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Various bacterial protein toxins, including Clostridium difficile tox-
ins A (TcdA) and B (TcdB), attack intracellular target proteins of host
cells by glucosylation. After receptor binding and endocytosis, the
toxins are translocated into the cytosol, where they modify target
proteins (e.g., Rho proteins). Here we report that the activity of
translocated glucosylating toxins depends on the chaperonin
TRiC/CCT. The chaperonin subunits CCT4/5 directly interact with
the toxins and enhance the refolding and restoration of the gluco-
syltransferase activities of toxins after heat treatment. Knockdown
of CCT5 by siRNA and HSF1A, an inhibitor of TRiC/CCT, blocks the
cytotoxic effects of TcdA and TcdB. In contrast, HSP90, which is
involved in the translocation and uptake of ADP ribosylating toxins,
is not involved in uptake of the glucosylating toxins. We show that
the actions of numerous glycosylating toxins from various toxin
types and different species depend on TRiC/CCT. Our data indicate
that the TRiC/CCT chaperonin system is specifically involved in toxin
uptake and essential for the action of various glucosylating protein
toxins acting intracellularly on target proteins.
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Glycosylating protein toxins are major virulence factors of
various pathogenic bacteria, including Clostridia, Legionella,

Yersinia, Photorhabdus species, and Escherichia coli (1, 2). Pro-
totypical members of this toxin/effector family are toxins A
(TcdA) and B (TcdB) from Clostridium difficile. This pathogen is
the causative agent of antibiotic-associated diarrhea and pseu-
domembranous colitis (3–5) and has emerged as a major
healthcare threat in clinical settings (6). The clostridial gluco-
sylating toxins TcdA and TcdB play pivotal roles in C. difficile
infections (7). Related glucosylating toxins from Clostridium
sordellii and Clostridium novyi cause gas gangrene, necrotizing
fasciitis, and toxic shock syndrome (8, 9).
TcdA and TcdB have been in the focus of intensive research for

two decades. The two toxins are related multidomain proteins
with an N-terminal glucosyltransferase domain (10), followed by
an autoprotease domain (11) and a large middle part of the toxins,
which is crucial for toxin translocation into the cytosol (3, 12–15).
The C-terminal part of the toxins participates in binding to target
cells, involving possibly three cell membrane receptors: Frizzled
(16), poliovirus receptor-like 3 (PVRL3) (17), and chondroitin
sulfate proteoglycan 4 (18). After endocytosis of the toxin-
receptor complex, the toxins translocate from an acidic endo-
somal compartment into the cytosol, where the autoprotease do-
main is activated by inositol hexakisphosphate (11, 19) to release
the glucosyltransferase domain. TcdA and TcdB glucosylate and
inhibit small GTP-binding proteins of the Rho family, including
Rho, Rac, and Cdc42 proteins, which are master regulators of the
cytoskeleton and involved in numerous cellular processes (20, 21).
Up to date, the translocation of the glycosylating toxins into

the cytosol is the least understood process of the toxins’ actions.
Pore formation by TcdA and TcdB has been described (22, 23);

however, how the large toxins cross the endosomal membrane and
how the glucosyltransferase is reactivated in the cytosol remain
unknown. Moreover, the question of reactivation and refolding of
bacterial glycosyltransferases during and after translocation is
enigmatic for many toxins/effectors known. In this study, we found
that chaperonin TCP-1 ring complex (TRiC)/ chaperonin con-
taining TCP-1 (CCT) plays a pivotal role in toxin translocation
and/or refolding. TRiC/CCT is a molecular machine involved in
proper folding of a large number of newly synthesized eukaryotic
proteins (24, 25). Approximately 10% of cytosolic proteins appear
to interact with TRiC/CCT (25, 26). The chaperonin is essential
for the folding of many cytoskeleton proteins, including actin (27–
29) and tubulin (30, 31). We report that not only TcdA and TcdB,
but also numerous other glycosylating toxins, including toxins/
effectors from Clostridia and Photorhabdus species, depend on the
TRiC/CCT system. These findings provide insight into the actions
and properties of glycosylating toxins that are translocated into
the cytosol of host cells.

