.0) and incubated at 4, 25, 33, 37, or 41°C for 45 min. All
samples were then shifted to 4°C and exposed to the
metalloprotease thermolysin for an additional 45 min. Since
all protease treatments were conducted at 4°C, differential
degradation of the PT S1 samples could result only from
temperature-induced changes to the structure of PT S1.
Thermolysin-treated samples were resolved by SDS-PAGE
and visualized with Coomassie staining. Similar experiments
were performed for PT and PT B.

As shown in Figure 2A, PT S1 samples preincubated at
37 or 41 °C were degraded by thermolysin. Substantial
degradation of the PT S1 sample preincubated at 33°C was
also observed. PT S1 samples preincubated at 4 or 25°C
were nicked but not degraded by thermolysin. The∼18 kDa
S1 fragment generated by thermolysin nicking of PT S1 most
likely represents the N-terminal catalytic core of PT S1;
similar N-terminal S1 fragments have also been detected in
intoxicated cells (30, 31) and after in vitro exposure of PT
S1 to trypsin or chymotrypsin (32, 33). For our assay, the
S1 fragment did not appear without thermolysin treatment
and was not generated from PT S1 samples co-incubated
with EDTA and thermolysin (data not shown).

The extent of PT S1 degradation correlated well with its
conformational state (Figure 2A, bottom panel); the protease-

FIGURE 1: Temperature-induced unfolding of the PT S1 subunit.
For panels A and B, 37.4µg of PT S1 was dissolved in 0.225 mL
of 20 mM sodium phosphate buffer (pH 7.4) containing 150 mM
NaCl and 10 mMâ-ME. Thermotropic conformational changes to
the structure of PT S1 were then monitored by near-UV CD (A)
and far-UV CD (B). Both measurements were conducted on the
same sample with the use of a 4 mmoptical path length rectangular
quartz cuvette. Samples were equilibrated for 4 min at each
temperature before the measurements were taken. CD spectra were
recorded from 200 to 315 nm, which covers both the near-UV and
far-UV range. The change in color from blue to red corresponds to
a change in temperature from 18 to 50°C, as shown in panels C
and D. (C and D) Thermal unfolding profiles for the PT S1 tertiary
structure (C) and PT S1 secondary structure (D) were derived from
the data in panels A and B. The mean residue molar ellipticities at
280 nm (near-UV CD, tertiary structure) and 225 nm (far-UV CD,
secondary structure) were plotted as a function of temperature. As
described in Experimental Procedures, curves were simulated
according to a two-state phase transition approach using the
following best-fit parameters: heat capacities (∆C) of 0.39 kcal
mol-1 K-1 and ∆H values of 55.0 kcal/mol. The white circles
represent measurements taken at the indicated temperatures during
sample cooling from 50 to 18°C.

FIGURE 2: PT S1 protease sensitivity assay. (A) PT S1 was placed
in 20 mM sodium phosphate buffer (pH 7.0) containing 10 mM
â-ME. Toxin samples were incubated for 45 min at the indicated
temperatures and then shifted to 4°C for 10 min. Thermolysin was
subsequently added for an additional 45 min at 4°C. Samples were
visualized by SDS-PAGE and Coomassie staining. The percentage
of native tertiary and secondary structure remaining in PT S1 at
the indicated temperatures was calculated from the thermal unfold-
ing profiles presented in panels C and D of Figure 1, respectively.
nd means not determined. (B and C) PT (B) and PT B (C) were
processed as described above for PT S1. The subunits of PT are
identified: S1 (26 kDa), S2 and S3 (∼22 kDa each), and S4 and
S5 (11-12 kDa).

13736 Biochemistry, Vol. 45, No. 46, 2006 Pande et al.



resistant PT S1 sample that was incubated at 25°C retained
a significant amount of native tertiary and secondary struc-
ture, whereas the protease-sensitive PT S1 samples that were
incubated atg37 °C retained little of the native toxin struc-
ture. When PT S1 was incubated at 33°C, it retained an inter-
mediate amount of native structure and was partially resistant
to thermolysin-mediated degradation. These observations
validated the use of a protease sensitivity assay to probe the
folding state of PT S1 and demonstrated that PT S1 is in an
unfolded, protease-sensitive conformation at 37°C.

