£FEBS

Journal
STRUCTURAL SNAPSHOT

'.) Check for updates

9
:@' FEBSPRESS

® science publishing by scientists

Structural insight into Wnt signaling inhibition by

Clostridium difficile toxin B

Peng Chen’, Liang Tao***, Zheng Liu', Min Dong?®®** and Rongsheng Jin'

1 Department of Physiology and Biophysics, University of California, Irvine, CA, USA

2 Department of Urology, Boston Children’s Hospital, Boston, MA, USA

3 Department of Microbiology and Immunobiology, Harvard Medical School, Boston, MA, USA

4 Department of Surgery, Harvard Medical School, Boston, MA, USA

Keywords

bacterial toxin; cancers; Clostridium difficile;
Clostridium difficile infection; frizzled; host-
pathogen interactions; Wnt signaling

Correspondence

R. Jin, Department of Physiology and
Biophysics, University of California, Irvine,
CA, USA

Fax +1 949 824 8540

Tel. +1 949 824 6580

E-mail: r.jin@uci.edu

(Received 6 September 2018, revised 9
October 2018, accepted 17 October 2018)

doi:10.1111/febs. 14681

The incidence of Clostridium difficile infection (CDI) has increased signifi-
cantly worldwide, causing substantial morbidity and mortality. One of the
major virulence factor, TcdB, manages to enter the colonic epithelia via the
human frizzled proteins (FZDs), which are physiological receptors for Wnt
morphogens. Binding of TcdB to FZDs inhibits Wnt signaling, which may
contribute to pathogenesis of CDI. Here, we review the structural mecha-
nism by which TcdB exploits to recognize FZDs for cell entry and inhibit-
ing Wnt signaling, which reveals new strategies to modulate Wnt signaling
for therapeutic interventions.

Introduction

Clostridium difficile, or C. diff for short, is an oppor-
tunistic pathogen that can cause human diarrhea and
pseudomembranous colitis [1]. It has been estimated
that there were almost half a million cases of C. diffi-
cile infection (CDI) and approximately 29 000 associ-
ated deaths in the United States in 2011. Therefore,
CDI is listed as an urgent threat by the Center for
Disease Control and Prevention [2,3]. CDI is mainly
caused by two C. diff virulence factors, toxin A
(TcdA) and toxin B (TcdB). Both TcdA and TedB are
composed of various functional domains, including the
glucosyltransferase domain (GTD), cysteine protease
domain (CPD), delivery domain, and the combined
repetitive oligopeptide domain (CROP) [4-6]. These
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toxins enter cells through receptor-mediated endocyto-
sis. Once the GTD is delivered into the cytosol, it glu-
cosylates small GTPases of the Rho family, including
Rho, Rac, and CDC42 [7]. Glucosylation of Rho pro-
teins inhibits their functions as molecular switches,
leading to alterations in the actin cytoskeleton, result-
ing in cell-rounding and ultimately cell death [7-9].
The relative roles of these two toxins in the pathogene-
sis of CDI are not completely understood. But recent
studies showed that TcdB is significantly more virulent
than TcdA in animals [10-15], and TcdB alone is suffi-
cient to elicit full spectrum of human diseases [10,16].
Host receptor recognition dictates the cell type trop-
ism for a toxin and may determine the pathogenesis

CDlI, Clostridium difficile infection; CPD, cysteine protease domain; CRD, cysteine-rich domain; CROP, combined repetitive oligopeptide
domain; CSPG4, chondroitin sulfate proteoglycan 4; FZD, frizzled; GTD, glucosyltransferase domain; PAM, palmitoleic acid; PVRL3,
poliovirus receptor-like 3; TcdA, C. diff toxin A; TedB, C. diff toxin B; TcdB™P, FZD-binding domain of TcdB.
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process. Three receptors have been identified for TcdB:
chondroitin sulfate proteoglycan 4 (CSPG4), Wnt recep-
tor frizzled proteins (FZDs), and poliovirus receptor-
like 3 (PVRL3), with FZDs thought to be the major
receptors in the colonic epithelium [17-20]. FZDs are G
protein-coupled receptor-like proteins, and the secreted
Wnt glycoproteins initiate the canonical Wnt signaling
by interacting with the extracellular cysteine-rich domain
(CRD) of FZDs. The Wnt signaling pathway is crucial
for development, homeostasis of multicellular organisms,
stem cells functions, and many other processes [21]. TcdB
binding to FZD inhibits Wnt signaling, which may con-
tribute to the pathogenesis of CDI. In this review, we
focus on the recent advances on understanding of the
molecular mechanism by which TcdB recognizes FZDs
for cell entry and inhibiting Wnt signaling, as well as
their potential therapeutic implications.