Results
TRiC/CCT Interacts with TcdB and Other Glycosyltransferase Toxins.
The initial aim of the study was to identify cytosolic interaction
partners of glycosylating toxins in host cells. To this end, we used
C. difficile toxin TcdB and Legionella pneumophila effector SetA,
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a glucosyltransferase that is translocated into eukaryotic cells by
the Dot/Icm type-IV secretion system (32–34). Glucosyltransferase
SetA modified ∼60- and ∼40-kDa proteins in Jurkat cell lysate in
the presence of UDP-[14C]glucose. Further studies focused on
the 60-kDa protein that was identified by 2D gel electrophoresis
and mass spectrometry as the T-complex protein 1e (CCT5) of
the chaperonin TRiC/CCT complex (SI Appendix, Fig. S1). Sub-
sequently, we observed that the glucosyltransferase domain of
TcdB (TcdBGT) also directly interacted with CCT5 in precipi-
tation experiments, although it did not glucosylate CCT subunits
(Fig. 1A). To analyze a direct interaction of TcdB with CCT in
more detail, we purified recombinant CCT4 and CCT5 and
performed binding studies using surface plasmon resonance
spectrometry. These studies revealed an affinity in the low mi-
cromolar range between TcdBGT and CCT4 or CCT5 (SI Ap-
pendix, Fig. S2 A–D). Moreover, a similar interaction with CCT5
was observed with the glucosyltransferase domains of C. sordellii
lethal toxin (TcsL) and C. novyi alpha toxin (TcnA) (Fig. 1A).
To study whether TRiC/CCT participates in the stabilization

or refolding of glucosylating toxins, we used CCT4/5, because it
has been reported that CCT4 and CCT5 can form biologically
active homo-oligomers (35). We pretreated TcdB at different
temperatures (37°, 42°, 48°, and 55 °C) for 15 min in the presence
of ATP. Then the reaction mixture was cooled to 30 °C in the
presence of CCT4/5, followed by toxin-catalyzed glucosylation of
GST-tagged RhoA or Rac1 (Fig. 1 B–D and SI Appendix, Fig. S3
B and C). We used a 1:1 mixture of CCT4 and CCT5, because
this combination was more effective than the single components
(SI Appendix, Fig. S3A). CCT4/5 largely restored the glucosyl-
transferase activity of TcdB in a concentration- and time-
dependent manner, while BSA and heat shock proteins HSP90
and HSP70 had no or only minimal effects (Fig. 1 B–D). A
similar restoration of enzyme activity after heat treatment was
observed with the glucosyltransferase domains of TcsL, TcnA,
and Photorhabdus asymbiotica toxin PaTox, which is a tyrosine-
modifying GlcNAc-transferase (SI Appendix, Fig. S3 D and E).

The function of TRiC/CCT depends on ATP binding and
hydrolysis (31). We tested the nucleotide dependence of the
restoration of TcdB activity by CCT4/5. While ATP largely en-
hanced the restoration after heat treatment in the presence of
CCT4/5, ADP had no effect (Fig. 1E). The addition of nucleo-
tides did not affect the glucosyltransferase activity under control
conditions (SI Appendix, Fig. S3F).
We next investigated whether other enzyme activities of bac-

terial toxins are protected and restored by CCT4/5. To this end,
we studied the binary ADP ribosylating toxin CDT from C. dif-
ficile and compared the effects of CCT4/5 with BSA on the
restoration of the enzyme activity after heat treatment. In con-
trast to TcdB, the ADP ribosylating toxin CDT was not protected
from heat inactivation by CCT4/5, indicating a specific effect of
the chaperonin on glycosylating toxins (SI Appendix, Fig. S4).