PT and PT B samples preincubated at 4, 25, 33, 37, and
41 °C were uniformly resistant to thermolysin-mediated
degradation (Figure 2B,C). This demonstrated the specificity
of thermolysin activity against the isolated PT S1 subunit
and was consistent with the heat-stable properties of both
PT and PT B (3, 34). It also indicated that the association of
PT S1 with PT B protected PT S1 from thermolysin-mediated
degradation. Likewise, PT S1 is resistant to processing by
trypsin and chymotrypsin when incorporated into the PT
holotoxin (32, 33). Thus, protease sensitivity (and thermal
instability) in the PT S1 subunit is only apparent after it
dissociates from PT B.

The heat-labile nature of the isolated PT S1 subunit
suggests that the translocated, cytosolic pool of toxin would
not function at 37°C, yet intoxication occurs in vivo at
37 °C. In vitro, NAD glycohydrolase and ADP ribosylation
assays have also documented PT S1 activity at 37°C (28).
Since both of these in vitro assays included NAD as a donor
molecule, we hypothesized that an interaction between PT
S1 and NAD could stabilize the structure of PT S1 and allow
the toxin to function at 37°C despite its heat-labile state. A
similar relationship has been established for the heat-labile
ricin A chain and its ribosome target (26).

To determine whether NAD has a stabilizing effect on the
structure of PT S1, we performed our protease sensitivity
assay on toxin samples that had been incubated with 1 mM
NAD (Figure 3). In comparison to toxin samples incubated
without NAD, PT S1 samples incubated with NAD exhibited

increased resistance to thermolysin-mediated degradation
(Figure 3A). Co-incubation with NAD increased the sus-
ceptibility of PT S1 to thermolysin nicking, but in the
presence of NAD, a substantial amount of this nicked S1
fragment (as well as the remaining full-length PT S1
polypeptide) was detected after incubations at 37 and 41°C.
Generation of the nicked PT S1 fragment indicated that
thermolysin was active in the presence of NAD. Furthermore,
NAD did not inhibit the thermolysin-mediated degradation
of CT A1 (Figure 3B). Thus, NAD specifically inhibited the
temperature-induced structural shift of PT S1 to a protease-
sensitive conformation.

We also examined PT S1 protease sensitivity in the
presence of CHAPS, a zwitterionic detergent that stimulates
the in vitro enzymatic activity of PT and PT S1 (28, 35,
36). This stimulatory effect could conceivably result from
CHAPS-mediated stabilization of the heat-labile PT S1
structure, yet CHAPS did not inhibit the temperature-induced
structural shift of PT S1 to a protease-sensitive conformation
(Figure 4). Instead, PT S1 proteolysis was slightly more
efficient in the presence of CHAPS: toxin samples prein-
cubated at 33°C in the absence of CHAPS were partially
degraded by thermolysin, whereas PT S1 samples preincu-
bated at 33°C in the presence of CHAPS were completely
degraded by thermolysin. Furthermore, in the presence of
CHAPS, the conversion of full-length PT S1 to the S1
fragment was complete. These observations indicated that
CHAPS had some effect on the structural state of PT S1,
but this effect did not inhibit the temperature-induced shift
of PT S1 to a protease-sensitive conformation.

CHAPS and NAD both exerted structural effects on PT
S1 when the two agents were mixed together with PT S1
(Figure 4). In the presence of CHAPS and NAD, there was
a full conversion of PT S1 to the S1 fragment. However,
the PT S1 fragment also exhibited substantial resistance to
degradation by thermolysin. CHAPS therefore stimulated the
conversion of PT S1 to the S1 fragment, but it did not
override the NAD-induced structural shift of the S1 fragment
to a protease-resistant conformation. As CHAPS is often used
to stimulate the in vitro enzymatic activity of PT and PT S1
(28, 35, 36), our results allow a direct comparison between
these published studies and the structural state of PT S1.

Degradation of PT S1 by the 20S Proteasome. The
unfolded, protease-sensitive conformation of PT S1 at 37°C
could facilitate its degradation by the 20S proteasome.