Structural basis for recognition of
FZDs by TcdB

To better understand TedB-FZD interactions, we bio-
chemically mapped the FZD-binding domain in TcdB
(residues 1285-1804, termed TcdBBP), which is located
in the delivery domain. TcdB¥®P could be readily
expressed in Escherichia coli and is stable in solution.
The crystal structure of TcdB™®P in complex with the
CRD of human FZD?2 (residues 24-156, referred to as
CRD2) was determined at 2.5 A resolution (Fig. 1A)
[22]. Unexpectedly, the crystal structure revealed that an
endogenous lipid, palmitoleic acid (PAM), is completely
buried between CRD2 and TcdB"®P through extensive
hydrophobic interactions with both proteins. In addi-
tion to PAM-mediated interactions, TcdBFEP also rec-
ognizes CRD2 through a network of hydrogen bonds
and hydrophobic interactions that surround the PAM-
binding groove in CRD2. Our extensive structure-based
mutagenesis studies demonstrated that this endogenous
PAM serves as a crucial co-receptor for TcdB"™®P to
strengthen its binding to CRD2.

Wnt proteins undergo extensive post-translational
modifications, and all Wnt are modified by lipidation
through the addition of a PAM to a conserved serine
residue, which is essential for their secretion and func-
tion [23]. Remarkably, the endogenous PAM found in
the TcdBF®P—-CRD2 complex is located in the same
hydrophobic groove in CRD that accommodates the
covalently linked PAM in Wnt [22,24]. Amino acid
sequence analysis showed that CRD2 residues F76,
P78, and L79 lining on one side of the PAM and resi-
dues M125, F128, and F130 on the other side are
highly conserved across 10 human FZDs (Fig. 1B,C).
Moreover, this pocket is always hydrophobic in all
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FZD CRDs (Fig. 1D-H), which is consistent with its
physiological role as the binding pocket for the Wnt-
PAM. However, subtle amino acid differences in this
groove and the neighboring areas across different
FZD members may lead to different affinities of CRDs
toward endogenous lipids. The closely related FZDI,
2, and 7, the high affinity receptors for TcdB, have
CRDs that bind endogenous lipids with sufficiently
high affinities [18,22], while other CRDs likely have
weaker affinities. For example, the purified recombi-
nant CRDS5 does not contain a PAM. Nevertheless,
CRDS5 was capable of binding a PAM when exoge-
nous PAM was added to the solution, which subse-
quently improved its binding to TedBFBP [22,25].

A novel mechanism for Wnt signaling
inhibition

It is well established that Wnt engages CRD through
two separate interfaces: one site is formed by docking
the Wnt-PAM into its binding pocket in CRD (a.k.a.
the palmitoylated ‘thumb’), while the other site is
mediated by protein—protein interactions at a distinct
location (a.k.a. the ‘index finger’) (Fig. 2A) [24]. This
clamp-like binding model is likely conserved for all
Wnt-FZD pairs. The Wnt-PAM is clearly a hotspot
that contributes considerably to the total binding
energy and is essential for FZD binding.

Structural comparison between the TcdB"BP—CRD2
complex and the Wnt8—CRDS8 complex indicates that
the CRD2-bound PAM almost completely overlaps
with the Wnt-PAM (Fig. 2A) [24]. Therefore, the
Wnt-PAM needs to displace the endogenous PAM
bound on CRD2 during Wnt signaling activation. But,
binding of TcdBF®P locks the endogenous PAM in
position and prevents docking of the Wnt-PAM. It is
worth noting that TcdB"®P engages CRD2 from the
opposite side of the Wnt-binding interface and does
not directly compete with Wnt for CRD binding
(Fig. 2A). Therefore, preventing the binding of
Wnt-PAM to CRD seems to play a central role in
inhibiting Wnt binding and signaling by TcdB. These
findings suggest that the Wnt-PAM could be Wnt’s
Achilles heel, and disrupting its binding to CRD may
be sufficient to block Wnt binding to FZD (Fig. 2B).