Effects of the TRiC/CCT Inhibitor HSF1A. We next studied whether
CCT4/5 plays a role in the intoxication of intact cells by TcdB. We
used HSF1A, which was recently identified as a specific inhibitor
of TRiC/CCT (36). TcdB (5 pM) induced almost complete
rounding up of HeLa cells after treatment for 90 min (Fig. 2 A and
B). HSF1A blocked the intoxication process in a concentration-
dependent manner. While initial effects were observed at 10 μM,
HSF1A at 50 μM completely blocked TcdB-induced cytotoxicity.
We also tested the in vivo glucosylation of Rac1 protein, which is
targeted by TcdB (Fig. 2C). Therefore, we used an anti-Rac1
antibody that recognizes only nonmodified Rac1 (37). Treatment
of HeLa cells with TcdB for 90 min resulted in nearly complete
glucosylation of Rac1, resulting in no detection by the anti-Rac1
antibody. In contrast, the addition of HSF1A increased staining by
the anti-Rac1 antibody, indicating inhibition of Rac1 glucosylation
in intact cells. A similar protection from TcdB was observed in
mouse embryonic fibroblasts (MEFs) (SI Appendix, Fig. S5 A–C).
To exclude the possibility that HSF1A has a direct effect on

the glucosyltransferase activity of TcdB, we performed an in vitro
glucosylation reaction with Rac1 as substrate (SI Appendix, Fig.

Fig. 1. CCT4/5 mediates recovery of TcdBGT activity after heat treatment. (A) Western blot analysis of CCT5 pulldown experiments from HeLa cells using GST-
TcdBGT

–, GST-TcsLGT–, and GST-TcnAGT
–coupled beads. GST-coupled beads served as control. Bound CCT5 was detected by Western blot analysis using anti-

CCT5 antibody. GST and GST-TcdBGT were detected by anti-GST antibody. (B) Heat-treated TcdBGT was incubated in the presence of CCT4/5 (100 nM), BSA
(100 nM), or HSP90 (100 nM) in a buffer containing 0.5 mM ATP for 1 h at 30 °C. Subsequently, recovery of TcdBGT activity was determined by glucosylation of GST-
RhoA using UDP-[14C]glucose. (C) Quantification of the recovery of TcdBGT by CCT4/5 shown in B. Error bars indicate ± SD (n = 3) (D) In vitro [14C]glucosylation
of GST-RhoA by heat-treated TcdBGT after the indicated recovery times in the presence of CCT4/5, BSA, HSP70, or HSP90. (E, Left) Autoradiograph and
Coomassie gel of the [14C]glucosylation of GST-RhoA by TcdBGT (200 nM) after heat treatment (48 °C, 15 min) of the toxin with ATP or ADP (0.5 mM each) in
the presence of CCT4/5 (200 nM). (E, Right) Quantification of four experiments. Values are average ± SD. Student’s t test was applied for statistical com-
parisons. ***P < 0.001.
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S6 A and B). This experiment showed that HSF1A did not affect
the glucosylation of Rho proteins per se. In addition, we used
HSF1A (50–100 μM) in the heat treatment experiment together
with TcdB and CCT4/5 (Fig. 2D). The inhibitor clearly blocked
the chaperone activity of CCT4/5 to restore the glucosyl-
transferase activity of heat-treated TcdB, indicating an in-
teraction with these subunits of TRiC/CCT. Similarly, as was
seen for TcdB, HSF1A inhibited the intoxication of HeLa cells
by TcdA and TcsL and prevented glucosylation of Rac in intact
cells (SI Appendix, Fig. S7 A–D).
Clostridial glucosylating toxins cause pore formation, which

