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ABSTRACT

Clostridioides difficile infection presents an escalating clinical challenge due to the proliferation of hypervirulent and antibiotic-
resistant strains. The primary symptoms of disease, namely colitis and diarrhea, are induced by the release of two toxins: TcdA
and TcdB. Targeting these toxins with peptide inhibitors provides an attractive therapeutic strategy that can be used alone or
synergistically with standard antibiotic treatments to alleviate severe symptoms and reduce the risk of resistance development.
In this study, we present the rational discovery and optimization of potent TcdB peptide inhibitors. The lead sequences
effectively inhibit TcdB glucosyltransferase activity, the crucial enzymatic process leading to disease symptoms, by directly
competing with the toxin's molecular targets, Rho proteins. Detailed enzymatic studies also elucidate distinct Michaelis con-
stants, Ky, for each substrate, UDP-glucose and Rho-proteins, for multiple TcdB GTD subtypes. The selected peptides dem-
onstrated broad efficacy against the three most common TcdB subtypes, which are used in over 90% of clinical isolates.
Additionally, the peptides delayed TcdB-induced loss of barrier integrity and decreased apoptosis in a primary human colon
epithelial monolayer model. This study highlights a novel therapeutic avenue with significant potential to enhance the treat-
ment and management of C. difficile infections.

1 | Introduction characterized by colitis, diarrhea, inflammation, and increased

epithelial permeability, which are primarily driven by the

Clostridioides difficile (C. difficile) is a gastrointestinal pathogen
that is recognized as an urgent threat by the US Centers for
Disease Control and Prevention (CDC) due to the prevalence of
antibiotic resistant and hypervirulent strains causing significant
morbidity, mortality, and healthcare burden (Centers for Dis-
ease Control and Prevention U.S. 2019; Rupnik et al. 2009;
Schiffler and Breitriick 2018). C. difficile Infection (CDI) is

release of clostridial glucosylating toxins (Carter et al. 2015;
Alonso et al. 2022; Aktories et al. 2017). Current treatment
guidelines for CDI recommend discontinuing the antibiotic
therapy mediating the gut dysbiosis and initiating targeted an-
tibiotic therapy for C. difficile (e.g., vancomycin or fidaxomicin)
(Johnson et al. 2021). However, these treatments are not always
effective and may lead to recurrent infections, antibiotic
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resistance, and delay the recovery of a colonization-resistant
microbiome (Johnson 2009; Normington et al. 2021; Basséres
et al. 2021; Spigaglia 2016; Theriot et al. 2016). Fecal microbiota
transplantation (FMT) aims to facilitate the recovery of a
colonization-resistant microbiome through the introduction of
fecal matter or an isolated microbial consortium from healthy
donors (Baunwall 2020; Khoruts et al. 2021). Two FDA
approved FMT products, Rebyota (approved 2022) and Vowst
(approved 2023), aim to standardize this approach (Dubberke
et al. 2018; McGovern et al. 2021). While FMT is generally
considered safe and effective, there are challenges in their
sourcing, manufacture, and storage, and outstanding questions
on treatment durability and underlying mechanism of action
(Yadegar et al. 2024). Because toxin production is necessary for
CDI (Lyras et al. 2009; Chandrasekaran and Lacy 2017), there
has been significant interest in targeting the toxins of C. difficile
as an orthogonal, synergistic treatment strategy to both anti-
biotics and microbiome restoration therapies (Durmusoglu
et al. 2021; Stewart et al. 2020).

The two large clostridial glucosylating toxins (LCGTs) A and B
(TcdA and TcdB), which feature 42% sequence identity and 60%
similarity (Figure 1A), are the primary virulence factors of C.
difficile (Aktories et al. 2017; Genth et al. 2014). The four
domains of TcdA and TcdB enable intracellular glucosyl-
transferase activity: (i) the combined repetitive oligopeptides
(CROPs) domain binds to cell surface receptors for internal-
ization (Yuan et al. 2015; Ho et al. 2005); (ii) the delivery and
receptor binding domain (DRBD) also mediates cell entry and
translocates the toxin to the endosomal membrane upon
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endosomal acidification (Gerhard et al. 2013; Manse and
Baldwin 2015; Tao et al. 2016; Genisyuerek et al. 2011); (iii) the
cysteine protease domain (CPD), activated by inositol hexaki-
sphosphate, releases the glucosyltransferase domain (GTD) into
the cytosol (A. Shen et al. 2011); finally, (iv) the GTD inactivates
Rho-family proteins through glucosylation of conserved threo-
nine residues (Just, Wilm, et al. 1995; Just, Selzer, et al. 1995;
Reinert et al. 2005) (Figure 1B). Glucosylation of these residues
disrupts key signaling pathways, leading to cell rounding, dis-
ruption of the actin cytoskeleton, and degradation of tight
junctions, manifesting as the hallmark pathophysiology,
increased fluid secretion, mucosal permeability and damage,
and release of inflammatory cytokines (Aktories et al. 2017).
This inflammatory response leads to colitis and diarrhea
(Aktories et al. 2017).

