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Recently the crystal structure of the catalytic domain of Clos-
tridiumdifficile toxinBwas solved (Reinert,D. J., Jank, T., Akto-
ries, K., and Schulz, G. E. (2005) J. Mol. Biol. 351, 973–981). On
the basis of this structure, we studied the functional role of sev-
eral amino acids located in the catalytic center of toxin B.
Besides the 286DXD288 motif and Trp102, which were shown to
be necessary for Mn2� and UDP binding, respectively, we iden-
tified by alanine scanning Asp270, Arg273, Tyr284, Asn384, and
Trp520 as being important for enzyme activity. The amino acids
Arg455, Asp461, Lys463, and Glu472 and residues of helix �17 (e.g.
Glu449) of toxin B are essential for enzyme-protein substrate
recognition. Introduction of helix �17 of toxin B into Clostrid-
ium sordellii lethal toxin inhibited modification of Ras subfam-
ily proteins but enabled glucosylation of RhoA, indicating that
helix �17 is involved in RhoA recognition by toxin B. The data
allow the design of a model of the interaction of the glucosyl-
transferase domain of toxin B with its protein substrate RhoA.

Clostridium difficile toxin B is, besides toxin A, the major
pathogenicity factor of antibiotic-associated diarrhea and pseu-
do-membranous colitis. Whereas toxin A is a potent entero-
toxin in animal models, toxin B is designated as a cytotoxin,
which is usually 100- to 1000-fold more potent than toxin A in
most types of cultured cells (1–3). ToxinBhas amolecularmass
of 269 kDa and consists of at least three functional domains.
The C terminus has a �-solenoid structure and is involved in
receptor binding (4). The middle part of the toxin is suggested
to be involved in translocation of the toxin into the target cell,
and the N terminus possesses glucosyltransferase activity (5).
After binding of the toxin to a cell membrane receptor, the
receptor-toxin complex is endocytosed. In acidic early endo-
somes, conformational changes of the toxin enforcemembrane
insertion and pore formation, which most likely participate in
toxin translocation (6). However, only the glucosyltransferase
domain and not the rest of themolecule is translocated into the

cytosol of target cells (7, 8). Recently, it was reported that the
middle part of the toxin is responsible for processing of the
toxin. Themiddle region possesses protease activity and cleaves
the N-terminal part of the toxin in the presence of inositol
hexakisphosphate and releases the glucosyltransferase domain
into the cytosol (9, 10). Once in the cytosol, the glucosyltrans-
ferase domain of toxin B mono-O glucosylates low molecular
mass GTPases of the Rho family, including RhoA, Rac, and
Cdc42 (11). Glucosylation of Rho proteins inhibits the function
of the switch proteins, most likely by inhibiting the conforma-
tional change into the active form of the GTPases. Thereby,
Rho-dependent signaling is blocked (12).
The crystal structure of the catalytic domain of toxin B has

been solved recently (13) and the structural requirements of the
sugar substrate specificity have been determined (14). Here we
studied the functional role of several amino acids located in or
near the active center of toxin B and identified amino acid res-
idues that are involved in protein substrate recognition.

EXPERIMENTAL PROCEDURES

Materials—UDP-[14C]glucose (287.4 mCi/mmol) were
obtained from PerkinElmer Life Science; PCR primers were
fromBiochip Technologies (Freiburg, Germany). Toxin B from
C. difficile VPI 10463 and lethal toxin (LT)2 from C. sordellii
6018 and their recombinant catalytic domains were expressed
and purified as described previously (14). All other reagents
were of analytical grade and purchased from commercial
sources.
Polymerase Chain Reactions—Amplification of the glucosyl-

transferase domain of toxin B of C. difficile VPI 10463 and the
glucosyltransferase domain of C. sordellii 6018 was performed
as described previously (5).
Site-directed Mutagenesis of Toxin Fragments—Quik-