might be involved in toxin translocation into the cytosol of target
cells (23). Therefore, the clostridial toxins release rubidium ions
from preloaded cells, when the pH of the cell culture medium is
reduced to pH <5 to mimic the low pH of endosomes. We studied
the effects of HSF1A on TcdB-induced 86Rb+ release in Chinese
hamster ovary (CHO) cells. The chaperonin inhibitor had no ef-
fect on rubidium release (SI Appendix, Fig. S8A), suggesting that
CCTs play no major role in toxin-induced pore formation. We
also tested the effects of HSF1A on the autoproteolytic cleavage
of TcdB, which occurs in the cytosol in the presence of inositol
hexakisphosphate as an activating cellular cofactor. Again,
HSF1A had no effect, indicating that TRiC/CCT did not interfere
in vitro with the autocleavage of TcdB (SI Appendix, Fig. S8B).
In intact cells, we studied whether HSF1A could interfere with

the cytotoxic effects of ADP ribosylating toxins. For these experi-
ments, Clostridium botulinum C2 toxin was used, because it enters
HeLa cells readily. Like other ADP ribosylating toxins, the uptake
of C2 toxin into host cells depends on the HSP90 system (38).
Therefore, we compared the effect of HSF1A on the cytotoxic

action of C2 toxin and of TcdB with that of radicicol, which is a
specific inhibitor of HSP90 (Fig. 3) (39). While HSF1A blocked the
cytotoxic effects of TcdB, radicicol had no effect. In contrast,
HSF1A was not able to protect cells from the effects of C2 toxin,
whereas radicicol reduced the cytotoxicity of C2 toxin. In line with
these findings, radicicol, but not HSF1A, prevented the ADP
ribosylation of actin during the intoxication of intact HeLa cells with
C2 toxin. This caused an enhanced signal after an additional C2
toxin-induced [32P]ADP ribosylation in the cell lysate (Fig. 3 C and
D). Because uptake of binary ADP ribosylating toxins (e.g., C2
toxin, CDT) depends on a preformed pore-forming toxin compo-
nent, we asked whether other ADP ribosylating toxins, which are
taken up differently, are affected by CCT. To this end, we employed
diphtheria toxin (40). Similarly, as found for the binary ADP ribo-
sylating toxins, CCT4/5 did not affect the cytotoxic effects of diph-
theria toxin, whereas radicicol was inhibitory (SI Appendix, Fig. S9).

Knockdown of CCT5 by siRNA. To confirm the crucial role of TRiC/
CCT in the action of TcdB, we used knockdown of CCT5 by
siRNA (Fig. 4). We used a transient transfection protocol with
Lipofectamine, which resulted in reduced expression of CCT5 by
60–90%, while nontargeting siRNA had no effect (Fig. 4 C and
D). As was seen with HSF1A, knockdown of CCT5 inhibited the
cytotoxic effects of TcdB. Moreover, the knockdown resulted in
strongly reduced glucosylation of Rac1 protein. In contrast, the
cytotoxic effects of C2 toxin were not affected by the knockdown
of CCT5 (Fig. 4 A and B). Accordingly, the second in vitro ADP
ribosylation of actin with [32P]NAD, carried out in the cytosol of
C2 toxin-pretreated cells, was not affected by the siRNA, al-
though CCT5 expression was strongly reduced (Fig. 4 D and E).