Decades of research have elucidated the molecular mechanisms
underpinning the structure and activity of the toxins. However,
to date, only one toxin inhibitor, Bezlotoxumab, has received
FDA approval. Bezlotoxumab, a fully human mAb, targets two
epitopes in the TcdB CROPs domain, blocking cell entry via
CSPG4 receptors (Villafuerte Galvez and Kelly 2017; Hernandez
et al. 2015; P. Chen et al. 2021). A second antibody, Actoxumab,
was developed against the TcdA CROPs domain, but showed no
benefit alone or in combination with Bezlotoxumab and was
abandoned (Hernandez et al. 2015, 2017; Raeisi et al. 2022).
Several factors make inhibition of glucosyltransferase activity
more attractive for drug design versus cell entry, which requires
that the drug block multiple receptor binding sites across the
CROPs and delivery domains (Gerhard et al. 2013; Manse and
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FIGURE 1 | Clostridioides difficile toxin structure and mechanism. (A) Sequence identity (white) of TcdB subtypes B2 (R20291) and B3 (1470)

compared to Bl (VPI 10463); TcdA domain map shown for reference CPD/APD: cysteine protease (or autoproteolytic) domain; CROP: combined
repetitive oligopeptides domain; DRBD: delivery and receptor binding domain; GTD: Glucosyltransferase domain. (B) TcdB mechanism: cell entry
via endocytosis is mediated by receptor-binding domains in the DRBD and CROPs domain, endosomal acidification allows the DRBD to translocate
across the membrane, the CPD is activated by cytosolic InsPs, cleaving the GTD, which glucosylates Rho proteins. (C) Structure of TcdB holotoxin
(PDB: 60Q5), GTD (red), CPD (purple), DRBD (orange), CROPs (gray). Inset: TcdB GTD (PDB: 2BVL) (red), reactive 1oops;o_s»3 (blue), UDP-glucose
(green). (D) Structural alignment of TcdB GTDs from B1, B2, and B3 subtypes, the reactive 100psq_s»3 is highlighted. (E) Sequence alignment of
reactive loops;o_s»3 of TcdB subtypes and TcdAl reactive 100psg9_sz2, colored by homology. Panel B made with biorender.com.
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Baldwin 2015; P. Chen and Jin 2023). Additionally, a subset of
TcdB variants has extensive residue changes these sites, en-
abling them to escape neutralization (Mansfield et al. 2020)
(Figure 1A). This accounts for the 200-fold reduced potency of
Bezlotoxumab against TcdB variants in approximately 15%-20%
of strains and the complete escape of TcdB in hypervirulent
RTO017 strains from a preclinical mAb, PA41, neutralization
(Hernandez et al. 2015; Mansfield et al. 2020; Marozsan
et al. 2012). The evolution of human «-defensins that neutralize
GTDs of TcdA and TcdB by aggregation or enzymatic inhibition
highlights the feasibility of this approach (Giesemann
et al. 2008; Korbmacher et al. 2020; Fischer et al. 2020; Barthold
et al. 2022).

Responding to the urgent need for novel modalities to treat
CDI, we propose a novel approach that leverages peptides to
inhibit the virulence factors TcdA and TcdB by binding to their
conserved glucosyltransferase catalytic site (GTD). As the key
catalytic residues and UDP-glucose pocket of the GTD are
highly conserved between toxin variants of both TcdA and TcdB
(Mansfield et al. 2020) (Figure 1C-E), inhibitors of their active
sites are in fact likely to have broad activity against many
clinically relevant C. difficile strains. This approach is also
compatible with the current standard of care antibiotics, poses
minimal risk for drug resistance development, and targets toxin
variants from at least 90% of clinical C. difficile isolates.