ChangeTM kit (Stratagene, La Jolla, CA) in combination with
Pfu Turbo DNA polymerase was used for the replacement of
one to five nucleotides in the pGEX2T-LTcat or pGEX2T-Bcat
plasmids. Primers were constructed as shown in the supple-
mental data. Corresponding plasmids were selected in Esche-
richia coli XL1-Blue followed by transformation into E. coli
BL-21 (DE3) (Invitrogen) for expression.
Sequencing—All constructs of toxin B and LT fragments

were checked by sequencing with ABI PRISMTMDye Termina-
tor Cycle Sequencing Ready Reaction kit and ABI 310 Cycle
Sequencer (Perkin-Elmer).
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Expression of Recombinant Pro-
teins—Toxin fragments were
expressed as glutathione S-transfer-
ase fusion proteins from E. coli
expression vector pGEX-2T (GE
Healthcare) as previously reported
(5). Affinity chromatography with
glutathione-Sepharose (GE Health-
care) was used for purification. Pro-
teins were cleaved from glutathione
S-transferase fusion protein with
thrombin in TBP-150 elution buffer
(thrombin 100 �g/ml, Tris-HCl 50
mM, KCl 150 mM, and �-mercapto-
ethanol 10 mM, pH 7.5) for at least
1 h at 4 °C. Thrombin was removed
by binding to benzamidine-Sepha-
rose (GE Healthcare). Recombinant
GTP-binding proteins RhoA, Rac1,
Cdc42, H-Ras, and RalA were pre-
pared as glutathione S-transferase
fusion proteins as described (15).
Glucosylation Reaction—Recom-

binant GTP-binding proteins (50
�g/ml) were incubated with the
indicated concentrations of recom-
binant toxin fragments and 10 �M
UDP-[14C]sugars in a buffer con-
taining 50 mM Hepes, pH 7.5, 100
mMKCl, 2 mMMgCl2, 1 mMMnCl2,
and 100 �g/ml bovine serum albu-
min for the indicated times at 30 °C.
Total volume was 20 �l. Labeled
proteins were analyzed by SDS-
PAGE followed by phosphorimag-
ing (Molecular Dynamics/GE
Healthcare).
UDP-Sugar Hydrolase Reaction—

UDP-sugar hydrolysis was measured
as described (15). Toxin fragments
and mutants were incubated with 20
�MUDP-[14C]sugar and 100 �M cor-
responding unlabeledUDP-sugar in a
buffer containing 50 mM Hepes, pH
7.5, 100 mM KCl, 2 mM MgCl2, 100
�M bovine serum albumin, and 100
�M MnCl2. Total volume was 20 �l.
Samples of 1 �l were taken at each
timepoint and subjected toPEI (poly-
ethyleneimine)-cellulose thin layer
chromatography (Merck) with 0.2
mM LiCl as mobile phase to separate
the hydrolyzed sugar from intact
UDP-sugar. The plates were dried
and analyzed by phosphorimaging
analysis. Quantification was carried
out with ImageQuant (Molecular
Dynamics/GEHealthcare).

FIGURE 1. Glucosyltransferase domain of C. difficile toxin B (PDB 2YBL). A, schematic representation of the
model of toxin B (toxin B amino acids 1–543) with the substrate UDP-glucose (blue). B, stereo view of the catalytic
pocket of the glucosyltransferase domain of toxin B with bound co-factor (Mn2�, green), coordinated water mole-
cules (red), and the sugar substrate (UDP-glucose, blue). Amino acids investigated in this study are shown as balls and
sticks and are schematically illustrated in panel C. W1 and W2, coordinated water molecules; distances are given in
angstroms. Images were created using PyMOL.
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Determination of Kinetic Parameters—Initial rate data for
the glycosyltransferase and glucohydrolase reactions were
determined by varying the UDP-sugar concentrations from
�0.1 to 4�Km. For the glucosyltransferase reaction, the exper-
iments were performed with a fixed Rac concentration of 14.3
�M. TheMichaelis-Menten parameters were obtained by com-
puter-assisted analysis of Lineweaver-Burk plots of initial
velocities from at least three independent experiments with the
curve-fitting function in Sigma plot (Systat Software, Inc.).
Microinjection Studies—For microinjection, embryonic

bovine lung (EBL) cells were seeded on CELLocate coverslips
(Eppendorf) at �104 cells/dish and cultivated for 24 h in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal
calf serum in humidified 5% CO2 at 37 °C. Microinjection was
performed with Femtotips II and the microinjector 5242 and
micromanipulator 5171 from Eppendorf.