Fig. 2. HSF1A inhibits TcdB-mediated intoxication of HeLa cells. (A) HeLa cells were pretreated with the indicated concentrations of HSF1A or DMSO as control
for 1 h before intoxication with TcdB (5 pM). Pictures were taken after 90 min. (Scale bar: 100 μm.) (Insets) Magnifications of dotted areas. (B) Quantification of
HeLa cell intoxication with TcdB (5 pM) after 90 min with pretreatment of DMSO or HSF1A (100 μM). The percentage of rounded cells per picture (>500 cells) is
given as mean ± SD (n = 4). Student’s t test was applied for statistical comparison. ***P < 0.001. (C, Left) HeLa cells, pretreated for 1 h with DMSO (control) or
HSF1A (100 μM), were incubated with or without TcdB (5 pM) for 60 or 90 min. Cell lysates were analyzed by Western blot with the specific anti-Rac1 antibody
(MAB102), which does not recognize glucosylated Rac1. Anti-Rac1 (23A8) antibody served as input control. (C, Right) Quantification of three experiments. Values
are average ± SD. Student’s t test was applied for statistical comparison. n.s., not significant (P > 0.05); *P < 0.05; **P < 0.01. (D, Left) CCT4/5-mediated recovery
assay of heat-treated (48 °C) TcdBGT with the addition of DMSO or HSF1A (50 or 100 μM). Shown is the [14C]glucosylation of Rac1. (D, Right) Quantification of
four experiments. Values are average ± SD. Student’s t test was applied for statistical comparisons. ***P < 0.001.
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Discussion
Toxin uptake into the cytosol of target cells is one of the least un-
derstood processes of glycosylating toxins. According to current
models, these toxins form pores and must be unfolded for trans-
location into the cytosol of host cells, where they refold to restore
their activity (23, 41, 42). Our findings indicate that the TRiC/CCT
chaperonin system plays a major role in this process and likely is
essentially involved in the refolding processes, occurring sub-
sequently or concomitantly with toxin translocation. Several findings
support our conclusion. First, CCT4/5 subunits of the TRiC/CCT
chaperonin complex interact directly with TcdB and with various
other glycosylating toxins. This interaction occurs with low micro-
molar affinity, similar to that reported for the interactions of TRiC/
CCT with actin and tubulin (43). Second, CCT4 and CCT5 effi-
ciently restore the activities of glycosyltransferase toxins after heat
treatment. This effect is ATP-dependent, a finding in favor of
specific interaction and function (44). Notably, CCT4/5 also restores
the enzyme activity of PaTox, a toxin from P. asymbiotica that is

distantly related to clostridial glucosylating toxins and modifies Rho
proteins by attachment of N-acetylglucosamine at tyrosine residues
(45). Third, using the TRiC/CCT-inhibitor HSF1A (36), we show
that the chaperonin system plays a pivotal role in the uptake and
intoxication process of TcdB in intact cells. HSF1A largely prevents
the TcdB-induced rounding up of cells. Similarly, HSF1A blocks the
cytotoxic effects of TcdA and TcsL. Finally, knockdown of CCT5 by
a specific siRNA, which reduces the protein levels by 60–90%,
significantly inhibits the cytotoxic effects of TcdB.
We suggest that the inhibition of the cytotoxicity of glycosylat-

ing toxins caused by CCT5 knockdown or the TRiC/CCT inhibitor
HSF1A is the consequence of blockade of the reestablishment of
the toxins’ activity after the translocation process. In line with this
is the finding that the TRiC/CCT inhibitor prevents the toxin-
induced glucosylation of Rac1 in intact cells. HSF1A does not
affect the toxin-catalyzed glucosylation of Rho proteins in vitro,
indicating that the effects in intact cells are not due to direct in-
hibition of TcdB or TcdA.
The cytotoxicity of various ADP ribosylating toxins like CDT, C2

toxin, and diphtheria toxin is not affected by HSF1A or CCT5
knockdown (e.g., C2 toxin). Thus, TRiC/CCT likely is not involved
in the uptake of ADP ribosylating toxins. Accordingly, CCT4/5 does
not enhance the recovery of the ADP ribosyltransferase activity of
CDT after heat treatment of the toxin. We and others have pre-
viously shown that HSP90 is involved in the uptake process of CDT
and of other ADP ribosylating toxins, including C2 toxin, Clostridium
perfringens iota toxin, and diphtheria toxin (38, 46, 47). Along with
HSP90, peptidyl-prolyl-cis-trans-isomerases (PPIases) of the cyclo-
philin and FKBP families participate in these effects (47, 48). Notably,
these chaperones do not facilitate the uptake of glucosyltransferase
toxins (38), which we studied in the present investigation.
Thus, the uptake of the different types of toxins is facilitated
by different chaperone systems that strictly differentiate between
ADP ribosyltransferases and glucosyltransferases. While ADP
ribosylating toxins depend on HSP90 and PPIases of the cyclophilin
and FKBP families, glycosylating toxins require TRiC/CCT. In line
with this hypothesis is our finding that HSP90 is not able to restore
the glucosyltransferase activity of TcdB after heat treatment.
The precise functions of TRiC/CCT in the uptake of glucosy-