While TcdBFBP prevents Wnt from binding to
CRD, TcdBFEP is able to use the Wnt-PAM as a co-
receptor to bind the Wnt—FZD complex (Fig. 2A). We
found that Wnt could enhance binding of TcdB®P to
some CRDs (e.g., FZD4, FZDS5, FZD8, and FZD?9Y)
that have weaker affinities for endogenous lipids [22].
This is advantageous for TcdB to recognize a broad
range of FZDs despite their sequence variations.
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Fig. 1. TcdBEP uses an endogenous lipid as a co-receptor to recognize CRD2. (A) Overall structure of the TcdBT®P_PAM-CRD2 complex.
(B) Sequence conservation of key FZD residues that are involved in TcdB interaction (blue cubes) and/or PAM interaction (red ovals) among
the 10 human FZDs [33]. (C) Molecular surface of CRD2, whereas the residues are colored according to their conservation across 10 human
FZDs. (D-H) Hydrophobicity and charge distribution on CRD surfaces for representative CRD-lipid complexes [34]. The CRD-bound lipids are
shown as sticks. Hydrocarbon groups without polar substitutions are shown in yellow; negatively charged oxygens of glutamate and
aspartate are showed in red; nitrogens of positively charged functional groups of lysine and arginine are in blue; all remaining atoms
including the polar backbone are showed in white.
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Fig. 2. A novel strategy to inhibit Wnt
signaling by targeting the Wnt-PAM. (A)
Superimposed structures of the TedBFEP—
CRD2 complex (PDB: 6C0B) and the Wnt8-
CRD8 complex (PDB: 4F0A) based on CRD.
The yellow and pink sphere models
represent the CRD2-bound PAM and the
Wnt8-PAM, respectively. (B) A structural
model for inhibition of Wnt signaling by
TcdB.

The structural flexibility of the lipid
bound in the hydrophobic groove in
FZD CRD

In addition to the Wnt8—CRDS8 complex, several struc-
tures of CRDs in complex with an endogenous lipid or
an exogenous lipid added during crystallization have
been reported, such as CRD2 in complex with PAM
(PDB: 6C0B), CRD4 in complex with PAM (PDB:
SUWG), CRDS in complex with PAM (PDB: 5URY),
and CRD7 in complex with a C24 fatty acid (PDB:
SURYV) [22,24-26]. Structural superposition of these
CRD-lipid complexes reveals a common lipid-binding
groove (Fig. 3A), but the relative positions and confor-
mations of the bound lipids are different (Fig. 3B-F).
As the Wnt-PAM binds in this CRD pocket under
physiological conditions, we used the Wnt-PAM as a
bench mark for structural comparison and assigned
the location of its carboxylic group in the Wnt8—
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CRD8 complex as state 0 (Fig. 3B). The CRD2-bound
endogenous PAM also adopts a state 0 configuration,
which puts its head group within proximity of the con-
sensus acylation site in Wnt, therefore faithfully mim-
icking the Wnt-PAM [22]. This is consistent with the
observation that TcdB could use the Wnt-PAM as a
co-receptor for binding [22]. Interestingly, the car-
boxylic group of the lipids in the structures of the
CRD4-PAM and the CRD7-C24 complexes shifts up
toward Wnt by 2 and 3 carbon lengths, respectively
(Fig. 3C,F). The structure of the CRD5-PAM com-
plex revealed two different lipid configurations: PAM
could shift away from Wnt (state -2) or adopt state 0
(Fig. 3D,E). Therefore, the exogenous lipids seem to
have some freedom to slide in this hydrophobic groove
in CRDs. In contrast, the Wnt-PAM is covalently
attached to a conserved Ser residue (e.g., Serl87 in
xenopus Wnt8) and the position of its carboxylic group
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Fig. 3. Structural flexibility of the CRD-bound lipids. (A) Structural superposition of five CRD-lipid complexes with the Wnt8-bound CRD8
(pink, PDB: 4F0A): CRD2-PAM (green, PDB: 6COB); CRD4-PAM (blue, PDB: 5UWG); CRD5-PAM (chain A: orange; chain B: yellow, PDB:
5URY); and CRD7-C24 (cyan, PDB: BURV). (B-F) The lipid molecules in these complexes are individually compared with the Wnt8-PAM.

is constrained. Furthermore, the Wnt-PAM binding to
CRD is facilitated by the protein moiety of Wnt [24].
Therefore, the flexibility of the bound lipid to slide in
this CRD pocket may provide the structural basis for
replacing this lipid by the Wnt-PAM during Wnt acti-
vation.

