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Abstract

 

Clostridium difficile 

 

toxins A and B together are responsible

for the symptoms of pseudomembranous colitis. Both toxins

intoxicate cultured cells by the same mechanism but they

differ in cytotoxic potency, toxin B being generally 1,000 times

more potent than toxin A. Don and T84 cells were used to

determine differences in the intoxication process exerted by

both toxins. Three main differences were identified: (

 

a

 

) the

specific binding of radiolabeled toxins to the cell surfaces

correlated with the cytotoxic potency, (

 

b

 

) toxin B was found

to have a 100-fold higher enzymatic activity than toxin A,

and (

 

c

 

) toxin A was found to modify an additional substrate,

Rap. The relative contribution of (

 

a

 

) and (

 

b

 

) to the differ-

ence in cytotoxic potency was determined by microinjection

of the toxins. The differing enzymatic activities turned out

to be the main determinant of the difference in cytotoxic po-

tency, whereas the difference in binding contributes to a

lesser degree. These findings are discussed in the context of

the pathophysiological role of the toxins. (

 

J. Clin. Invest.

 

1997. 100:1734–1741.) Key words: glucosyltransferase

 

 

 

• 
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• 
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• 
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Introduction

 

Clostridium difficile

 

 produces two toxins, A and B (TcdA,
TcdB),

 

1

 

 which together are responsible for the symptoms in
pseudomembranous colitis induced by this bacterium. TcdA
and TcdB share molecular characteristics reflected by a high
homology of their sequences (63% at the amino acid level)
and their similar sizes (308 kD for TcdA and 269 for TcdB) (1).
The molecules are structurally organized in a similar way, with
at least three recognizable domains: (

 

a

 

) the amino-terminal

third, which contains the active site (2), (

 

b

 

) the carboxy-termi-
nal domain, which contains repeating units responsible for
binding the toxin to receptors on the cell surface (3, 4), and (

 

c

 

)
a hydrophobic domain thought to be important for the translo-
cation process (1). This molecular organization appears com-
mon for several so-called large clostridial cytotoxins (1), such
as the 

 

Clostridium sordellii

 

 lethal toxin (TcsL), which crossre-
acts immunologically with TcdB (5).

The molecular mode of action of the 

 

C. difficile

 

 toxins has
been clarified recently. Both toxins were identified as uridine
diphosphoglucose (UDP-Glc) hydrolases and glucosyltrans-
ferases (6, 7). In toxin-treated cells, a glucose moiety is liber-
ated from UDP-Glc and attached covalently to a conserved
amino acid in the cellular target molecules. For both toxins,
these targets were reported to be the small GTP-binding pro-
teins Rho, Rac, and Cdc42 within the Rho subfamily of Ras-
related GTPases (6–8). Upon glucosylation, the GTPases are
inactivated. This leads to a collapse of the actin cytoskeleton (9)
with a characteristic actinomorphic cytopathic effect (CPE) and
cell death as consequences. Thus, both TcdA and TcdB act in-
tracellularly as cytotoxins, consistent with our previous reports
on their internalization by endocytosis after binding to the cell
surface (10, 11). The trisaccharide Gal

 

a

 

3Gal

 

b

 

4GlcNAc

 

b

 

 ap-
pears to be the minimum receptor structure required for bind-
ing TcdA (12), whereas no receptor structure for TcdB has yet
been identified.

TcdA and TcdB differ significantly with respect to entero-
toxicity and cytotoxic potency. TcdA, when administered in-
tragastrically, causes hemorrhagic fluid secretion, mucosal in-
flammation, necrosis of the intestinal tissue, and death of the
animal (13). In contrast, TcdB, given intragastrically, has no ef-
fect on the intestine (13). Thus, TcdA is traditionally defined
as the enterotoxin, but like TcdB it is also cytotoxic to cultured
cells according to the basic mode of action described above.
However, the two toxins exhibit a remarkable difference in cy-
totoxic potencies, TcdB being generally 500–1,000 times more
potent than TcdA (1, 8, 14). Some studies have suggested that
this difference in cytotoxic potency could depend on the den-
sity of toxin-specific receptors on the surface of cells. For in-
stance, teratocarcinoma cell lines which abundantly express
the TcdA-binding carbohydrate were reported to be unusually
sensitive to the cytotoxicity caused by this toxin (15). How-
ever, these teratocarcinoma cells were still more sensitive to
TcdB than to TcdA, and the cell surface binding of the toxins
was not studied.

In conclusion, although TcdA and TcdB have the same mo-
lecular mode of action, they differ considerably with respect to
biological actions, and the reason(s) for this is not clear. The
purpose of this work was to clarify why TcdA and TcdB differ
with respect to cytotoxic potencies. The interactions of both
toxins with cells, in terms of surface binding and internaliza-
tion, enzymatic activity, and ensuing CPE were investigated,
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1. 

 

Abbreviations used in this paper:

 

 CPE, cytopathic effect; Don, dip-
loid Chinese hamster lung; TCD, tissue culture dose; TcdA, 

 

Clostrid-

ium difficile

 

 toxin A; TcdB, 

 

Clostridium difficile

 

 toxin B; UDP-Glc,
uridine diphosphoglucose.
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and a 100-fold difference in enzymatic activity was found to be
the main determinant of the differing cytotoxic potencies. 