lating toxins are not clear. Several viral proteins require TRiC/CCT
for proper function (49–51). It has been suggested that the gluco-
sylating toxins are unfolded during the translocation process across
the membrane of the acid endosomal compartments (3, 23, 41).
Thus, the toxins may occur in the cytosol as a linear chain, similar to
how they are synthesized at ribosomes. Here the chaperones may
come into play to facilitate toxin folding. Whether the support of
refolding of toxin domains and subdomains in the cytosol can affect
the dynamics and directionality of toxin translocation in a manner
characterized as entropic pulling remains to be studied (52). The
clostridial toxins TcdA and TcdB are multidomain proteins. It has
been shown that TRiC/CCT is able to fold multidomain proteins by
partial encapsulation (53). This also may be the case with the large
multidomain toxins. However, CCT4/5 also interacted with the
apparently folded glucosyltransferase domains in vitro and were
precipitated in pull-down experiments. Although the structural
determinants of this interaction remain elusive, because all studied
glucosylating toxins belong to the same GT-A type family of glu-
cosyltransferases (2), which share a similar folding, and all ADP
ribosylating toxins exhibit a similar 3D structure, which largely
differs from that of GT-A type glycosyltransferases, we speculate
that structural differences, including folding intermediates, and
folding dynamics are involved in chaperone recognition (54).
It is accepted that at least the glucosyltransferase and the pro-

tease domain are translocated into the cytosol, where the protease
domain is activated by inositol hexakisphosphate, releasing the
glucosyltransferase domain (11, 19, 55). The chaperonin inhibitor
HSF1A has no effect on the protease activity of TcdB in vitro;
however, we cannot exclude the possibility that TRiC/CCT5 plays

Fig. 3. HSF1A does not inhibit C. botulinum C2-mediated intoxication of
HeLa cells. (A) HeLa cells were pretreated with 50 μM HSF1A or with 50 μM of
the HSP90 inhibitor radicicol (Rad) for 1 h at 37 °C before intoxication. DMSO
served as control. The cells were intoxicated with TcdB (5 pM) or C2 toxin
(50 ng/mL C2I plus 100 ng/mL C2IIa). Pictures were taken after 100 min. (Scale
bar: 100 μm.) (Insets) Magnifications of dotted areas. (B) The percentage of
rounded cells per picture (>200 cells) is given as mean ± SD (n = 8). Student’s
t test was applied for statistical comparison. ***P < 0.001; n.s., not significant
(P > 0.05). (C) Autoradiograph andWestern blot analysis of lysates of C2 toxin-
intoxicated cells, treated with additional C2I (40 nM) and radiolabeled
[32P]NAD (1 mM) after 100 min of intoxication. (D) Quantification of the au-
toradiograph shown in C. Values are average ± SD (n = 3). Student’s t test was
applied for statistical comparison. **P < 0.01; n.s., not significant (P > 0.05).
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a role in the refolding of the autoprotease domain of the clostridial
glucosylating toxins. It was recently reported that TRiC/CCT is
involved in the action of anthrax toxin (56). These studies focused
on the lethal toxin (LFN) of the tripartite anthrax toxin, which is a
zinc-dependent metalloprotease. The binding and translocation
component of anthrax toxin is the protective antigen PA, which
exhibits significant sequence similarity with the binding and
translocation components of the binary toxins CDT and C2 toxin.
Our finding that the uptake of ADP ribosylating toxins CDT and
C2 toxin is not affected by HSF1A or knockdown of CCT5 is in
line with the view that the refolding process, but not pore for-
mation, is affected by the chaperonin.
In summary, here we have identified TRiC/CCT as an essential

helper system for the uptake action of TcdA and TcdB. Moreover,
we present evidence that the uptake and refolding of other gly-
cosylating protein toxins depend on this chaperone system.
Whether a cytosolic system and if so, which one, is involved in the
uptake of these types of toxins has remained elusive. Our findings
provide insight into the cellular uptake and action of an ever-
growing group of important bacterial toxins and effectors.