In previous works (Xiao et al. 2022; Sarma et al. 2023), we pro-
vided a proof of concept of this approach by improving peptide
inhibitors of TcdA GTD found in the literature via iterative
computational evolution (Xiao et al. 2022; Sarma et al. 2023;
Abdeen et al. 2010). In this study, we turned to TcdB, a more
challenging and clinically relevant target due to its higher
sequence diversity (Mansfield et al. 2020; E. Shen et al. 2020),
higher glucosyltransferase activity (Chaves-Olarte et al. 1997),
and direct role in driving fulminant CDI (Carter et al. 2015; Lyras
et al. 2009). We leveraged our background technology portfolio
including (i) a microfluidic device for the rapid identification of
peptide binders (Kilgore et al. 2023; Day et al. 2019; Saberi-Bosari
et al. 2019), (ii) an in silico workflow that combines peptide
binding design (PepBD) and MD simulations to enhance peptide-
protein affinity, (iii) glucosyltransferase inhibitor screening,
(iv) peptide-protein binding studies, and (v) a translatable pri-
mary human small intestine and colon monolayer model
(Ok et al. 2023) to identify broad-spectrum peptide inhibitors of
C. difficile TcdB.

2 | Results

2.1 | De Novo Peptide Discovery Through Solid
Phase Peptide Library Screening

The TcdA and TcdB GTDs contain a binding pocket for UDP-
glucose which our team previously targeted for the design of
TcdA peptide inhibitors (Xiao et al. 2022; Sarma et al. 2023).
Contained within the pocket are two highly conserved
catalytic regions, a tryptophan residue (W102) that binds to
the uracil of UDP-glucose through n-m stacking and the
DXD motif (D286/D288), which coordinates with a magne-
sium or manganese ion co-factor (Aktories et al. 2017;

Jank et al. 2007). The pocket is partially covered by a flexible
reactive loop (W520 loop, residues 510-523), which under-
goes a large conformational rearrangement upon UDP-
glucose and Mn** binding, allowing it to mediate the bind-
ing and orientation of Rho proteins for glucosylation
(Liu et al. 2021; Pruitt et al. 2012).

Our previous studies indicated that the optimal peptide length
for binding in this pocket is eight amino acids, thus informing
the design of a solid-phase peptide library for the de novo dis-
covery of TcdB GTD-inhibiting peptides: X;XoX3X;XsXsX7Xs-
GSG-resin. The eight variable positions (X,,) were randomized
with a focused ensemble of chemically diverse amino acids:
alanine (A), aspartic acid (D), phenylalanine (F), proline (P),
glutamine (Q), arginine (R), threonine (T), and tryptophan (W),
which encompass a wide range of interactions (i.e., electrostatic,
hydrogen-bonding, hydrophobic, © stacking, etc.) thereby pro-
moting the identification of sequences with true affinity for TcdB
GTD. The peptide library was synthesized on ChemMatrix ami-
nomethyl resin via Fmoc/tBu chemistry following the “split-
couple-recombine” technique, yielding a unique peptide
sequence on each resin bead. We then screened the library by
implementing a bichrome assay on a high-throughput
microfluidic-microscopy device to select peptides with TcdB
GTD targeting activity (Figure 2A). Briefly, the library beads were
(i) contacted with a solution of red fluorescently labeled TcdB
(TcdB-AF594) and green-fluorescent analog of UDP-glucose
(UDP-glucose-fluorescein); (ii) individually fed to the sorting
chamber of the device; and (iii) imaged in both red and green
channels. The collected images were processed in real-time to
extract bead image metrics that determined bead collections:
beads with high red-only fluorescence—indicating selective TcdB
targeting and inhibition of UDP-glucose binding—were selected;
beads with red and green fluorescence—indicating TcdB-
binding, yet not inhibitory, sequences—or no fluorescence were
discarded. Out of approximately 5000 beads screened, 69 positive
leads were captured, 36 of which were sequenced by Edman
degradation, obtaining 28 sequences with high confidence.
Notably, the identified sequences showed significant enrichment
in arginine (R) (X;-Xg), glutamine (Q) (X;-X5), and proline (P)
(X;-Xg) as well as high sequence similarity for arginine (R) at
position X,, and glutamine (Q) at positions X; and X, (Figure 2A,
inset). Interestingly, the QR motif was observed 15 times in the
sequences, and the motif QRP and its reverse PRQ were found in
4 and 2 sequences, respectively. Previous work with TcdA by us
and others similarly found an enrichment for the positively
charged residues arginine or histidine (Xiao et al. 2022; Sarma
et al. 2023; Abdeen et al. 2010). Six sequences were selected for
their selective and inhibitory TcdB targeting, high confidence
sequencing, and homology (Figure 2B; all sequences provided in
the Supporting Information).