 

Methods

 

Materials.

 

TcdA, TcdB, and TcsL were purified as described earlier
(16, 17). UDP-[

 

14

 

C]Glc (specific activity 318 mCi/mmol) was obtained
from DuPont-NEN (Dreieich, Germany). 

 

N

 

-succinimidyl[2,3-

 

3

 

H]pro-
pionate (specific activity 96 Ci/mmol) and 

 

N

 

-succinimidyl 3-(4-hy-
droxy,5-[

 

125

 

I] 

 

iodophenyl

 

) propionate (specific activity 2,000 Ci/mmol)
were obtained from Amersham Life Science (Buckinghamshire, UK).
Goat antisera to TcdA and TcdB were a generous gift from Dr. D.M.
Lyerly, Virginia Polytechnic Institute, Blacksburg, VA. Recombinant
proteins Rho, Rac, Cdc42, and Rap were kindly provided by Dr. P.
Boquet, INSERM, Nice, France. All other reagents were of analytical
grade and obtained from local commercial sources. 

 

Protein determination.

 

Protein concentration in toxin prepara-
tions and in cell lysates was determined using a protein assay kit (Bio-
Rad Laboratories, Hercules, CA) according to the manufacturer’s in-
structions. BSA was used as standard. SDS-PAGE analysis of toxin
preparations showed one single band of the expected size.

 

Cell culture and preparation of lysates.

 

Diploid Chinese hamster
lung fibroblasts (Don cells, CCL-16; American Type Culture Collec-
tion, Rockville, MD) were cultivated in Eagle’s MEM supplemented
with 10% FBS, 5 mM 

 

L

 

-glutamine, penicillin (100 U/ml), and strepto-
mycin (100 

 

m

 

g/ml) (GIBCO BRL, Gaithersburg, MD). Human colon
carcinoma T84 cells (CCL-248; American Type Culture Collection)
were cultivated in a 1:1 mixture of Ham’s F12 medium and DME sup-
plemented with 5% FBS plus 

 

L

 

-glutamine and antibiotics as above.
Both cell lines were incubated at 37

 

8

 

C in a humid atmosphere con-
taining 5% CO

 

2

 

. Toxin titrations were performed using cells culti-
vated to 90% confluency in 96-well plates. The initial concentration
tested was 5 

 

m

 

g/ml, and subsequent 1/10 dilutions were made. Cyto-
toxicity was scored microscopically, and the results were expressed as
the percentage of affected cells.

Cell lysates were prepared as described previously (18). Briefly,
confluent cells grown in 75-cm

 

2

 

 flasks were rinsed, mechanically re-
moved, and washed twice with ice-cold HBSS. Cell pellets were re-
suspended in 200 

 

m

 

l lysis buffer (50 mM triethanolamine, 150 mM
KCl, 2 mM MgCl

 

2

 

, 0.5 mM GDP, 1 mM DTT, 0.1 mM PMSF, 10 

 

m

 

g/
ml leupeptin, pH 7.8) and sonicated five times for 5 s. After centrifu-
gation (14,000 

 

g

 

, 3 min), the supernatant was used as postnuclear cell
lysate.

 

UDP-Glc hydrolase activity.

 

Toxins (100 

 

m

 

g/ml in lysis buffer)
were incubated with UDP-[

 

14

 

C]Glc (60 

 

m

 

M) at 37

 

8

 

C for the indicated
times. The reaction was terminated by heating the samples at 95

 

8

 

C for
3 min. Uncleaved UDP-[

 

14

 

C]Glc was separated from hydrolysis prod-
ucts by adsorption onto activated charcoal (19) (20 mg/ml in PBS). The
activated charcoal was washed with PBS, the adsorbed UDP-[

 

14

 

C]Glc
was eluted with 50 

 

m

 

l 10% acetic acid, and radioactivity was deter-
mined by scintillation counting in 5 ml of OptiPhase (EG&G Wallac,
Milton Keynes, UK).

 

Glucosyltransferase activity.

 

5 

 

m

 

l UDP-[

 

14

 

C]Glc dissolved in etha-
nol was dried under vacuum, and 10 

 

m

 

l cell lysate (5 mg protein/ml)
or recombinant Rho, Rac, Cdc42, or Rap1 or -2 (1–3 

 

m

 

g) were added.
The final UDP-[

 

14

 

C]Glc concentration was 30 

 

m

 

M. These mixtures
were incubated with TcdA or TcdB at the indicated concentrations
for 1 h at 37

 

8

 

C. The reaction was terminated by heating at 95

 

8

 

C in
sample buffer (20). Proteins were separated by 12.5% SDS-PAGE.
Radiolabeled bands were detected by PhosphorImager analysis (Mo-
lecular Dynamics, Sunnyvale, CA). The intensity of the bands was
calculated using ImageQuant software (Molecular Dynamics). With cell
lysates, the result was expressed as percentage of the labeling ob-
tained with TcdB (50 

 

m

 

g/ml). With recombinant proteins, the result was
expressed as percentage of the labeling obtained with either TcdB
(500 

 

m

 

g/ml) or TcsL (500 

 

m

 

g/ml) as indicated.

