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The homologous C-terminal repeats of Clostrdium difficile toxins (ToxA and ToxB) and streptococcal
glucosyltransferases appear to mediate protein-carbohydrate interactions at cellular binding sites with sugar
moieties as substrates. A consensus sequence of 134 repeating units from gram-positive bacteria indicates that
these repeats have a modular design with (i) a stretch of aromatic amino acids proposed to be involved in the
primary carbohydrate-protein interaction, (ii) an amplification of this interaction by repetition of the respective
sequences, and (iii) a second domain, not characterized, that is responsible for carbohydrate specificity.

Clostridium difficile, Streptococcus mutans, and S. dow-
nei are gram-positive bacteria of the mammalian alimentary
canal. The virulence factors ToxA and ToxB of C. diffidile
and the streptococcal glucosyltransferases (GTF) are high-
molecular-weight (150- to 310-kDa) extracellular proteins
involved in the development of pseudomembranous colitis
(10) and dental plaque (9), respectively.

C-terminal repeating units of gram-positive bacteria. In
streptococci, the glucan-binding proteins (1) and two types
of GTF that mediate the synthesis of water-soluble (GTF-S)
and water-insoluble (GTF-I) glucans (12) show mutual ho-
mology and characteristically harbor repeating units at their
carboxy termini (2, 5, 14, 17). C. difficile ToxA and ToxB
have 63% amino acid sequence homology, are composed of
two domains (18), and similar to GTF, have C-terminal
repeating units (18).

(Parts of the data presented herein are contained in the
doctoral thesis of M.S.)
Computer analysis of the C-terminal repeats. Computer

analysis (with DNASIS and PROSIS [Pharmacia, Freiburg,
Federal Republic of Germany] and PC/Gene, version 6.0,
Amos Bairoch [Genofit, Heidelberg, Federal Republic of
Germany]) predicted amino acid homology between the C
termini of the C. difficile ToxA, S. mutans GTF-I and
GTF-SI, and S. downei GTF-I and GTF-S (19) proteins. This
homology is more extensive between GTF-I and ToxA than
between GTF-I and ToxB (see Fig. 1). The homologous
sequences map to the C-terminal repeats of the proteins (2,
19).
Involvement of the repeats in carbohydrate-protein interac-

tion. GTF have a polysaccharide-binding domain with
known specificity for a-1,6 glucans. Successive deletion of
the C-terminal repeats of GTF suggested that the repeats are
involved in the polysaccharide-acceptor binding necessary
for glucan synthesis (2, 7). The C. difficile ToxA repeats are
involved in interactions with the oligosaccharide compo-
nents of receptor molecules on target cells (16). The primary
sequences of some ToxA-binding oligosaccharides have
been described recently (16). Although experimental evi-
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dence for the carbohydrate specificity of ToxB has yet to be
presented, it is tempting to speculate that the ToxB C-ter-
minal repeats have a similar function.

Initially, the homology detected between streptococcal
and clostridial proteins (GTF and ToxA-ToxB) was surpris-
ing. Streptococci are facultative anaerobes, while C. difficile
is a strictly anaerobic bacterium. Being gram-positive organ-
isms, they have similar membrane structures, and both
secrete virulence factors. However, despite the functional
differences between these proteins, the homology detected
may reflect their common carbohydrate-binding capacities.
A second remarkable homology between the C-terminal

repeats of ToxA-ToxB and all GTF proteins was observed at
a sequence near the N termini of the latter enzymes (1; Fig.
1). These N-terminal domains could reflect a second carbo-
hydrate-accepting domain of glucosyltransferases or may be
associated with the catalytic domain of these enzymes.
Sucrose could be this second interacting carbohydrate, since
its binding site has been identified at the amino-terminal
region of GTF (11). The facts that the glucan-binding protein
of S. mutans consists essentially of repetitive domains and
that a catalytic domain is absent (1) may be taken as a hint
for the congruity of the catalytic domain of GTF to the
second region of homology.
Two monoclonal antibodies, PCG-4 and TTC8, block the

interaction of ToxA with cells (18). These monoclonal anti-
bodies may prove useful as a probe for detecting ToxA-
binding sites (19), especially as monoclonal antibody TTC8
did not react either with ToxB or GTF (data not shown).
This indicates that the carbohydrate-binding specificities of
GTF and ToxA-ToxB are distinct and mediated by different
protein sequences.

Consensus sequence of the repeating units. Comparison of
as many as 134 distinct direct repeating sequences derived
from the appropriate proteins of C. difficile, S. downei, S.
mutans, and S. pneumoniae (Lyt4) (4), and CPL-1 of bac-
teriophage Cp-1 (3) (Table 1) led us to define a consensus
sequence for these C-terminal repeats (Fig. 2). Three con-
secutive aromatic amino acids occur in almost all of these
sequences, and all of the sequences were aligned accord-
ingly. As a consequence, the A repeats of GTF, ToxA
ALICE-KV, and ToxB BALI-BV were divided into two
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FIG. 1. (A) Dot matrix plot of GTF and ToxA-ToxB. The arrows indicate a second N-terminal homology of GTF-I to ToxA-ToxB. (B)
Partial map of the C. difficile tox locus. X, XbaI; HincII; H, HindIII; P, PstI; S, SpeI.