Materials and Methods
Additional information on materials, cloning and recombinant protein ex-
pression, 2D gel electrophoresis, mass spectrometry, surface plasmon reso-
nance spectrometry, the 86Rb+ release assay, and the TcdB autoproteolytic
cleavage assay are provided in the SI Appendix.

Antibodies. The following antibodies were used in the experiments: anti-
TCP1e (CCT5, dilution 1:10,000; Abcam), anti-GST (1:2,000; GE Healthcare),
anti-Rac1non-Glc (clone 102, dilution 1:5,000; BD Biosciences), anti-Rac1total
(clone 23A8, dilution 1:2,500; Merck Millipore), HRP-linked anti-mouse
(Merck Millipore), HRP-conjugated anti-rabbit (New England BioLabs), and
anti-actin (clone 2G2, dilution 1:3,000; Hypermol).

Cell Culture. HeLa cells (human cervix epithelioid carcinoma cells), MEF cells, and
Jurkat cells (humanT lymphocytes)were cultured inDMEM,andCHO-K1 cellswere
cultured in Ham’s F-12 medium. Complete medium was supplemented with 10%
FCS, 1% nonessential amino acids, 4 mM penicillin, 4 mM streptomycin, and 1%
sodium pyruvate (Biochrom). Cells were cultivated in a humidified atmosphere of
5% CO2 at 37 °C. For intoxication, cells were starved in DMEM or Ham’s F-12
medium without supplements. DMSO, HSF1A, or radicicol was added to the
medium 1 h before intoxication. For SDS/PAGE and Western blot analysis, cells
were lysed with 1× RIPA buffer (20 mM Tris·HCl pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 1% Nonidet P-40, 1% sodium deoxycholate, 2.5 mM sodium
pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 μg/mL leupeptin,
and cOmplete protease inhibitor). For autoradiography, cells were lysed in 50mM
Tris·HCl pH 7.4, 100 mM NaCl, 2 mM MgCl2, and cOmplete protease inhibitor.

Intoxication of Cells after CCT5 Knockdown with siRNA. HeLa cells were
transfected with Silencer Select predesigned siRNA (Life Technologies) tar-
geting CCT5 (sense: 5′-CAAAUGGGCUUGAUAAGAUtt-3′; antisense: 5′-AUCU-
UAUCAAGCCCAUUUgt-3′) or Silencer Select Negative control #1 siRNA using
Lipofectamine 2000 transfection reagent (Life Technologies) according to the
manufacturer’s instructions. After a 24-h incubation at 37 °C, cells were
treated with 1 pM TcdB for 90 and 150 min or with C. botulinum C2 toxin
(50 ng/mL C2I plus 100 ng/mL C2IIa) for 70 and 100 min before analysis via
microscopy, Western blot, or autoradiography.

Microscopy and Image Acquisition. Microscopic pictures were acquired with a
Zeiss Axiovert 25 CFL microscope with an Axiocam HRC high-resolution
camera driven by AxioVision release 4.9 software. Cells were counted us-
ing the ImageJ Fiji cell counter plugin (51).

Recovery Reaction. Recombinant bacterial glycosyltransferases and ADP
ribosyltransferase CDT-A (100 nM, if not specified otherwise) were heat-
treated for 15 min at different temperatures (37, 42, 48, and 55 °C). Then
CCT protein, BSA, or HSP70/90 was added together with 0.5 mM ATP (or
other nucleotides) to induce CCT-mediated restoration of enzyme activity.
Unless noted otherwise, recovery incubation conditions were 1 h at 30 °C.
After recovery, glycosylation or an ADP ribosylation reaction was performed.