 

Microinjection experiments.

 

Don cells were cultivated on 13-mm

slides for 48 h. Toxin-specific antiserum (1/100) was added to the me-
dium to neutralize any toxin molecules leaking from the injection nee-
dle. Semiconfluent cells were microinjected (using an Eppendorf mi-
croinjector) with the indicated concentration of either TcdA or TcdB
diluted in PBS containing 2% fluorescein dextran (to localize micro-
injected cells). After microinjection, cells were incubated for 2 h at
37

 

8

 

C, washed with PBS, and fixed with 3.7% paraformaldehyde. Mi-
croinjected cells were localized by fluorescence microscopy, and CPE
was determined by phase contrast microscopy. Three different fields
were analyzed per experiment, and the fraction of affected cells was
expressed as percentage of microinjected (fluorescent) cells.

 

Radiolabeling of TcdA and TcdB.

 

50 

 

m

 

l of 

 

N

 

-succinimidyl [2,3-

 

3

 

H]propionate dissolved in toluene or 

 

N

 

-succinimidyl 3-(4-hydroxy,5-
[

 

125

 

I] 

 

iodophenyl

 

) propionate dissolved in dry benzene was dried un-
der a nitrogen stream, and TcdA or TcdB (45 

 

m

 

g for 

 

3

 

H-labeling and
20 

 

m

 

g for 

 

125

 

I-labeling) dissolved in 50 

 

m

 

l 0.1 M borate, pH 8.5, was
added. The mixture was incubated 18 h for Hydrogen-3 labeling and 2 h
for Iodine-125 labeling at 0

 

8

 

C. The reaction was terminated by addition
of 0.2 M glycine in 0.1 M borate and 0.05 M sodium phosphate, pH
7.5. The labeled toxin was dialyzed against 0.05 M sodium phosphate
to remove the nonbound reagent. After labeling with either reagent,
both toxins retained 

 

.

 

95% activity as assessed by cytotoxicity titra-
tions.

 

Binding and internalization of 

 

3

 

H-TcdA and 

 

3

 

H-TcdB.

 

For inter-
nalization studies, 

 

3

 

H-TcdA or 

 

3

 

H-TcdB (1 

 

m

 

g/ml) was added to con-
fluent Don or T84 cells grown in 24-well plates. After 2 h incubation
at 37

 

8

 

C, cells were washed three times with PBS and lysed with 200 

 

m

 

l
1% Nonidet P-40. Radioactivity was measured by liquid scintillation
counting. Cell surface binding was determined by adding ice-cold

 

3

 

H-labeled toxins (1 

 

m

 

g/ml) to precooled (15 min at 4

 

8

 

C) Don or T84
cells grown in 24-well plates. After 2 h incubation at 4

 

8

 

C, cells were
washed three times with PBS, lysed with 200 

 

m

 

l 1% Nonidet P-40, and
radioactivity was measured by liquid scintillation counting.

 

Specific binding of 

 

125

 

I-TcdA and 

 

125

 

I-TcdB.

 

Specific binding and
saturation were determined following the classical procedure de-
scribed by Middlebrook (21). Total binding was determined by addi-
tion of ice-cold 

 

125

 

I-TcdA or 

 

125

 

I-TcdB at the indicated concentrations
to precooled (15 min at 4

 

8

 

C) Don or T84 cells grown in 96-well plates.
After 2 h incubation at 4

 

8

 

C, cells were washed three times with PBS,
lysed with 50 

 

m

 

l 1% Nonidet P-40, and radioactivity was counted in
an automatic gamma counter. Nonspecific binding was determined
following the same protocol but in the presence of a 100-fold excess
of nonlabeled toxin. Specific binding was calculated by substraction
of nonspecific binding from total binding. No crossreactivity was de-
tected between TcdA and TcdB (i.e., 

 

125

 

I-TcdB binding was not inhib-
ited by a 100-fold excess of unlabeled TcdA, and vice versa).

 

Immunodetection of Rho.

 

Don and T84 cell lysates (45 

 

m

 

g) were
electrophoresed in 12.5% SDS-polyacrylamide gels, and proteins
were electroblotted onto nitrocellulose filters. After blocking for 1 h
with 2% BSA in PBS, the filters were probed with 1/100-fold dilution
of anti-RhoA antibodies (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA). Bound antibodies were detected with a chemilumines-
cence Western blotting kit (Boehringer Mannheim, Mannheim, Ger-
many) according to the manufacturer’s instructions.

 

Results

 

Cytotoxic potencies of TcdA and TcdB on Don and T84 cells.

 

When TcdA and TcdB were titrated on Don cells, TcdB was
1,000-fold more cytotoxic than TcdA (Fig. 1 

 

A

 

). In contrast, on
the T84 cells, TcdA turned out to be a 10-fold more potent cy-
totoxin than TcdB (Fig. 1 

 

B

 

). This difference was due to a 10-
fold higher sensitivity of T84 cells to TcdA combined with a
1,000-fold lower sensitivity of T84 cells to TcdB compared with
Don cells (Fig. 1). The same differences were observed after
different time periods from 2 to 24 h (Table I and Fig. 1).