The Wnt lipid may mediate FZD
dimerization for signaling

It is worth noting that the lipids found in the struc-
tures of CRD4 (PAM), CRD5 (PAM), and CRD7
(C24) adopt curved conformations (Fig. 3C-F), with
their protruding methyl tail bound in the equivalent
lipid-binding groove in a neighboring CRD molecule
[25,26]. As a result, a single unsaturated fatty acid
binds in a contiguous U-shaped hydrophobic groove
formed between a CRD homodimer: the carboxylic
acid end of the lipid is located on one CRD, while the
methyl tail of the lipid is bound on the other CRD.
The kinked unsaturated bond in the lipid is situated at
the bottom of the U-shape crossing the CRD-CRD
interface. It is suggested that the curved lipids stabilize
the CRD dimerization and contribute to activate Wnt
signaling. But its physiological relevance remains to be
fully established.

Several distinct dimer configurations of CRD have
been observed, which lead to different curvature of the
contiguous U-shaped lipid-binding groove (Fig. 4A—
D), whereas the angle of the kink in the CRD-bound
lipid seems to vary accordingly (Fig. 3C-F). A recent
study reported a homodimeric peptide (dFz21) that
binds to CRD?7 at a site close to the CRD dimer inter-
face (Fig. 4D) [27]. This peptide forces the CRD7

dimer to open up relative to each other, which makes
the U-shaped lipid-binding groove become more
extended (Fig. 4D). It is believed that this unique
open-configuration of a CRD7 dimer bound by dFz21
is incompetent to form the functional Wnt—-FZD-LRP
complex for signaling. The physiological contribution
of FZD CRD dimerization to activating Wnt signaling
in vivo warrants further studies.

Interestingly, the CRDS-bound Wnt-PAM adopts
an extended conformation (Figs IH and 2A), while
CRDS exists as a monomer in the crystal structure of
the Wnt8—CRDS8 complex [24]. We suspect that this is
likely an intermediate conformation ‘frozen’ by the
crystal packing effect, which preferentially crystallized
CRDS in the monomeric form. The authors acknowl-
edged that higher order species of the Wnt8—CRDS
complex were observed in solution. Indeed, the tail of
the Wnt-PAM acyl chain in the extended conforma-
tion is bound by a neighboring Wnt8 molecule due to
crystal packing, which also blocks the formation of a
potential CRD8 dimer [24]. In the TcdB'BP-CRD2
complex, the endogenous PAM is completely buried
between the two proteins, and the structurally flexible
long acyl chain of PAM is ‘forced” by TcdB®P to
adopt an extended conformation. At the same time,
TcdBF®P also sterically blocks the formation of a
CRD dimer (Fig. 4E). Taken together, TcdB renders
the Wnt-FZD complex incompetent for proper down-
stream signaling (Fig. 2B).

Future prospects

Abnormal activation of Wnt signaling is tumorigenesis
and is frequently associated with cancers, such as
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Fig. 4. CRD homodimers could adopt various configurations. (A) CRD4-PAM complex; (B) CRD5-PAM complex; (C) CRD7-C24 complex;
(D) CRD7-dFz-21 complex (PDB: 5WBS). The lipids are shown as green sphere models and peptide dFz-21 in a green cartoon model. (E)
The CRD dimers shown in panels A-D are superimposed to the TcdB™P-bound CRD2 based on the CRD molecule colored in gray. In each

case, the other CRD molecule in a dimer clashes with TcdB™BP.

breast, colorectal, and pancreatic cancers [21]. Upregu-
lation of Wnt signaling may also play a critical role in
epithelial-mesenchymal transition and cancer metasta-
sis [28-31]. Furthermore, cancer cells that are exiting
chemotherapy-induced senescence were shown to be
associated with high levels of Wnt signaling activity
[32]. Therefore, inhibiting Wnt signaling represents an
important route to target these hard-to-treat cancer
cells. The unique mechanism exploited by TcdB to tar-
get Wnt-PAM and block Wnt binding to FZD reveals
a new strategy to develop Wnt antagonists for basic
research and therapeutic application. For example, we
have begun to test the hypothesis that the nontoxic
TcdBFBP or its modified variants may be able to inhi-
bit cancers that are associated with abnormal activa-
tion of Wnt signaling. Alternatively, it would be
exciting to develop novel antibodies or small molecules
as Wnt antagonists that prevent the binding of
Wnt-PAM to CRD in a way similar to what TcdBF®P
does. At the same time, the utilization of PAM as a
co-receptor by TcdB also exposes its vulnerability,
which may help to develop antitoxins to fight CDI.
So, once again, pathogens have served us well as key
scientific tools, which not only help us better under-
stand the complicated biological processes but also
open a new door to develop novel therapeutic agents.
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