2.2 | Computational Evaluation of the Binding
Affinity of Library-Designed Peptides for TcdB GTD

The binding energy (AGhinding) Of peptides LSB1-LSB6 for the
catalytic site on TcdB1 GTD was initially evaluated via pepti-
de:protein docking followed by molecular dynamics (MD)
simulations. The peptides were docked against the reactive loop
(residues 510-523) and the DXD motif (residues 286-288)
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FIGURE 2 | Solid phase peptide library screening. (A) A solid phase peptide library was screened against TcdB holotoxin (red) and UDP-glucose-
fluorescein (green) to select peptides with selective and inhibitory TcdB GTD activity. Library beads exhibiting red-only fluorescence were selected as
carriers of peptides capable of displacing UDP-glucose-fluorescein upon binding TcdB GTD. (B) The selected beads were analyzed via Edman
degradation, and the resulting sequences LSB1-LSB6 were modeled via molecular docking and dynamics simulation on the UDP-glucose binding
pocket of TcdB GTD to estimate the binding free energy AGyinaing (n0te: the values of energy were averaged from triplicate docking and 100-ns
dynamic simulations in explicit solvent conditions). (C) Snapshot of the LSB5:TcdB GTD complex resulting from molecular dynamics simulation,

with the TcdB GTD in red, reactive loop in blue, and peptide LSB5 in green.

(Reinert et al. 2005) of TcdB1 GTD using the docking software
HADDOCK (v. 2.4) and clustered based on the fraction of
common contacts (Honorato et al. 2024; van Zundert
et al. 2016). The top binding pose of the first cluster of each
peptide:TcdB1 GTD complex was selected for further MD
refinement and AGyinging €valuation. Three independent 100 ns
simulations for each peptide:TcdB1 GTD complex were carried
out. The implicit-solvent molecular mechanics/generalized
Born surface area (MM/GBSA) approach with the variable
internal dielectric constant model was used to evaluate the
AGyinging from the last 5ns of the simulation trajectories,
summarized in the table within Figure 2B. Three peptides were
predicted to bind weakly near the reactive loop: LSB5, LSBI1,
and LSB6, all of which are basic and contain the QR-motif.

2.3 | InSilico Optimization of Peptide Binders for
TcdB GTD

We then applied the PepBD algorithm, coupled with atomistic
MD simulations, to optimize the GTD inhibitory activity of the
peptide sequences identified by library screening. PepBD
(Peptide Binding Design) is a Monte-Carlo-based search algo-
rithm that uses an iterative procedure to identify variants of a
reference sequence that may bind with superior affinity to a
biomolecular target. The input to the algorithm is a crystal
structure of the complex formed by the target protein and the
reference peptide, herein the TcdB1 GTD (PDB ID: 2BVL) and

LSB sequences. The algorithm performs two kinds of moves:
sequence change and conformation change moves, to generate
peptide variants. After each move, the algorithm calculates a
score (a measure of the peptide-receptor binding energy and the
conformational stability of the peptide when bound to the
receptor); this score is compared to that of the previous
sequence/conformation and accepted or rejected using the
Monte Carlo Metropolis sampling technique. Details of the
algorithm are provided in the Methods and Supplementary
Information (Xiao et al. 2022, 2018; Sarma et al. 2023). The
evaluation of the AG values follow the same protocol as in our
previous work (Xiao et al. 2016).