 

TcdB is enzymatically more active than TcdA.

 

The UDP-
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Glc hydrolase activity of the toxins was determined as a first
parameter of enzymatic potency. TcdB was more efficient in hy-
drolyzing UDP-[

 

14

 

C]Glc than TcdA (Fig. 2). The specific hy-
drolytic activities for TcdA and TcdB were 188 and 1,220 pmol
UDP-Glc·min

 

2

 

1

 

·mg toxin

 

2

 

1

 

, respectively. After 6 h, TcdA (100

 

m

 

g/ml) had hydrolyzed only 11% of the available UDP-[

 

14

 

C]Glc,
whereas TcdB at the same concentration had hydrolyzed 73%.
Thus, TcdB was clearly more efficient in hydrolyzing UDP-Glc

in vitro in the absence of GTPase target. Similar results were
obtained at different concentrations of UDP-[

 

14

 

C]Glc (data
not shown).

To determine if the difference in hydrolysis of UDP-Glc is
reflected in the ability to glucosylate cell substrates, lysates were
incubated with different concentrations of the toxins in the
presence of UDP-[

 

14

 

C]Glc. TcdB was found to be 100 times
more potent than TcdA in modifying the substrates in lysates
of both Don (Fig. 3, 

 

A

 

 and 

 

B

 

) and T84 cells (data not shown).
The half-maximal modification of substrates in cell lysates oc-
curred with a concentration of 1.5 

 

m

 

g/ml TcdB, whereas a
TcdA concentration of 150 

 

m

 

g/ml was required to achieve the
same degree of modification (Fig. 3 

 

B

 

). To determine if the dif-
ference in the ability to modify cell substrates was specific for
one or more substrates, recombinant Rho, Rac, and Cdc42
were incubated with the toxins (100 

 

m

 

g/ml) in the presence of
UDP-[

 

14

 

C]Glc. The signal detected in the three substrates glu-
cosylated by TcdA was only 

 

z

 

 5% of the signal measured in
the TcdB-modified substrates (Fig. 4). Thus, TcdA had a lower
enzymatic activity also as a glucosyltransferase, and this was
not specific for any of the substrates but rather appeared to be
a general characteristic of the toxin.

 

Comparison of lysates from T84 and Don cells.

 

T84 cells
were more sensitive to TcdA than to TcdB (Fig. 1 

 

B

 

). How-
ever, TcdB was still much more potent as glucosyltransferase
than TcdA in T84 cell lysates (compare the controls in Fig. 5,
lanes 

 

1

 

 and 

 

3

 

). The possibilities were explored that T84 cells
could either (

 

a

 

) contain another cofactor than UDP-Glc which
might be used more efficiently by TcdA or (b) have a special
profile of small GTPases. To explore (a), T84 cell lysates were
treated with TcdA (100 mg/ml) for 1 h at 378C, followed by ad-
dition of TcdB (5 mg/ml) and UDP-[14C]Glc and incubation at
378C for another hour. The glucosylation of GTPases with
TcdB was decreased only slightly in lysates pretreated with
TcdA compared with untreated control lysates (data not shown).
This experiment showed that the target amino acid (Thr-35 in

Figure 1. Titration of TcdA and TcdB on Don fibroblasts and T84 
cells. Semiconfluent Don fibroblasts (A) or T84 cells (B) growing in 
96-well plates were exposed to TcdA (open circles) or TcdB (filled 

circles) at the indicated concentrations. After 24 h, the percentage of 
affected cells was scored microscopically.

Table I. TCD25 for TcdA and TcdB Applied by Different 
Routes to Don and T84 Cells

Don cells T84 cells

Extracellular Microinjected* Extracellular

ng/ml ng/ml ng/ml

TcdA 790 500 100
TcdB 0.3 5 790

TCD causing 25% CPE after 2 h incubation with toxin at 37°C.
*Concentration calculated assuming 1/100 dilution of the microinjected
material into the cell.

Figure 2. UDP-Glc hydrolase activity of TcdA and TcdB. UDP-
[14C]Glc (60 mM) was exposed to 100 mg/ml TcdA (open circles) or 
TcdB (filled circles) at 378C for the indicated times. After incubation, 
the reaction was stopped by heating at 958C, and the uncleaved UDP-
[14C]Glc was separated from the hydrolysis products by adsorption on 
activated charcoal. Radioactivity extracted from the charcoal was de-
termined by scintillation counting, and the result was expressed as to-
tal counts. This is a representative experiment of three.
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Rac and Cdc42, and Thr-37 in Rho) had not been occupied by
any other TcdA-transferred glycosyl-moiety. Thus, TcdA did
not use any additional glycosyl-cofactor in T84 cells. To ex-
plore (b), GTPases were quantified in Don and T84 cells by
TcdB-mediated glucosylation or by Western blot. Both cell ly-
sates contained similar amounts of GTPases (data not shown).
Thus, the higher cytotoxic activity of TcdA in T84 cells was not
due to a different cellular concentration of its substrates.