Fig. 4. Knockdown of CCT5 via siRNA inhibits intoxication by TcdB but not by C2 toxin. (A) siRNA (NT, nontargeting siRNA; CCT5 siRNA)-treated HeLa cells were
intoxicated with TcdB (1 pM) or C2 toxin (50 ng/mL C2I plus 100 ng/mL C2IIa). Pictures were taken after 150 min for TcdB and after 100 min for C2-intoxicated cells.
(Scale bar: 100 μm.) (Insets) Magnifications of dotted areas. (B) Percentage of rounded cells per picture (>400 cells) is given as mean ± SD (n = 8). Student’s t test
was applied for statistical comparisons. ***P < 0.001; n.s., not significant (P > 0.05). (C) Cell lysates of TcdB-treated HeLa cells were analyzed after the indicated
incubation times (90 and 150 min) by Western blot with the specific anti-Rac1 antibody (MAB102), which does not recognize glucosylated Rac1. Anti-Rac1 (23A8)
antibody served as input control, and anti-CCT5 antibody was used to confirm CCT5 knockdown. (D) Modification of C2 toxin-intoxicated cells was analyzed via
ADP ribosylation of actin in cell lysates with additional C2I (40 nM) and radiolabeled [32P]NAD (1 mM) after intoxication of intact cells for the indicated times.
Shown is an autoradiograph of SDS/PAGE and a Western blot of the cell lysates with anti-CCT5 antibody to confirm CCT5 knockdown. (E) Quantification of the
autoradiograph of the [32P]ADP ribosylation of actin shown in D (n = 3). Student’s t test was applied for statistical comparison. n.s., not significant (P > 0.05).
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Glycosylation Reaction. Nontreated TcdBGT or PaToxG or recovery reaction
mixtures were incubated with 10 μM UDP-[14C]glucose or UDP-[14C]N-
acetylglucosamine in a buffer containing 50 mM Hepes pH 7.4, 2 mM
MgCl2, 1 mM MnCl2, and 1 M KCl for 30 min at 30 °C in the presence of
recombinant Rac1, GST-RhoA, or cell lysates. The total volume was 20 μL.
Proteins were analyzed via SDS/PAGE and phosphorimaging.

ADP-Ribosylation Reaction. The CDT-A containing recovery reactions were
incubated together with 1 mM [32P]NAD (3.5 μCi) and 1.2 μM rabbit α-actin
(Cytoskeleton) for 10 min at 30 °C in ADP ribosylation buffer containing
20 mM Tris·HCl pH 7.4, 1 mM EDTA, and 5 mM MgCl2. The total reaction
volume was 20 μL. Proteins were analyzed via SDS/PAGE and phosphor-
imaging. Cell lysates of C2 toxin-intoxicated cells were treated with addi-
tional recombinant C2I (40 nM) and radiolabeled [32P]NAD (1 mM, 3.5 μCi) in
ADP ribosylation buffer in a total reaction volume of 25 μL for 20 min at
30 °C, followed by SDS/PAGE and phosphorimaging.

Effector Pulldown Assay. GST-TcdBGT and GST were expressed in E. coli TG1
and purified by affinity chromatography with glutathione-Sepharose beads.
HeLa cells were lysed in ice-cold buffer A (50 mM Tris·HCl pH 7.4, 100 mM
NaCl, 2 mM MgCl2, and cOmplete protease inhibitor) and cellular debris was
removed by centrifugation (3 min at 17,000 × g). The lysate was incubated for
30 min at 4 °C together with GST-TcdBGT or GST immobilized on glutathione-
Sepharose beads. The suspensions were washed three times on Pierce Micro
Spin Columns (Thermo Fisher Scientific) with ice-cold buffer B (50 mM Tris·HCl
pH 7.4, 100 mM NaCl, 2 mM MgCl2, 1% Nonidet P-40, and 10% glycerol). The
proteins were eluted from the beads with buffer C (50 mM Tris·HCl pH 8.0,
100 mM NaCl, and 10 mM reduced glutathione) and finally subjected to SDS/
PAGE and transferred onto a PVDF membrane (Carl Roth).
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