RESULTS

Amino Acid Residues Involved in Catalysis and Sugar Sub-
strate Interaction—The glucosyltransferase located in the
N-terminal domain ofC. difficile belongs to the GT-A family of
glycosyltransferases (13). Fig. 1 shows the conserved catalytic
core of the glucosyltransferase domain inwhite. In Fig. 1, B and
C, several amino acid residues that are in close proximity to the

substrate UDP-glucose are indicated (note that UDP-glucose
was found to be cleaved in the crystal structure of the GT
domain of toxin B).Whereas the roles of theDXDmotif (Asp286
and Asp288) and of tryptophan 102 have been already biochem-
ically analyzed (16), we studied the function of additional amino
acids that aremost likely involved in binding and/or interaction
with the substrate UDP-glucose. In the following, the glucosyl-
transferase domains of C. difficile toxin B and of C. sordellii
lethal toxin are referred to as toxin B and LT, respectively. As
shown in Fig. 2, exchange of Asp270, which appears to be
involved in binding of sugar hydroxyl groups to asparagine or
alanine, completely blocked or reduced the glucosyltrans-
ferases activity by�500-fold (Table 1A). Surprisingly there was
nomajor change in theKm value (7.2�M for the D270Nmutant
compared with 4.3 �Mwild-type enzyme). To answer the ques-
tion whether the mutation prevents the cytopathic effect of the
toxin,wemicroinjected the recombinant enzymedomain of the
toxin into EBL cells. Fig. 2I shows that the D270A mutant was
no longer able to intoxicate cells. The mutation of tyrosine 284
to alanine even decreased kcat from10.9 (wild-type) to 0.004 s�1

and also prevented the intoxication of EBL cells by microinjec-
tion (Fig. 2J). These findings indicate that the residues are
directly involved in the catalytic transferase reaction. Reduc-
tions in enzyme activity were also observed for the alanine
mutant of arginine 273. Here 0.16% residual activity remained.
To exclude that inhibition of Rho glucosylation was caused

by blockage of the interaction of the GTPase with the enzyme,
we studied the UDP-glucose hydrolyzing activity of these
mutants (Fig. 2C and Table 1B). Similar to findings for the
transferase reaction, D270A, R273A, andY284Adid not exhibit
any hydrolyzing activity compared with the wild-type enzyme.
D270N showed a 1000-fold loss in activity; kcat dropped from
274.5 (wild-type) to 0.24 h�1. Once again the mutation leads to
only minor changes in the Km values (22.3 �M in comparison
with 12.6 �M for the wild-type enzyme). These findings are in
linewith the view that these residues are directly involved in the
catalytic mechanism and/or in the binding of the sugar donor.
In a second set of mutations we studied the consequences of

the change of asparagine 139, serine 269, serine 518, and tryp-
tophan 520 to the respective alaninemutants (Fig. 2B).With the
exception ofW520A, all othermutants, e.g.N139A, S269A, and
S518A, only exhibited reduction in transferase activity of up to
10-fold (Fig. 2E). Similar results were obtained in the glucohy-
drolase reaction (Fig. 2, D and F). These findings indicate that
these residues aremost likely not directly involved in binding of
the protein substrate or the sugar donor and do not participate

FIGURE 2. Glucosyltransferase (A and B) and glucohydrolase activity (C and D) of mutants of the catalytic domain of toxin B. A and B, time course of glycosylation
of RhoA (1 �g) by the glucosyltransferase domain of toxin B and mutants D270N, D270A, N384A, R273A, Y284A, W520A, S518A, N139A, and S269A in the
denoted concentrations in the presence of UDP-[14C]glucose (10 �M) for the indicated times. After separation by SDS-PAGE, radiolabeled proteins were
detected by phosphorimaging and quantified by ImageQuant. C and D, time course of glucohydrolase activity of the catalytic domain of wild-type toxin B and
the mutants mentioned in panels A and B. The toxins were incubated with radiolabeled substrate UDP-[14C]glucose at 30 °C. After the indicated time points the
radioactive components were separated by PEI-cellulose thin layer chromatography, detected by phosphorimaging, and quantified by ImageQuant. E, relative
glucosyltransferase activity of the toxin B mutants S269A, N139A, E515Q, E515A, and S518A. The glucosyltransferase domain of wild-type toxin B and of the
mutants (each 1 nM) were investigated with RhoA (1 �g) at 30 °C for 5 min. In the initial phase, the transfer reaction was stopped and proteins separated by
SDS-PAGE and analyzed by autoradiography. The signal intensities of Rho glucosylation were set in relation to wild-type toxin B. Data are given as means � S.D.
(n � 3). F, relative glucohydrolase activity of toxin B mutants. The glucosyltransferase domains of wild-type toxin B and mutants (each 100 nM) were incubated
with UDP-[14C]glucose for 10 min. After separation by PEI-cellulose thin layer chromatography, radiolabeled compounds were analyzed by autoradiography
and quantified by ImageQuant. The percentage of hydrolyzed sugar substrate was set in relation to wild-type toxin. All data are given as means � S.D. (n � 3).
G–K, microinjection into EBL cells. EBL cells marked with an arrow were injected with control buffer (E) or with buffer containing 900 nM recombinant toxin B
enzymatic domain (F), or the mutants D270A (G), Y284A (H), or W520A (K). Photographs were taken 2 h after microinjection.