The possibility that the higher cytotoxicity of TcdA to T84
cells is due to an attack on some other target(s) than Rho, Rac,
or Cdc42 was also tested. This was investigated by differential
in vivo/in vitro glucosylation (Fig. 5). Intact T84 cells were ex-
posed to either toxin until appearance of 100% CPE (in vivo
treatment). Lysates of the intoxicated cells were then treated
with the toxins in the presence of UDP-[14C]Glc (in vitro label-
ing). In TcdA-pretreated cells, TcdB did not label any addi-
tional substrates, indicating that all the targets recognized by
TcdB had already been glucosylated by TcdA (Fig. 5, lanes 1
and 2). In contrast, an additional band was labeled by TcdA in
lysates from cells pretreated with TcdB (Fig. 5, lanes 3 and 4).
The intensity of this band was 35% of the labeling of the lower

band in the corresponding control (see relative intensities in
Fig. 5). Thus, TcdA in T84 cells recognized at least one addi-
tional target GTPase which was not affected by TcdB. How-
ever, this finding does not explain the higher cytotoxic activity

Figure 3. Modification of TcdA and TcdB substrates at different 
toxin concentrations. (A) Don cell lysates (50 mg) were treated for 1 h 
at the indicated concentrations of TcdA or TcdB in the presence of 
UDP-[14C]Glc (30 mM). After incubation, proteins were resolved by 
12.5% SDS-PAGE, and the gels were analyzed by PhosphorImager. 
(B) The intensity of the bands in A was quantified using ImageQuant 
software, and the results were expressed as percentage of the maxi-
mun signal obtained with TcdB. Open circles, TcdA. Filled circles, 
TcdB. This is a representative experiment of three.

Figure 4. Labeling of recombinant Rho, Rac, and Cdc42 by TcdA 
and TcdB. Recombinant Rho (1 mg), Rac (1 mg), and Cdc42 (3 mg) 
were exposed to 100 mg/ml TcdA (white bars) or TcdB (black bars) 
for 1 h at 378C in the presence of UDP-[14C]Glc (30 mM). After incu-
bation, samples were processed as indicated in Fig. 3. Results were 
expressed as percentage of the labeling obtained by TcdB. This is a 
representative experiment of two.

Figure 5. Differential in vivo/in vitro glucosylation of small GTPases 
by TcdA and TcdB. T84 cells growing in 75-cm2 flasks were exposed 
to 500 ng/ml TcdA (lane 2) or TcdB (lane 4) until 100% of the cells 
were affected (in vivo treatment). Control nontreated cells in lanes 1 
and 3. Cell lysates (50 mg) were prepared from treated and non-
treated cells and incubated for 1 h at 378C with 100 mg/ml TcdA 
(lanes 3 and 4) or TcdB (lanes 1 and 2) in the presence of UDP-
[14C]Glc (30 mM) (in vitro labeling). Samples were then processed as 
indicated in Fig. 3. The relative intensity of each band in lanes 2 and 4 
was reported as percentage of the respective band in lanes 1 and 3. 
Arrow, An extra band labeled by TcdA but not by TcdB. This is a 
representative experiment of two.
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of TcdA in T84 cells, since the same target protein was found
to be present also in the Don cells (data not shown).

TcdA glucosylates the small GTP-binding protein Rap.

The C. difficile toxins have been shown previously not to glu-
cosylate Ras, Rab, or Arf (6, 7). Since TcdA was able to gluco-
sylate at least one more substrate than TcdB in cell lysates, we
tested toxin-mediated glucosylation of recombinant Rap1 and
-2. Interestingly, this Ras-subfamily GTPase was in fact gluco-
sylated by TcdA but not by TcdB at the same concentration
(Fig. 6, bottom). Therefore, in evaluating the potency of Rap-
glucosylation by TcdA, we could not relate TcdA to TcdB. In-
stead, we compared TcdA with the lethal toxin (TcsL) from C.

sordellii, which was shown recently to glucosylate Rap (22).
Both Rap2 and Rac are glucosylated efficiently by TcsL (Fig.
6). However, the TcdA-induced glucosylation of Rap2 was sig-
nificantly lower, amounting to z 5% of that induced by TcsL
(Fig. 6). The same results were obtained for Rap1 (data not
shown). Thus, Rap-glucosylation by TcdA was equally ineffi-
cient as the glucosylation of Rho, Rac, and Cdc42 in compari-
son with TcdB (Fig. 4). To determine if TcdA-inactivation of
Rap proteins is important for the CPE in T84 cells, they were
treated with TcsL. However, T84 cells were completely insen-
sitive to the TcsL-induced CPE, although modification of its
cellular substrates took place as evidenced by in vivo/in vitro
glucosylation (data not shown).

Comparison of cell surface binding and incorporation of ra-

diolabeled toxins in Don and T84 cells. The contribution of
the binding and internalization steps to the different cytotoxic
potencies of TcdA and TcdB was studied. The degree of asso-
ciation of 3H-labeled toxins with Don and T84 cells correlated
with their respective cytotoxicities. At 378C, Don cells incor-
porated more TcdB than TcdA, and T84 cells incorporated
less TcdB than TcdA (Fig. 7 A). At this temperature, the ra-

dioactivity measured corresponded to both bound and inter-
nalized toxin. To isolate the binding from the internalization
step, the experiment was repeated at 48C, and the same differ-
ences were seen at this temperature (Fig. 7 A). The binding

Figure 6. TcdA-mediated glucosylation of Rap2. Recombinant Rac 
(1 mg) or Rap2 (2 mg) were incubated with 100 mg/ml of TcdA (white 

bars), TcdB (black bars), or TcsL (grey bars) in the presence of UDP-
[14C]Glc (30 mM) for 1 h at 378C. After incubation, samples were pro-
cessed as indicated in Fig. 3. The results were reported as percentage 
of the signal obtained by TcsL-mediated labeling. This is a represen-
tative experiment of two.