FIGURE 3: Effect of NAD on PT S1 protease sensitivity. PT S1
(A) and CT A1-A2 heterodimer (B) were placed in 20 mM sodium
phosphate buffer (pH 7.0) containing 10 mMâ-ME. NAD (1 mM)
was present in the sodium phosphate buffer as indicated. Toxin
samples were incubated at the stated temperatures for 45 min and
then shifted to 4°C for 10 min. Thermolysin was added for an
additional 45 min at 4°C. Samples were visualized by SDS-PAGE
with Coomassie staining. In panel A, the top band is full-length
PT S1 and the bottom band is the S1 fragment. In panel B, the 5
kDa CT A2 polypeptide was not visible after Coomassie staining.

FIGURE 4: Effect of CHAPS on PT S1 protease sensitivity. PT S1
was placed in 20 mM sodium phosphate buffer (pH 7.0) containing
10 mM â-ME; 1% CHAPS or 1% CHAPS with 1 mM NAD was
present in the sodium phosphate buffer as indicated. Toxin samples
were incubated at the stated temperatures for 45 min and then shifted
to 4 °C for 10 min. Thermolysin was added for an additional 45
min at 4 °C. Samples were visualized by SDS-PAGE with
Coomassie staining. For the untreated PT S1 sample, the top band
is full-length PT S1 and the bottom band is the S1 fragment.
CHAPS-treated samples produced only the S1 fragment.
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This barrel-shaped structure comprises the catalytic core of
the 26S proteasome, which is generated by the attachment
of 19S regulatory particles to one or both ends of the 20S
proteasome. Most proteasomal substrates are degraded in a
ubiquitin-dependent process by the 26S proteasome, but a
few proteins are instead degraded by a ubiquitin-independent
mechanism involving only the core 20S proteasome (37, 38).
Proteins degraded by the 20S proteasome must be unfolded
to pass through the central catalytic pore of the proteasome,
and this unfolding event represents the rate-limiting step in
proteolysis by the 20S proteasome (38, 39). The unfolded
structural state of PT S1 at 37°C would therefore make it a
suitable substrate for degradation by the 20S proteasome.

To monitor toxin degradation by the 20S proteasome, we
incubated reduced CT A1 or reduced PT S1 with the 20S
proteasome at 37°C for 0, 3, 9, and 20 h (Figure 5A). CT
A1 is a substrate for the 20S proteasome (K. Teter et al.,
unpublished experiments), and it was used here as a positive
control for proteasomal activity. Toxin samples were resolved
by SDS-PAGE and visualized with Coomassie staining.
Both CT A1 and PT S1 were degraded by the 20S
proteasome, even though ubiquitin and the ubiquitin conju-
gation machinery were absent from our assay conditions. CT
A1 was degraded more efficiently than PT S1; whereas
significant degradation of CT A1 was observed after incuba-
tion for 3 h, incubation for more than 9 h was required for
detection of the degradation of PT S1. This slow rate of in
vitro proteolysis is common for 20S proteasome substrates
(40-42) and may be accelerated in vivo by proteasome
accessory factors such as hsp90 (43).

To further evaluate the specificity of our proteasome assay,
we incubated PT S1, PT, or PT B with the 20S proteasome
for 20 h at 37°C (Figure 5B). The isolated PT S1 subunit
was effectively degraded by the 20S proteasome. However,
PT S1 degradation did not occur when the A moiety was
incorporated into the PT holotoxin. This again indicated that
the structural arrangement of the holotoxin prevented PT S1
from assuming a protease-sensitive (i.e., unfolded) conforma-
tion. It also demonstrated that indiscriminate proteasomal
degradation was not responsible for proteolysis of the isolated
PT S1 subunit. The specificity of proteasomal activity was
further confirmed by the stability of the PT B oligomer in
the presence of the 20S proteasome.

As the core 20S proteasome can only degrade unfolded
substrates, the stabilizing effect of NAD on PT S1 structure
could protect the toxin from ubiquitin-independent degrada-
tion by the 20S proteasome. However, addition of 1 mM
NAD to the assay buffer did not prevent degradation of PT
S1 by the 20S proteasome (data not shown). Thus, NAD-

induced stabilization of the PT S1 catalytic core (see Figures
3 and 4) is not sufficient to protect the PT S1 polypeptide
from processing by the 20S proteasome.