TABLE 1
Kinetic parameters of recombinant toxin B mutants for the
glucosyltransferase reaction (A) and hydrolysis (B) of UDP-glucose
The parameters were determined from Lineweaver-Burk plots of initial reaction
rates as a function of UDP-glucose concentration. Transferase reactions were per-
formed with varying concentrations of UDP-sugars at a fixed Rac concentration.
ND, not determined.

Km kcat
rel.
kcat

kcat/Km
rel.

kcat/Km

�M s�1 % M�1 s�1 %
(A) Transferase
Wild-type 4.3 � 1.07 10.9 � 2.6 100 2.5 � 106 100
W520A 2.9 � 1.3 0.013 � 0.005 0.12 4.6 � 103 0.18
D270N 7.2 � 0.5 0.02 � 0.0008 0.18 2.7 � 103 0.11
D270A ND ND ND ND ND
R273A 6.0 � 3.5 0.018 � 0.001 0.17 3.0 � 103 0.12
N384A 16.1 � 2.5 0.034 � 0.008 0.3 2.1 � 103 0.08
Y284A 0.9 � 0.8 0.004 � 0.002 0.04 4.7 � 103 0.18
H17-C 6.6 � 2.2 0.016 � 0.01 0.15 2.5 � 103 0.10

(B) Hydrolase
Wild-type 12.6 � 2.5 274.5 � 24.4 100 2.2 � 107 100
W520A 18.7 � 3.8 0.60 � 0.3 0.22 3.2 � 104 0.15
D270N 22.3 � 1.5 0.24 � 0.1 0.09 1.1 � 104 0.05
D270A ND ND ND ND ND
R273A ND ND ND ND ND
N384A 31.5 � 5.7 0.73 � 0.6 0.27 2.3 � 104 0.11
Y284A ND ND ND ND ND
H17-C 9.7 � 1.5 246.8 � 16.1 89.9 2.6 � 107 116.9
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in the catalytic reaction. By contrast, W520A exhibited �800-
fold reduction in enzyme activity. The kcat dropped from 10.9
(wild-type) to 0.013 s�1. Also, the glucohydrolase activity was
strongly reduced (Table 1B). Owing to the strong reduction in
in vitro activity also, microinjection experiments with EBL cells
were accomplished. We could not see any morphological cyto-
pathic effects after injection of the recombinant W520A
mutant (Fig. 2K).
In addition, we studied the role of glutamate 515, which

appears to be involved in the coordination of the manganese
ion, having a distance to Mn2� of only 2.2 Å (Fig. 1, B and C).
Surprisingly, change of glutamate to glutamine had nearly no
consequences for glucosyltransferase and glucohydrolase activ-
ity (Fig. 2, E and F). In addition, a change to alanine did not
cause amajor drop in enzyme activity. This supports the notion
that the second aspartate residue from the DXD motif has the
main function in coordination of manganese ion.
Potential Nucleophilic Amino Acids Involved in Catalysis—

Although the molecular reaction mechanism of inverting glu-
cosyltransferases is reasonably well understood, this is not the

case for retaining glucosyltransferases. Because double dis-
placement is feasible, we tried to identify nucleophiles that
might be involved in this type of reaction. To this end, the role
of glutamate 472 was analyzed and the kinetics of the E472A
and E472R mutants studied. As shown in Fig. 3, E472A exhib-
ited glucosyltransferase and glucohydrolase activity compara-
ble with that of the wild-type. The glucosyltransferase activity
of E472R was reduced. However, the glucohydrolase activity
was not changed (Fig. 3C), indicating that glutamate 472 is not
essential for enzyme activity. Another potential nucleophile is
asparagine 384, which is located in the loop between strands�9
and �10 on the �-face of the sugar moiety. The carbonyl group
of Asn384 is in 3.5 Å distance and well directed to the anomeric
C-atom of the glucose (Fig. 1B). Change of asparagine 384 to
alanine decreased the kcat from 10.9 (wild-type) to 0.034 s�1,
meaning a 300-fold reduction in catalytic activity (Table 1).We
then changed the nucleophilicity of this asparagine by a change
to aspartic acid. Nomajor effect was observedwith an�50-fold
reduction in enzyme activity (Fig. 3B). Moreover, we tried to
identify a stable intermediate with this mutant. However, we

