http://www.nature.com/nsmb

© 2006 Nature Publishing Group

npg)

BRIEF COMMUNICATIONS

nature
structural &
molecular biology

Carbohydrate recognition by
Clostridium difficile toxin A
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Clostridium difficile TcdA is a large toxin that binds
carbohydrates on intestinal epithelial cells. A 2-A resolution
cocrystal structure reveals two molecules of «-Gal-(1,3)-p-Gal-
(1,4)-p-GIcNAcO(CH,)gCO,CHj3 binding in an extended
conformation to TcdA. Residues forming key contacts with the
trisaccharides are conserved in all seven putative binding sites
in TcdA, suggesting a mode of multivalent binding that may be
exploited for the rational design of novel therapeutics.

Clostridium difficile is a gram-positive anaerobe responsible for hun-
dreds of thousands of nosocomial infections worldwide. Since 2001,
a highly virulent clone with a much higher degree of disease inci-
dence, severity and mortality has caused outbreaks in North America
and been isolated in Europe (http://www.escmid.org/esged)’.
Although metronidazole or vancomycin is often effective in treating
C. difficile—associated disease, recurrent infections are common and
present a severe therapeutic challenge. Several new approaches to
treating C. difficile—associated diseases are under development, but
a poor understanding of the detailed pathological mechanisms of
C. difficile limits the effectiveness of all current treatments.

C. difficile produces two major virulence factors, TcdA and TcdB23,
which are large (250-308 kDa), single-subunit toxins with multi-
domain structures. The C-terminal repetitive domain (CRD) binds
carbohydrates on colonic epithelial cells as an initial step in pathogen-
esis. Various oligosaccharides, including the linear B type 2 trisacchar-
ide a-Gal-(1,3)-B-Gal-(1,4)-B-GlcNAg, bind specifically to TcdA, but
the native human ligand has not been definitively identified*>. TcdA
enters the cell through receptor-mediated endocytosis and disrupts
normal signaling pathways necessary for maintaining the cell’s cyto-
skeleton, ultimately leading to inflammation and diarrhea.

Our previously determined structure of a 127-residue C-terminal
fragment of TcdA (TcdA-fl1) has revealed that the CRD is composed
of 31 short repeats (SRs) and 7 long repeats (LRs), with each repeat
consisting of a B-hairpin followed by a loop®. Uninterrupted stretches
of SRs give rise to a left-handed three-fold screw axis with 120°
rotations relating B-hairpins in adjacent SRs. In contrast, LRs intro-
duce kinks in which the B-hairpin of the LR is related by a 90° rotation
to the B-hairpin of the previous SR®. Overall, the domain adopts a
B-solenoid fold similar to other bacterial proteins, but the kinks
introduced by LRs are unique to TcdA.

Here, we report the crystal structure of the C-terminal 255 residues
of TedA from C. difficile strain 48489, toxinotype VI (TcdA-f2) bound
to a synthetic derivative of a natural carbohydrate receptor, o-Gal-
(1,3)-B-Gal-(1,4)-B-GlcNAcO(CH,)sCO,CH; (CD-grease). TcdA-f2
corresponds to residues 24562710 in the type strain VPI 10463,
toxinotype 0, and the sequence of TcdA 4g459-12 is 94% identical to that
in the type strain. Molecular replacement using a search model
constructed from TcdA-fl was used to solve the structure to 2.0-A
resolution (Supplementary Methods and Supplementary Table 1
online). TcdA-f2 contains nine SRs that are punctuated by two
LRs (Fig. 1).

TcdA-f2 was crystallized at physiological pH and ionic strength in
the presence of 5 mM CD-grease. Two binding sites are clearly defined
on each of the two molecules of TcdA-f2 in the asymmetric unit
(Figs. 1 and 2). The entire trisaccharide at each binding site is well-
defined by electron density (Supplementary Fig. 1 online), revealing a
single, major conformation similar to that expected in solution”®. For
the o-Gal-(1,3)-Gal linkage, 63° < @ < 71° and -143° < | < 178%
for the B-Gal-(1,4)-GlcNAc linkage, —64° < ¢ < —69° and 119° <
< 123° (IUPAC angle definitions). The aliphatic linker attached to the
reducing end of the trisaccharide appears disordered.

The carbohydrate-binding sites in TcdA-f2 are shallow troughs
consisting of a LR and the hairpin turn of the following SR. The
high level of sequence conservation in the LRs and key residues of the
following SR suggests that the carbohydrate-binding mode seen in
TcdA-f2 is conserved in all seven binding sites identified in TcdA. The
interactions between trisaccharides and protein are very similar in
both copies of binding site 1 (BS1A and BS1B) and BS2 of chain A
(BS2A), but differ in BS2 of chain B (BS2B). Because BS2B may be
affected by nearby crystal contacts, only interactions seen in BS1A,
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Figure 1 Structure of TcdA-f2. (a) Ribbon structure and schematic with SRs
(dark blue), SR3 and SR6 (cyan), and LRs (green) highlighted. (b) Ribbon
representation of TcdA-f2 and bound trisaccharides, viewed from the

N terminus. The reducing-end B-GIcNAc is colored yellow.
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Figure 2 TcdA-f2 bound to CD-grease at BS1A. Hydrogen bonds are drawn
as dashed lines.