Peptide LSB5 (QRPQQRTF) was indicated by initial simulations
to be the best binder to TcdB1 GTD (AGhpinding = —5.7kcal/mol)
and the LSB5:TcdB1 GTD complex (Figure 2C) was therefore
adopted as the starting point for the PepBD optimization. For
our designs, we considered three different design spaces (Cases)
for PepBD where we constrained the number of hydrophobic,
hydrophilic, cationic, anionic, and glycine residues on the
peptide chain. These constraints facilitated the search for sol-
uble peptides with high target-binding affinity. For example, the
number/position of charged amino acids was fixed to comple-
ment the charge state of the catalytic site of TcdB1 GTD. The
three cases are listed in Supporting Information S1: Table S2.
Broadly, Cases 1 and 2 have amino acid distributions that are
similar to successful TcdA GTD peptide inhibitors, that is, they
are biased towards hydrophobic and charged residues, whereas
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Case 3 has the same hydration properties as the reference interact with the GTD active site through their C-terminal
peptide LSB5. For Cases 1 and 2, we performed the PepBD WRRW motif (Xiao et al. 2022; Sarma et al. 2023; Abdeen
search with two randomized initial peptide sequences to ex- et al. 2010).
plore different search pathways, whereas for Case 3 the search
started from LSB5. In each search, new peptide sequences and
conformers were generated and the Iso. and RMSD were 2.4 | Broad Spectrum Glucosyltransferase
recorded at each step (Figure 3A-D), where a lower I'y.re Inhibition
indicates stronger binding. The lowest scoring peptides were
subjected to atomistic MD simulations to predict their binding Encouraged by the in silico improvement in AGp;pding to TcdB1
affinity as described above (Table 1). The structures of the GTD, we sought to investigate the matured peptides’ gluco-
SB2:TcdB1 GTD, SB5:TcdB1 GTD, and SB6:TcdBl GTD com-  syltransferase (GT) inhibition activity in vitro against a panel
plexes obtained by performing a hierarchical clustering analysis of TcdB variants. Recent advances in the field have classified
on the last 5ns of a 100ns simulation are shown in and characterized up to 12 distinct variants of TcdB, with
Figure 3E-G. numerous subtypes (Mansfield et al. 2020; E. Shen et al. 2020).
Their GTDs exhibit high sequence diversity (Mansfield
Notably, top Case 2 sequences SB1, SB2, SB5, and SB6 share a et al. 2020; E. Shen et al. 2020) and have distinct Rho protein
C-terminal WRRW motif, and residue-wise analyses of SB2, substrate preferences (Genth et al. 2014; Liu et al. 2021),
SB5, and SB6 also reveal that R6, R7, and W8 are the highest contributing to different cell-rounding effects (Genth et al.
contributors to the interaction energy (Figure 3E-G). Decom- 2014) and limiting the universality of GT inhibitors. While the
position of energy terms reveals that the arginine residues three key catalytic residues (W102, D286, D288) are conserved
contribute through a mix of van der Waals (VDW), electrostatic, across all strains reported on DiffBase (Mansfield et al. 2020),
and polar solvation, whereas the tryptophan residues contribute the UDP-pocket and reactive loop are only moderately con-
primarily through VDW. Taken together, these results show a served (Figure 1E), while the Rho protein-binding interface
substantial improvement in AGyinging during in silico optimi- partitions into two functional groups, RhoA (TcdB1, B2, BS,
zation, coupled with convergence toward similar peptide B6, B9, B10, B11, and B12) and R-Ras (B3, B4, B7, and B8) (Liu
sequences. These peptides are distinct from previously reported et al. 2021). Despite distinct Rho protein preferences, both
TcdA and TcdB GTD-inhibiting peptides. While they all are  groups retain the ability to glucosylate Racl with similar
positively charged and 7-10 amino acids in length, these activity, allowing us to probe the GT activity in both groups
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FIGURE 3 | Peptide sequences SB2, SB5, and SB6 were obtained from PepBD and molecular dynamics simulations. (A) The score/RMSD versus
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TABLE 1 | The initial peptide sequence (LSB5) and the list of peptide sequences identified by PepBD screening with their corresponding AL.ore

and AGyinging values with standard error (SE) (n = 1250 snapshots).