FIGURE 3. Enzymatic activities of the glucosyltransferase domains of toxin B mutants E472A/R and N384A/D in comparison with the glucosyltrans-
ferase domain of wild-type toxin B (wt). A, glycosylation of RhoA (1 �g) was performed in the indicated times by the catalytic domain of toxin B wild-type (5
nM, F) and the toxin B mutants E472A (5 nM, E) and E472R (5 nM, �) in the presence of UDP-[14C]glucose (10 �M) at 30 °C. After protein separation by SDS-PAGE
the bands were analyzed as described under “Experimental Procedures.” B, time course of the glucosyltransferase activity of wild-type toxin B (5 nM, F) and the
mutant toxin B N384A (5 nM, E) and N384D (5 nM, �). The comparison of the mutant toxin B N384A and N384D is shown in the inset. C and D, time course of the
glucohydrolase activity of the toxin B mutants in comparison to wild-type toxin B (100 nM). The corresponding regressions are shown. All data are given as
means � S.D. (n � 3).
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were not able to detect labeling of the enzyme in the presence of
UDP-[14C]glucose (not shown). These data rather support the
hypothesis that the glucosylation of Rho GTPases by toxin B
follows a SNi-like mechanism (13).
RhoA-Toxin B Interaction—The catalytic domain of toxin B

can be characterized by a “front side,” which harbors the cata-

lytic cleft whereUDP-glucose binds,
and by a “back side” of the protein,
which is not directly involved in the
interaction with the sugar donor.
The front side should be involved in
protein substrate recognition. So
far, our understanding of the inter-
action of Rho GTPases with the cat-
alytic domain of toxin B was based
only on in silico docking modeling.
Suggesting that hydrogen and ion
bondings are involved in enzyme-
protein substrate interaction, we
changed serine, threonine, aspara-
gine, and several charged residues
that are located in this protein area.
A further criterion for amino acid
exchange was the fact that the resi-
dues were apparently not directly
involved in UDP-glucose interac-
tion. Moreover, we studied the glu-
cosylation of RhoA, Rac, and Cdc42
with the mutants and compared the
results with the glucosylation of
small GTPases by the catalytic
domain of lethal toxin, which addi-
tionally modifies Ras subfamily pro-
teins but not RhoA. Fig. 4 gives an
overview of these studies. From 20
single amino acid mutants studied,
fivemutant proteins exhibited gross
changes in Rho GTPase glucosyla-
tion compared with the wild-type
catalytic domain. Essential amino
acid residues for themodification of
Rho GTPases were glutamate 449,
arginine 455, aspartate 461, lysine
463, and glutamate 472. Themutant
toxin B proteins R455E, D461R,
K463E, and E472R exhibited a dra-
matic loss in modification of all Rho
GTPases (Fig. 4, s–v) whereas the
glucohydrolase activity was much
less affected (Fig. 5), indicating that
these residues were involved in Rho
GTPase recognition.Mutant E449K
strongly reduced glucosylation of
RhoA and Cdc42, whereas modifi-
cation of Rac was minorly reduced
(Fig. 4r). Also, the glucohydrolase
activity of this mutant was hardly
affected (Fig. 5). Glutamate 449 is

located in the middle of helix �17 of toxin B. This helix, cover-
ing residues Gly444 through Lys452 of toxin B, exhibits major
differences in amino acid sequence in toxin B and LT, although
the entire catalytic domain of both toxins is �90% similar.
Therefore, we exchanged several amino acid residues and
turned helix �17 of toxin B in three steps into that of LT (Fig. 6,