BS1B and BS2A are discussed below. For simplicity, BS1A is described;
equivalent residues in BS2 would be numbered n + 91.

About 350 A2 or 50% of the carbohydrate surface is buried upon
binding. The 6-OH of B-galactose accepts a hydrogen from Lys122
and donates a hydrogen to a water molecule at the bottom of the
binding pocket (Fig. 2), which is also seen in the unliganded
structure®. The B face of B-galactose packs against the apolar proximal
portions of Argl02 and Ser121. The a-galactose at the nonreducing
end lies in a pocket formed by highly conserved residues in the loop
after the B-hairpin of the LR. Its hydrophobic B face packs against
Ile101, and the 6-OH forms hydrogen bonds with Asp92 and Argl02,
whereas the 4-OH accepts a hydrogen from GIn99. The O5 ring
oxygen also accepts hydrogen bonds from GIn99 and a water molecule.
The binding pocket is fairly open and may accommodate variations
at the nonreducing end of the trisaccharide, such as a-GalNAc-(1,3),
B-GalNAc-(1,3) or B-GlcNAc-(1,3) residues, which have previously
been shown to bind TcdAS.

The reducing-end B-GlcNAc lies in a shallow surface pocket formed
primarily by the B-turn portion of the SR after the LR. The 3-OH
accepts a hydrogen from Lys122, which also donates a hydrogen to the
[-galactose 6-OH. The B-GlcNAc 6-OH also accepts a hydrogen from
a main chain carbonyl oxygen atom, and the B-face packs against
residues 120 and 121. Notably, the reducing end of the trisaccharide
extends away from the protein, which allows space for attached lipid
or protein parts of the native receptor. The TcdA-f2—carbohydrate
complex also suggests a possible binding mode for Le* and Le. If the
B-Gal-(1,4)-B-GlcNAc moiety binds TcdA as seen for CD-grease, there
is sufficient space to accommodate the o-fucose residues attached to
GIcNAc or galactose in Le* and LeY.

Several previous studies support the functional importance of
carbohydrate binding in TcdA-f2. First, diethylpyrocarbonate mod-
ification of histidine residues in TcdA specifically abolishes cytotoxi-
city and receptor-binding activities’. The TcdA-f2 complex shows that
His63 is situated within 5 A of the central galactose residue (Fig. 2).
This residue forms a three-way hydrogen bond network with Glug4
and Tyr56 at the conserved interface between each LR and the
preceding SR®. Six of the nine histidine residues in the TcdA CRD
lie near carbohydrate-binding sites, and the modification of histidine
is expected to disrupt six of the seven binding sites. Second, antibodies
raised against TIDGKKYYFN inhibit receptor binding and cyto-
toxicity in TcdA®. This sequence is similar to that found in the SR
preceding each putative carbohydrate-binding site in TcdA. Anti-
bodies bound to this sequence would probably block carbohydrate
binding. Finally, polymeric resins conjugated to o-Gal-(1,2)-B-Gal-
(1,4)-B-Glc inhibit receptor binding and cytotoxicity in TcdA!b!2,

The locations of carbohydrate-binding sites in TcdA-f2 suggest how
TcdA may form multivalent interactions with intestinal cell-surface
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carbohydrates. Structural modeling indicates that the TcdA CRD
adopts an elongated, serpentine shape in which multiple binding
sites may be presented on the same face of the structure (Supple-
mentary Fig. 2 online). The reducing ends of bound trisaccharides
point away from the protein, minimizing steric interference with
glycolipid and glycoprotein ligands. Adjacent binding sites are
expected to lie on the same face if they are separated by three SRs.
However, adjacent binding sites separated by four or five SRs are
presented on surfaces that are 120° apart. As a result, multiple binding
sites separated by 30-300 A may interact with carbohydrates simulta-
neously, but not all binding sites can bind at the same time. Multi-
valent binding spaced over large distances has been seen in many other
lectin-cell surface interactions!>.

Several novel therapeutic approaches interfering with the activities
of toxins from C. difficile address limitations in current treatments
with antibiotics. Passive immunization with antisera targeting the
TcdA and TcdB CRDs reduces damage to the intestine caused by
C. difficile infections'%. Polyanionic or carbohydrate-containing resins
also bind toxins and neutralize their pathogenic effects! 121316,
Structural information on TcdA-carbohydrate interactions provides
a rational basis for improving the effectiveness of these and other
promising new therapeutic approaches.

Accession codes. Protein Data Bank: Coordinates and structure
factors have been deposited with accession code 2G7C.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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