Figure 7. Specific binding and internalization of TcdA and TcdB in 
Don fibroblasts and T84 cells. (A) Confluent Don fibroblasts or T84 
cells growing in 24-well plates were exposed to 1 mg/ml of 3H-labeled 
TcdA (white bars) or TcdB (black bars) at 37 or 48C for 2 h. After in-
cubation, nonincorporated toxin was washed away, cells were lysed, 
and cell-associated radioactivity was determined by scintillation 
counting. (B) Confluent Don fibroblasts grown in 96-well plates were 
exposed to the indicated concentrations of 125I-TcdA (open symbols) 
or 125I-TcdB (filled symbols) at 48C for 2 h. After incubation, non-
bound toxin was washed away, cells were lysed, and total cell-associ-
ated radioactivity was determined by gamma counting. Unspecific 
binding was determined in the same manner, but in the presence of a 
100-fold excess of unlabeled toxin. Specific binding (shown) was cal-
culated by substracting unspecific binding from total binding. (C) The 
same protocol as for B but using confluent T84 cells. This is a repre-
sentative experiment of three. Each value represents the mean of du-
plicate samples.
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of the toxins to both cell lines was further characterized using
125I-TcdA and 125I-TcdB. Binding was found to be specific for
both toxins in both Don and T84 cells (Fig. 7, B and C). Satu-
ration was reached in all cases except for TcdB in T84 cells,
suggesting receptors with low affinity for this toxin in these
cells. Since toxin internalization is blocked at 48C (10, 11),
these results suggest that the differential cytotoxicities of the
toxins to these two cell types depend partially on differences in
the amounts of TcdA and TcdB that the respective cell types
can bind specifically. To our knowledge, our data on 125I-TcdB
binding to Don cells are the first to demonstrate a specific and
saturable receptor for this toxin.

Cytotoxic potencies of TcdA and TcdB after microinjection

into Don fibroblasts. The above results suggested that the
generally observed 1000-fold higher cytotoxic activity of TcdB
may depend both on its 100-fold higher enzymatic potency and
on the difference in receptor-binding abilities. The respective
contributions of each of these factors was studied in vivo by
microinjecting the toxins directly into the cytosol. By this strat-
egy, the enzymatic modification of the substrates (reflected as
the ability to induce a CPE) was isolated from the internaliza-
tion process.

As in the case of extracellularly applied toxins, TcdB was
also more potent than TcdA when microinjected (Fig. 8 A).
The difference in cytotoxic potency was quantified by microin-
jection of different toxin concentrations (Fig. 8 B). TcdB mi-
croinjected at 0.5 mg/ml induced a CPE in z 20% of the cells,
whereas with TcdA, a similar response was registered only af-
ter microinjection of 50 mg/ml (Fig. 8 B). Thus, the difference
in cytotoxicity of the microinjected toxins was z 100-fold (Ta-
ble I), closely reflecting their differing enzymatic potencies
both as UDP-Glc hydrolases and as glucosyltransferases in
vitro. This result demonstrates that the enzymatic potency is
the main determinant of the 1,000-fold difference in cytotoxic-
ity to Don cells, whereas the differential binding abilities con-
tribute to a lesser degree.

Discussion

Intracellularly acting toxins generally follow a four-step strat-
egy of intoxication: (a) toxin binding to the cell surface and in-
ternalization by endocytosis, (b) intravesicular processing of the
toxin followed by translocation of (at least) its catalytic domain
across the vesicular membrane, (c) enzymatic modification of an
intracellular target(s), and (d) biological consequences of this
attack. In this work, we searched for differences in each of
these steps of the intoxication process, as induced by the two
C. difficile toxins. The aim was to clarify why the cytotoxic po-
tencies of TcdA and TcdB differ so much despite their identi-
cal molecular mode of action. Don cells were used because of
their typical response to the cytotoxic effects of these toxins,
being 1,000 times more sensitive to TcdB than to TcdA (Fig. 1
A). T84 cells were included because they were reported previ-
ously to be more sensitive to TcdA than to TcdB when distur-
bance of barrier function was measured (23, 24). In agreement
with those reports, we found that TcdA was indeed more ac-
tive than TcdB on T84 cells also with respect to cytotoxicity (Fig.
1 B); thus, this is the first cultured cell described to be more
sensitive to TcdA than to TcdB.

Roles of binding and internalization of TcdA and TcdB.