DISCUSSION

Contrary to current models of ERAD-mediated toxin
translocation, the C-terminal region of PT S1 is not required
for the toxin to pass into the cytosol (16, 17). PT S1 may
also be degraded in the cytosol (16). On the basis of these
observations and our recent work with the CT A1 polypeptide
(21), we hypothesized ER-translocating toxins such as PT
contain thermally unstable A subunits that are susceptible
to degradation by the 20S proteasome. The work presented
here provides direct experimental evidence that supports this
hypothesis and suggests a new model for toxin-ERAD
interactions.

The tertiary structure of PT S1 unfolds with aTm of
28.5 °C, and the secondary structure of PT S1 becomes
disordered with aTm of 31.0 °C. Thus, the isolated and
reduced PT S1 subunit is structurally unstable at physiologi-
cal temperature. PT S1 is also in a protease-sensitive state
at 37 °C. These observations stand in marked contrast to
the heat-stable and protease-resistant properties of both PT
and PT B, which only unfold at temperatures greater than
60 °C (3, 34). The structure of the PT holotoxin thus
maintains PT S1 in a stable conformation until the toxin is
exposed to an environment (i.e., the ER lumen) that allows
PT S1 to dissociate from PT B. A similar structural
relationship exists for the subunits of CT (44, 45) (K. Teter
et al., unpublished experiments), so the stabilizing effect of
A-B interactions on the heat-labile structure of the toxin A
moiety may be a general phenomenon for AB-type, ER-
translocating toxins. The proposed role of PT B as a scaffold
to stabilize the heat-labile structure of PT S1 complements
the apparent role of PT B as a targeting vehicle for delivery
of PT S1 to the ER (12, 16, 17).

Dissociation of PT S1 from PT B in the ER of an
intoxicated cell would apparently result in the spontaneous
unfolding of PT S1. This unfolding event, which is likely
required for passage through the Sec61p translocon, could
stimulate the ERAD-mediated translocation of PT S1 into
the cytosol. By this model, the unfolded conformation of
PT S1 at 37°C allows it to masquerade as a misfolded
protein. ERAD-mediated toxin translocation was originally
thought to depend upon a hydrophobic domain in the
C-terminal region of the toxin A chain (10), but neither CT
A1 nor PT S1 requires their C-terminal domains for passage
into the cytosol (16, 17, 21). Our structural studies provide
an alternative trigger for the ERAD mechanism that is based
upon the heat-labile state of the isolated toxin A chain. This
property results in chaperone-independent unfolding of PT
S1 at 37°C, although in vivo unfolding of the toxin A chain
may be initiated or aided by ER-localized chaperones and
oxidoreductases.

The translocated and cytosolic pool of PT S1 might be
stabilized by its association with NAD, the donor molecule
for the ADP ribosylation reaction that modifies the G protein
targets of PT. We could not obtain a thermal unfolding profile
for PT S1 in the presence of NAD because of the interfering
signal produced by NAD in CD measurements. Structural
measurements with fluorescence spectroscopy were also

FIGURE 5: Degradation of PT S1 by the 20S proteasome. (A)
Reduced PT S1 and the reduced CT A1-A2 heterodimer were
incubated at 37°C with the 20S proteasome. Toxin samples taken
at the indicated time points were visualized by SDS-PAGE and
Coomassie staining. (B) PT S1, PT, and PT B were incubated at
37 °C with the 20S proteasome under reducing conditions. Toxin
samples taken after incubation for 0 or 20 h were visualized by
SDS-PAGE and Coomassie staining.
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hampered by the quenching effect NAD has on PT S1
fluorescence (46, 47). However, a protease sensitivity assay
demonstrated the inhibitory effect of NAD on the temper-
ature-induced structural shift of PT S1 to a protease-sensitive
(i.e., unfolded) conformation. Although full-length PT S1
was still susceptible to thermolysin nicking in the presence
of NAD, the resulting S1 fragment (which represents the
catalytic core of PT S1) exhibited increased stability in the
presence of NAD. This result was consistent with the
reported ability of NAD to protect the enzymatic activity of
reduced PT S1 during incubations at 30°C (48). Collectively,
these observations provide an explanation for how PT S1
can regain an active conformation (via NAD binding) after
entering the cytosol in an unfolded state.