FIGURE 4. Substrate specificity of the glucosyltransferase domain of toxin B mutants. The glucosyltrans-
ferase domain of toxin B mutants investigated in panels c– o and r are based on amino acid exchanges into
amino acids corresponding to the glucosyltransferase domain of C. sordellii lethal toxin (LT). The other toxin B
mutants (panels p, q, s–v) were created by introduction of amino acids with opposite charges. Toxin B wild-type
(a), LT wild-type (b), and the toxin B mutants were tested in the glucosyltransferase reaction at the indicated
concentrations with the recombinant substrates RhoA, Rac1, Cdc42, H-Ras, and RalA (each 1 �g). Radioactive
labeled proteins were separated by SDS-PAGE and analyzed by phosphorimaging.
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A–C), and, vice versa, we turned this region of LT into that of
toxin B (Fig. 6,D–F). Fig. 7 shows that the glucohydrolase activ-
ities of all these chimeras were not changed. Accordingly, the
kcat and Km values of hydrolysis by toxin B-H17-C were
unchanged (Table 1B). When helix �17 in toxin B was changed
to that of LT, modification of RhoA decreased (Fig. 8A). The
kcat for transferase activity was reduced �700-fold (Table 1A).
A modification of Ras and Ral, which are substrates of LT, was
never observed even at high concentrations of 1 �M of the chi-
meric toxin B (Fig. 8B). On the other hand, change of the
respective amino acid residues in LT to that of toxin B caused
reduction of modification of Ras by LT (Fig. 8C, upper
panel). When the complete helix �17 of toxin B was intro-
duced into LT, a slight but significant modification of RhoA
was detectable that was not observed with wild-type LT (Fig.
8C, lower panel).

DISCUSSION

Deduced from the crystal structure of the catalytic domain of
toxin B, we identified several amino acid residues involved in
catalysis of the glucosyltransferase reaction and/or binding of
sugar substrate or protein substrate. The role of the well known
conserved DXDmotif and tryptophan 102 of toxin B have been

FIGURE 5. Glucohydrolase activity of the glucosyltransferase domains of
toxin B mutants E449K, E472R, D461R, K463E, and E455R.Recombinantwild-
type and mutant toxin B proteins (each 100 nM) were incubated with UDP-
[14C]glucose at 30 °C for the indicated times. After separation of the components
by PEI-cellulose thin layer chromatography, radioactive components were ana-
lyzed and quantified as described under “Experimental Procedures.”

FIGURE 6. Illustration of the helix �17 constructs of the glucosyltransferase domains of toxin B and LT. In the glucosyltransferase domain of toxin B the amino
acids of helix �17 were successively replaced (starting from the N-terminal end) by amino acids of LT (B H17-A (A), B H17-B (B), B H17-C (C)). In the catalytic domain of
LT the same amino acid residues were replaced by the corresponding amino acids of toxin B but in counter direction (LT H17-A (D), LT H17-B (E), LT H17-C (F)). G, for
orientation purposes of helix �17, the SWISS model of the catalytic domain of LT is depicted. Helix �17 is shown in red with amino acids in ball and stick representation
(D–F). UDP and glucose (red) are shown as balls and sticks.
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characterized in detail previously (16, 17), and the functions of
these residueswere confirmed by crystal structure analysis (13).
Here we present a biochemical analysis of the functional roles
of several additional amino acid residues that have been sug-
gested to be involved in catalysis and/or in sugar substrate bind-

ing fromcrystal structure analysis of
the catalytic domain of toxin B. We
identified Asp270, Arg273, Tyr284,
Asn384, and Trp520 as essential resi-
dues. The mutants R273A and
D270A exhibited a 600- to �1000-
fold reduced enzymatic activity
compared with wild-type toxin.
This supports the functional impor-
tance of these residues. In line with
this finding, we observed that the
D270A mutant was not able to
induce cytopathic effects after
microinjection. The loss of activity
observed with these mutant pro-
teins is explained by their role in ori-
entating glucose of the donor sub-
strate, which is achieved in
cooperation with Asp286 from the
DXDmotif. Negishi et al. (18) char-
acterized the arginine (e.g. Arg273)

and aspartic acid (e.g. Asp286) residues bonded to the 3-OH
group of the donor sugar as GT-A triad, which is conserved in
many enzymes of this family of glycosyltransferases. Also
known in other glycosyltransferases and glycosidases is biden-
tate hydrogen bonding of carbonyl groups with the vicinal
hydroxyl groups of an active site sugar in which an aspartic acid
residue is involved (19–21). Here the acidic residues are involved
in the distortion of the sugar ring toward the intermediate or tran-
sition state conformation. Secondly, a negative potential is
achieved in the catalytic site stabilizing oxocarbenium ion-like
structures. In toxin B this might be achieved by Asp270, which
bonds to the 4�- and 6�-OH group of the glucose. These results
confirm that catalysis is enabled by the distinct interplay of a
network of conserved residues in the catalytic site that serve to
stabilize the transition states.
The very strong reduction in enzyme activity of the Y284A