separate segments and the repeats were not always listed in
accordance with their original identifications (compare ref-
erences in Table 1). Within the consensus sequence [x(M:
A)(V/A)TGw(q/r/k)tIBG(Q/K)(k/w)(Y/F)YFBxB*G], six po-
sitions alternate between two and three amino acids, two
positions are variant (x), and at one position there may be a
one-amino-acid shift (+) (Table 1 and Fig. 2). In addition,
computer analysis predicted an antigenic epitope for the
amino acid on the N-terminal side of the aromatic amino
acid. Recently, the synthetic oligopeptide TIDGKKYYFN
was successfully used for induction of an antiserum which
reacted with ToxA following Western blot (immunoblot)
analysis (20).
The repeating sequence as a general theme for protein-

carbohydrate interaction. The distinctive structure of the
repeating units, the extent of the repeats, and their position
within the proteins make it likely that such C-terminal repeat-
ing units are carbohydrate-binding modules. All of the ana-
lyzed sequences share a stretch of aromatic amino acids
(IDGkwYYFD+N+(G; Fig. 2) flanked by additional con-
served residues (underlined). As the functional epitopes of
these proteins are distinct (i.e., carbohydrate specificity and
TTC8 reactivity), this sequence alone cannot directly account
for the specificity of carbohydrate-protein binding but may
play a more general role in protein-carbohydrate interaction.

Several examples for the role of aromatic amino acids in
carbohydrate binding have been previously reported (6, 13,
15, 21). The hydrophobic portions of the interacting carbo-
hydrate species would initially interact with these aromatic
residues. Additionally, three of the adjacent conserved
amino acids (Asn or Asp, respectively) may each form two
hydrogen bonds to different H bond donors or acceptors.
Thereby, the required space for entry of the carbohydrates
into their binding pockets may be minimized. Lemieux (8)
postulated that for binding between protein and carbohy-
drates, flexible residues are the sites of primary contact
which guide the interacting molecules into proper binding
positions. In this regard, the flexibility of amino acid chains

has been postulated as significant for the carbohydrate-
binding domains of wheat germ hemagglutinin and lysozyme
(6, 21). Prediction of the secondary structure of the repeti-
tive segments listed in Table 1 suggests that the three
aromatic amino acids are located between two potential
movable segments (like hinges) bordered by the conserved
glycine residues. Thus, the requirements for a potential
carbohydrate-binding pocket appear to be possible. How-
ever, these computer-based predictions require confirmation
by physical characterization of the actual binding domains.

In summary, we propose that the highly homologous
sequences may act as the initial attachment sites for carbo-
hydrates and mediate a nonspecific carbohydrate interaction
with the proteins. This interpretation is in agreement with
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FIG. 2. Conservation of amino acids within the proposed carbo-
hydrate-binding regions. Conservation of amino acids was calcu-
lated on the basis of 75 full-length protein sequences (I), 37 half-
length sequences (IV), and 3 and 19 sequences of the lengths
indicated in II and III, respectively. The bars indicate the relative
frequencies of the individual amino acids. For some positions, up to
three different residues are listed. +, shift of one amino acid present
at high frequency in the aligned sequence (compare Table 1).
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TABLE 1. Characterization of the repeating units

Length Repeat
Source Protein (amino Reference

acids) Designation Length Frequency Amino acid sequencea

S. downei GTF-I 1,597 A 35 6 GNWYYFGKD-G 2
L KAVTGAQTIGGQKLYFDAN-G

B 48 2 QxFNKSVxVNGKTYYFGSD-G
C 20 5 DGKVRYFDANSGBMVTNTFV

GTF-S 1,365 A 32 6 GNWYYFNxD-G 5S
L QAATGLQTIDGQTVYFDDN-G

C 21 4 NGKLYYFDADQGxxVxKGWx

S. mutans GTF-I 1,475 A 32-33 4.5 GQWFYFDNN-G 14

LYAVTGARTINGQHLYFRAN-G
C 20 4 HGRISYYDGNSGDQIRNRFV

GTF-SI 1,375 A 32-33 4 GEWFLFDHN-G -i 17
L IAVTGAVTVNGARLYFKPN-G

C 20 4 BGxLRYFDxB8GNQIxNRFV
GBP 563 A 32-34 5.5 xKWYYKGAD-G - 1

L KRVTGWQTIDGKQYYFDQD-G
C 20 2 DGKxYYFDPDSGQxWTNRFV

C. difficile ToxA 2,710 ALICE-KV 50 + 21 7 GKKYYFGNN-S - 19

LKAVTGWQTIBGKKYYFNPN-T
EA 21 6 EAATGWQTIBGKKYYFNTN-T
AS 21 7 IASTGYKTIBGKFYBTD-G
IA 21 3 TAAxGLQTIBNBKYYFBxD-T

ToxB 2,366 BALI-BK 49 + 21 4 EKIYYFDDx-Y 18
L TAAVGWKxLDGEKYYFDPDTA

BA 21 6 IAxIGLTxIDDKNYYFNEB-G
BE 20-22 2 xGxxxxxDxKYYFBxx-G
X 19-20 3 INDKxFYFxDG-G

Phage Cp-1 CPL-1 339 P 21 6 AMVTGWVKDGGKWYYMBBN-G 3

S. pneumoniae LytA 318 P 21 6 AMxTGW-KIDDTWYYFDSD-G 4

a The amino acid sequences are based upon, but not congruent with, the repeat sequences defined in the references. Use of capital letters does not imply that
each position is necessarily highly conserved. Only if an amino acid is varied in the same position of each sequence of the repeat was it indicated by an x. A dash
indicates an amino acid shift. The triplet of aromatic amino acids is in bold letters. Alternation of Asn and Asp at one position is indicated as B.

the ability of antisera against the peptide TIDGKKYYFN to
inhibit erythrocyte agglutination and the cytotoxic effects of
ToxA (20). Enhancement of attractive forces would be
achieved by the existence of several repetitions of these
modules. The specificity of carbohydrate binding would be
mediated by still undefined sequential and structural features
present in different carbohydrate-binding proteins.
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