The cellular concentration of NAD is estimated to be 3
mM (49, 50). Up to 80% of cellular NAD is found in the
cytosol; the bulk of the remaining NAD is located in the
mitochondria (49). As the ER does not contain a substantial
pool of NAD, the thermal unfolding of PT S1 can occur at
this site without interference from NAD. Furthermore, the
cytosolic concentration of NAD is well above theKd of 25
µM for NAD with PT S1 (47). It is therefore feasible for
the cytosolic pool of NAD to readily interact with, and
stabilize, the translocated PT S1 subunit. The subcellular
distribution of NAD, which is absent from the ER and present
in the cytosol at millimolar levels, thus conforms to our
model of PT S1 translocation.

CT A1 and other toxins also use NAD as a donor molecule
for the ADP ribosylation of target substrates (1). However,
as assessed with our protease sensitivity assay, NAD did not
inhibit the thermal denaturation of CT A1. This indicated
that (i) NAD does not directly inhibit thermolysin activity
and (ii) the stabilizing effect of NAD on PT S1 is not a
common phenomenon for all ADP-ribosylating toxins. In the
case of CT, an interaction with ADP ribosylation factors is
likely to stabilize and/or renature the heat-labile CT A1
subunit (51).

CHAPS, a zwitterionic detergent that stimulates PT and
PT S1 activity in vitro (28, 35, 36), also affected the structural
state of PT S1. It did not, however, inhibit the thermal
denaturation of PT S1: nearly identical near- and far-UV
CD thermal unfolding profiles were obtained for PT S1
samples incubated in either the presence or absence of 0.5%
CHAPS (data not shown). Instead, CHAPS induced a
structural shift that stimulated the thermolysin-mediated
conversion of PT S1 to the S1 fragment. This structural shift
may enhance the enzymatic activity of PT S1, as CHAPS
provides a 2-fold stimulation of PT S1 NAD glycohydrolase
activity at 37°C and a greater level of stimulation at 30°C
(28, 35). Interestingly, the S1 fragment generated by exposure
to CHAPS and thermolysin was held in a protease-resistant
conformation when NAD was also present in the sample
buffer. This again emphasized the stabilizing effect of NAD
on the catalytic core of PT S1.

PT S1 may be degraded in the eukaryotic cytosol despite
the absence of lysine residues for ubiquitin attachment (16).
A ubiquitin-independent mechanism for toxin degradation
could involve processing by the core 20S proteasome, which
acts upon CT A1 and other unfolded or partially unfolded
proteins (37, 38). The unfolded, protease-sensitive state of
PT S1 at 37°C would therefore place it in the proper
conformation for degradation by the 20S proteasome. This

prediction was confirmed with an in vitro assay demonstrat-
ing the susceptibility of PT S1 to ubiquitin-independent
degradation by the core 20S proteasome. Thus, the heat-
labile nature of PT S1 could possibly influence both its
translocation into the cytosol and its degradation in the
cytosol.

The 20S proteasome degraded CT A1 more rapidly than
PT S1, even though CT A1 retains more of its native
structure at 37°C than PT S1. Thus, the efficiency of
substrate processing by the 20S proteasome is not always
directly proportional to the extent of substrate unfolding.
Additional factors such as substrate recognition/binding and
structural constraints on substrate passage into the central
pore of the proteasome are likely to affect the efficiency of
substrate processing by the 20S proteasome as well. The
differential processing of CT A1 and PT S1 by the 20S
proteasome suggests that these toxins could serve as useful
probes in future work aimed at dissecting the mechanics of
degradation by the core 20S proteasome.

The in vitro studies of this work have demonstrated that
the isolated and reduced PT S1 subunit is a thermally
unstable protein susceptible to degradation by the 20S
proteasome. This provides experimental evidence for a
revised model of toxin-ERAD interactions in which both
toxin translocation and toxin degradation are linked to an
inherent physical property (i.e., thermal instability) of the
toxin A moiety.
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