mutant cannot be explained by an impaired sugar substrate
interaction via the 2�-hydroxyl group of the ribose, because of
the distance of 3.3 Å from the hydroxyl group of Tyr284 to the
2�-hydroxyl group of the ribose. Secondly, the Km value for
UDP-glucose is not dramatically changed, whereas the kcat is
reduced �2000-fold (Table 1). We re-evaluated possible inter-
actions of Tyr284 by means of the crystal structure of toxin B
(13) and determined a distance between Tyr284 and Asp286 of
2.76 Å. Asp286 is part of the DXD motif, and therefore it is
feasible that Tyr284 has a pivotal role in positioning this impor-
tant residue for Mn2�-dependent catalysis. A role of Mn2� in
catalysis has been suggested for inverting GT-A glycosyltrans-
ferases, where it acts as an acid catalyst and appears to be
involved in conformational changes of the so-called “flexible
loop” thatmight be involved in product release (22, 23). A func-
tion of the DXD motif and of the divalent cation not only in
substrate binding but also in catalysis of retaining enzymes has
to be determined.
Change of tryptophan 520 to alanine largely impaired

enzyme activity and again prevented cellular toxic effects. This
residue binds to the oxygen of �-phosphate of UDP-glucose

FIGURE 7. Glucohydrolase activity of the glucosyltransferase domains of toxin B (A) and LT (B) helix �17
mutants. Time course of glucohydrolase activity of toxin B mutants in comparison to wild-type toxin frag-
ments (100 nM). The constructs were incubated with 20 �M UDP-[14C]glucose and 100 �M UDP-glucose at 30 °C.
At the indicated time points 1-�l samples were analyzed by PEI-cellulose thin layer chromatography and
autoradiography and quantified by ImageQuant. Data are shown as means � S.D. (n � 3).

FIGURE 8. Glucosyltransferase activity of toxin B/LT helix �17 mutants.
A, RhoA (1 �g) was modified by the glucosyltransferase domain of toxin B
mutant E449K and the constructs with altered helix �17 (each 10 nM) for 10
min at 30 °C in the presence of 10 �M UDP-[14C]glucose. After SDS-PAGE,
proteins were analyzed by autoradiography. B, substrate specificity of toxin B
H17-C. The GTPases RhoA, Rac1, Cdc42, H-Ras, and RalA (each 1 �g) were
glucosylated by the catalytic domain of toxin B and the construct toxin B
H17-C (concentrations as indicated). Radiolabeled proteins were analyzed by
SDS-PAGE and autoradiography. C, glucosylation of H-Ras (1 �g) by the cata-
lytic domain of LT and the helix �17 mutants (LT H17-A, LT H17-B, LT H17-C;
each 10 nM, upper panel) and RhoA (1 �g) by the LT constructs (each 100 nM,
lower panel). Radiolabeled proteins were analyzed by SDS-PAGE and
autoradiography.
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and is located on the putative flexible loop (amino acids 510–
523) (23). This hypothesis is underlined by the fact that an ala-
nine mutant shows almost no change in Km value, whereas the
turnover of the enzyme (kcat) was reduced by �800-fold (Table
1A). Additionally, the importance of this region in enzyme
activity explains previous findings that rather small deletions of
the C terminus of the catalytic domain cause loss of enzyme
activity (5).
The molecular mechanism of retaining glucosyltransferases

is not clear. A plausible explanationwould be a double displace-
ment mechanism, which, however, depends on the presence of
a nucleophilic amino acid close to the anomeric carbon of the
donor substrate. As possible candidates for a nucleophilic
attack of the anomeric carbon of UDP-glucose, we studied glu-
tamate 472 and asparagine 384. At a position very similar to
Glu472 in toxin B,manyGT-A glycosyltransferases possess con-
served nucleophilic residues. For example, Glu472 could be
equivalent to the nucleophilic amino acid aspartate 190 in LgtC
(24), glutamate 317 in �3GalT (25), or aspartate 162 in glyco-
genin (26). However, changes of Glu472 in toxin B did not cause
a major drop in enzyme activity, indicating no essential role in
the catalytic reaction. The same was the case for mutation of
residue Asn384, which is located 3.5 Å from the anomeric car-
bon of glucose and well positioned to perform a nucleophilic
attack in terms of angle and direction. Asn384 would react as a
glycosyl acetimidate intermediate in analogy to the intramolec-
ular mechanism of N-acetylhexosaminidases (27, 28). Notably,
the alanine mutant showed only a 300-fold reduced activity.
Typically, equivalent mutations of nucleophilic amino acids in
retaining glycosidases reduce kcat values by at least 105–106