The binding and internalization steps were studied using radio-
labeled toxins. The degree of association of TcdA and TcdB
with cells at 378C and the specific binding at 48C correlated
with their differential cytotoxic activities; i.e., more TcdB was
bound specifically to Don cells, while more TcdA was bound
specifically to T84 cells (Fig. 7). Thus, the difference in inter-
nalization at 378C is likely to depend on a difference in the
abilities of the toxins to bind to the cell surface. The demon-
strated correlation between specific binding and cytotoxicity
pinpoints the binding step as a factor of some importance for
the cytotoxic potency of the toxins. This is in agreement with
earlier notions (15).

It is not yet known whether large clostridial cytotoxins re-

Figure 8. Cytotoxic po-
tencies of TcdA and 
TcdB upon microinjec-
tion. (A) Semiconfluent 
Don fibroblasts were mi-
croinjected with TcdA
(a and b) or TcdB (c and 
d) at 5 mg/ml diluted in 
PBS containing 2% 
FITC-Dextran. After
2 h incubation at 378C 
and fixation in 3.7% 
paraformaldehyde, mi-
croinjected cells were lo-
calized by fluorescence 
microscopy and photo-
graphed in fluorescence 
(a and c) and phase con-
trast microscopy (b and 
d), 3400. (B) Semicon-
fluent Don fibroblasts 

were microinjected with the indicated concentrations of TcdA (white bars) or TcdB (black bars) and incubated for 2 h at 378C. The percentage of 
affected cells was determined as described in Methods. At least 150 cells were microinjected per experiment, and each experiment was repeated 
three times.
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quire intravesicular processing in order to reach their site of
action, although this has been suggested for TcdB (25). We com-
pared the extracellular and intracellular toxin doses causing
the same effect in Don cells in 2 h (Table I). The results sug-
gest that at least TcdA does not undergo activation on its inter-
nalization pathway, since the dose required extracellularly was
similar to the dose causing the same effect upon intracellular ap-
plication (Table I). This implies that any putative processing
occurring in the natural intoxication does not significantly pro-
mote the TcdA enzymatic activity. On the other hand, there
was a 15-fold difference in the tissue culture dose (TCD)25 val-
ues between microinjected and extracellularly applied TcdB
(Table I). This could be due to an ability of the cells to concen-
trate TcdB in the cytosol (due to vectorial transport of the toxin
into the cell) or to an intravesicular activation of TcdB. The
first possibility is more likely, since, in fact, TcdB was found to
bind and be more efficiently internalized in Don cells than
TcdA (Fig. 7). Thus, it seems that if intravesicular processing
occurs in order to cleave the catalytic part of the toxins, this
might not necessarily increase the enzymatic activity of the
toxins. This conclusion is also supported by the fact that (a)
provided UDP-Glc is added, both holotoxins are able to mod-
ify their recombinant substrates in vitro, i.e., in the absence of
cell lysate which should contain any putative activating en-
zyme, and (b) the recently identified catalytic domain of TcdB
(containing the first 546 amino acids) was found to have ap-
proximately the same enzymatic activity as the holotoxin, when
measured as the ability to glucosylate recombinant Rac1 (26).

Role of enzymatic activity of TcdA and TcdB. The enzy-
matic activity of TcdA measured as the ability to cleave UDP-
Glc was lower than that of TcdB (Fig. 2). Also, at the level of
in vitro enzymatic attack on the substrates, TcdA was found to
be z 100 times less efficient than TcdB, when measured as the
ability to transfer glucose either to the targets in cell lysates or
to recombinant targets (Figs. 3 and 4). It is not known which of
the steps, the hydrolysis of UDP-Glc or the transfer of the glu-
cose moiety to the substrates, is the rate-limiting step. How-
ever, the whole process is 100 times less efficient in TcdA than
in TcdB, as evidenced by the in vitro modification of the sub-
strates. The lower enzymatic potency of TcdA seems to be an
intrinsic property of the toxin, since it was similarly low to-
wards all the substrates (Figs. 4 and 6). The enzymatic activity
of TcdA was also considerably lower than that of the C. sordel-

lii TcsL, which was found to have roughly the same enzymatic
potency as TcdB (Fig. 6). Consistent with this, TcsL is equally
potent as TcdB upon microinjection and as UDP-Glc hydro-
lase (Chaves-Olarte, E., and M. Thelestam, manuscript in prep-
aration), although it has a similarly low cytotoxic potency as
TcdA when applied extracellularly. For instance, the 24-h
TCD50 of TcsL on Don cells was 40 ng/ml compared with 4 pg/
ml for TcdB (data not shown). Contrasting TcdA, the low cy-
totoxic potency of TcsL, then, probably depends entirely on an
inefficient binding to and uptake in cells. These comparative
observations with the three toxins support our conclusion that
the main reason for the low cytotoxic potency of TcdA is in-
deed an intrinsically low enzymatic activity and not just a low
capacity for binding to target cells.