times (27, 28). Thus, these data rather support our previous
suggestion (13) and favor the model that the retaining glucosy-
lation catalyzed by toxin B follows a single front-side displace-
ment reaction also known as SNi-like mechanism.
Our studies on the protein-substrate interaction site of the

glucosyltransferase domain of toxin B revealed that residues
Arg455, Asp461, Lys463, and Glu472 are essential for recognition
of RhoGTPases. Importantly, all these residues were not essen-
tial for glucohydrolase activity. The mutant toxin B proteins
R455E, D461R, K463E, and E472R exhibited reduced glucosy-
lation of RhoA, Rac, and Cdc42, indicating a general role in
substrate recognition and/or interaction. The same was the
case for Glu449. Glu449 is located in helix �17 of toxin B, which
is a lysine in the case of C. sordellii lethal toxin. Change of this
residue to lysine reduced RhoA and Cdc42 glucosylation but
themutant protein was still able tomodify Rac.Modification of
Ras or Ral, which are main substrates for lethal toxin, could not
be achieved by the point mutant. This led to the question
whether additional residues around Glu449 are required for the
substrate specificity of lethal toxin. Therefore, helix�17 chime-
ras of toxin B and of lethal toxin were constructed. On both
sides exchange of helix �17 resulted in a strong reduction of
glucosylation of their natural substrates (Fig. 8). Strikingly,
lethal toxin with the whole helix �17 exchanged to toxin B was
able to modify RhoA to a certain extent (Fig. 8C). The data
indicate that helix�17 is essential for substrate recognition, but
this region of LT introduced into toxin B is not sufficient for
modification of Ras. Thus, Ras needs additional residues for
recognition by the clostridial glucosylating toxins. Moreover,
modification of Rac was decreased in mutant toxins, indicating

FIGURE 9. RhoA-toxin B interaction model. RhoA (PDB 1DPF) is shown as a surface representation in red with the insert helix (amino acids 124 –136) marked
in blue for orientation. Amino acids Thr37 and Ser73 are highlighted with a white circle. GDP is colored in black. The catalytic domain of toxin B is shown in
semitransparent surface representation with helix �17 and amino acids Glu472, Glu449, Asp461, Lys463, and Glu455 marked with a white circle. The docking of
RhoA�GDP (PDB 1DPF) and the catalytic domain of toxin B (PDB 2BVM) were calculated using the docking programs Hex (Version 4.5) (31) and FTDock (Version
2.0) (32) in consideration of amino acids mentioned in this report. The C terminus of RhoA is marked with a white C (the linker peptide amino acids 181–190 with
the isoprenylated membrane anchor is not shown). Images were created using PyMOL.
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that exchange of helix �17 of toxin B by the equivalent residues
of LT may cause additional effects in the structure of toxin B.
Accordingly, cell intoxication induced by microinjection of
toxin B that harbored helix �17 from LT was slower than with
the catalytic domain of wild-type toxin B (not shown).
Deduced from the above-mentioned findings and recent

crystal structure analysis of the catalytic domain of toxin B, we
suggest a first model for the interaction of RhoA with toxin B
(Fig. 9). This model is based on the docking programs Hex and
FTDOCK in consideration of amino acids Arg455, Asp461,
Lys463, and Glu472 as well as helix �17, which are all important
for Rho GTPase interaction with toxin B but have no influence
on glucohydrolase activity. This model is also compatible with
amino acid residues Thr37 and Ser73 of RhoA, which have been
recently identified to be important for interaction with the
toxin (11, 29). The model implies that the N-terminal four hel-
ices of toxin B, which might be involved in membrane interac-
tion (deduced from the equivalent function of theN terminus of
LT) (30), are paralleled by the C terminus of RhoA, which inter-
acts with the membrane via its isoprenylated C terminus.
Moreover, the above model suggests that the insert region of
RhoA is located above helix �21 and a loop that is formed by
residues 162–168 in toxin B. Accordingly, the insert region
does not interfere with the interaction site of RhoA and toxin B.
In line with this hypothesis, we observed recently by using the
chimeras Ras124RhoA136Ras and Rac124Rho136Rac that the
insert region has no effect on the substrate specificity of toxin B
and LT, respectively (not shown).
Taken together, we identified amino acids in the glucosyl-

transferase domain of toxin B that are essential for enzyme
activity and substrate recognition. These findings are likely to
be important for the understanding of the activity and specific-
ity of other members of the family of clostridial glucosylating
toxins.
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