Implications of additional substrate for TcdA. The last fac-
tor in the intoxication is the modified substrate(s) and the cel-
lular consequences of this modification. It has been reported
that TcdA and TcdB modify the same substrates (6, 7), which
belong exclusively to the Rho subfamily (8). However, we now

demonstrate a difference, since TcdA was also able to modify
at least two proteins belonging to the Rap subfamily, while
TcdB had an extremely weak activity on these substrates (Fig.
6). On the other hand, it is important to note that the enzy-
matic activity of TcdA towards Rap2 was not stronger than to-
wards its other substrates, e.g., Rac (Fig. 6), reinforcing that
the intrinsic enzymatic activity of TcdA is weak. Nevertheless,
we considered the possibility that Rap-glucosylation by TcdA
might contribute to the higher cytotoxic potency of TcdA on
T84 cells. For instance, one could imagine Rap2 to play a cru-
cial role for the morphology of T84 cells but not for fibroblasts.
However, this possibility was ruled out by the observation that
T84 cells are insensitive to the CPE induced by TcsL, although
it efficiently glucosylated Rap (and its other substrates) in in-
tact T84 cells (data not shown). Thus, glucosylation of Rap
does not have any relevance for the CPE induced by TcdA in
T84 cells. Obviously, this observation does not exclude the
possibility that TcdA- (or TcsL-) induced glucosylation of Rap
may cause functional disturbances of putative pathophysiolog-
ical relevance in the absence of morphological alterations.
Thus, it should be kept in mind when these toxins are used as
tools in studies of cellular signaling, that TcdA glucosylates
Rap proteins as well as Rho, Rac, and Cdc42.

Conclusions of this study. Three clear differences were
detected in the intoxication processes exerted by TcdA and
TcdB. One of them, the modification of additional substrates
by TcdA, most probably does not play any role in the different
cytotoxic potencies of these toxins, at least in Don and T84
cells (see above). We then clarified the particular contribu-
tions of enzymatic activity and cell surface binding, respec-
tively. By microinjecting the toxins directly into the cytosol,
the binding and internalization processes were bypassed. Still,
the 100-fold difference in enzymatic activity was accurately re-
flected as a CPE under these in vivo conditions. It is also of in-
terest to note that the cytotoxic titer of TcdB on T84 cells was
the same as that of TcdA on Don cells (Fig. 1 and Table I), de-
spite the fact that TcdB bound specifically to T84 cells less effi-
ciently than TcdA bound to Don cells (Fig. 7, B and C). This
implies that more TcdA than TcdB must be taken up to exert
the same effect on cells, in agreement with the observed differ-
ence in enzymatic activity. Thus, most of the difference in cyto-
toxic potencies between TcdA and TcdB can be attributed to
the difference in their enzymatic activities, while the difference
in binding and internalization appears to contribute to a lesser
degree.

Roles of TcdA and TcdB in C. difficile infection. One pur-
pose of this kind of study over the long term is to clarify
whether the events involved in the cytotoxicity of these toxins
are correlated with their pathophysiological effects in the in-
testine upon C. difficile infection. Understanding the molecu-
lar mechanism of action on cells should provide important
clues about the molecular pathogenesis in vivo. It is intriguing
that TcdB alone is not at all enterotoxic (14, 27), despite its
higher enzymatic and cytotoxic potency. The discrepancy in in-
testinal activities between TcdA and TcdB has generally been
thought to arise simply from a lack (or inaccessibility) of re-
ceptors for TcdB on enterocytes (28). The recent elucidation
of the identical molecular actions of the toxins evoked the as-
sumption that glucosylation of small GTPases might explain
the whole process of C. difficile infections (1, 29). Our results
agree partially with this notion; TcdA was indeed found to
bind more efficiently than TcdB to the intestinal T84 cells.
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However, it is important to note that the effects of TcdA and
TcdB on T84 cells in terms of cytotoxicity (this study) as well
as disturbance of barrier function (23, 24) differ only by a fac-
tor of 10. This difference per se cannot explain the fact that
TcdA in the animal intestine evokes dramatic effects, while
TcdB is completely inactive.

The low enzymatic potency of TcdA suggests that glucosy-
lation of small GTPases might not be the primary in vivo effect
of this toxin. Interestingly, there are reports of a neuronal in-
volvement in the enterotoxic effects induced by TcdA, sug-
gesting the possibility of another primary action (30). In vivo,
the pathophysiological process may be triggered by some kind
of transepithelial signal to neuroimmune cells evoked by bind-
ing of TcdA to the intestinal mucosa. The cytotoxicity of TcdA
and particularly of TcdB via modification of small GTPases
could then play a secondary but important role, exacerbating the
mucosal inflammation and destruction. This would agree with
the strongly potentiating effect of TcdB on sublethal amounts
of TcdA, eliciting enterotoxic effects in experimental animals
(13). Such a sequence of events would also be consistent with a
recent elegant study on isolated strips of human colonic mu-
cosa. Unexpectedly, TcdB in this system was 10 times more
potent than TcdA, both with regard to histopathological ef-
fects and disturbance of barrier function (31). Thus, TcdB can
indeed bind to and damage the actual target mucosa in human
C. difficile infections. Since the isolated mucosal strips were
devoid of enteric nerves, these observations probably reflect
the different enzymatic potencies of TcdA and TcdB that we
have clarified here. In conclusion, the data from animal models
combined with observations in different kinds of in vitro sys-
tems suggest that the primary event in the pathophysiological
process may be an activation of the enteric nervous system
evoked by TcdA. Whether this is independent of the mild glu-
cosyltransferase activity of this toxin could then be clarified by
testing different parts of the toxin molecule on the animal in-
testine.
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