Peptide Case Sequence Lscore (,:,,c_:,l,l) predicted  AGpinging (%)
LSB5 QRPQQRTF —5.7+0.54

SB1 Case 2 FDQQWRRW —58.64 —25.33+0.38

SB2 Case 2 EMHQWRRW —64.31 —20.07 +0.50

SB3 Case 1 GWQEWRTW —59.66 —16.41 +0.42

SB4 Case 3 PRHQNRFH —56.94 —15.35+0.50

SB5 Case 2 HTLEWRRW —57.36 —14.83 +0.58

SB6 Case 2 MDTQWRRW —57.70 —14.08 +0.42

SB7 Case 3 RAHQNRFH —57.30 —-7.51+0.51

using the same substrate (Genth et al. 2014; Liu
et al. 2021). TcdB1 (VPI 10463), B2 (R20291), and B3 (1470)
were selected for coverage across both Rho protein functional
groups, presence in key hypervirulent strains of interest, and
high abundance (~90%) in clinical isolates.

The panel of computationally optimized peptides (SB1-SB7)
and the reference peptide (LSB5) were evaluated as candidate
inhibitors of TcdB1, B2, and B3 GTDs using a luminescence-
based glucosyltransferase assay, UDP-Glo (Promega). The rate
of product (UDP) formation was measured following conven-
tional protocols (Barthold et al. 2022; Liu et al. 2021; Heber
et al. 2022). Castanospermine (Cast), an established glucosi-
dase and glucosyltransferase inhibitor with activity against
TcdB, was used for comparison (Heber et al. 2022; Jank
et al. 2008). At fixed inhibitor (1 mM) and Racl (5uM) con-
centrations and varied UDP-glucose concentration, peptides
SB2, SB5, and SB6 demonstrated robust inhibitory activity
against all three TcdB GTD variants (Figure 4). Interestingly,
the three peptides have the same hydration properties (Case 2)
and share the C-terminal WRRW motif. One other peptide,
SB1, has the same characteristics but noticeably reduced GT
inhibition activity, possibly due to the N-terminal bulky
phenylalanine residue. Peptides from Case 3: SB4, SB7, and
LSB5, exhibited no inhibitory activity, whereas the remaining
peptide, SB3, from Case 1, represented only a modest inhibi-
tory activity. Case 3 peptides had more hydrophilic residues
(4 vs. 2), and fewer hydrophobic residues (1 vs. 3) than both

E +UDP —glc  Kypp-gc €> E - UDP —glc+ Rho

+ +
I I
I K] I LZK[

2.5 | Peptide Inhibition of Rho Glucosyslation
Through Direct Competition

The TcdB GTD is a retaining glucosyltransferase that follows a
stepwise substitution nucleophilic internal (Syxi) mechanism
through the formation of a ternary complex with UDP-glucose
and Rho proteins (Paparella et al. 2022). The crystal structures
of toxin GTDs with UDP, UDP-glucose, and Rho proteins imply
a sequential binding of UDP-glucose first and then Rho proteins
(Liu et al. 2021; D'Urzo et al. 2012). Previous studies investi-
gating the effects of TcdB GTD inhibitors measured the
apparent reaction velocities using fixed Rho protein concen-
trations and only varied UDP-glucose (Barthold et al. 2022;
Heber et al. 2022; Tam et al. 2015; Paparella et al. 2021). This
reasonable simplification of the reaction mechanism views the
inhibitor as disrupting primarily the hydrolysis or transfer of
UDP-glucose, as is the case for transition state analogs and
other small-molecule inhibitors. As the in silico GTD:peptide
complexes indicate that the peptides primarily contact the
reactive loop over the UDP-glucose pocket, multiple inhibition
mechanisms are possible, namely direct competition or allo-
steric modulation with UDP-glucose, competition with Rho
proteins, or more complex mixed modes of inhibition with ei-
ther substrate (Equation 1). Thus, we propose a compulsory
ordered Bi-Bi, two reactant-two product, reaction mechanism
with six possible mechanisms of inhibition (Equation 1, Sup-
porting Information S1: Table S3) (Paparella et al. 2022;
Segel 1935; Copeland 2023).

Kgnho < E - UDP — glc - Rho — E - UDP + Rho — glc

(1)

U apK;

E -1+ UDP —glc aKypp_gic €> E-UDP —glc I + RhofKgp, <> E - UDP —glc- Rho -/

Cases 1 and 2. Peptides therefore exhibited hydration-
dependent activity in vitro, progressing in the order Case
2> Case 1> Case 3 (Table 1). While the optimal hydration
properties are difficult to predict a priori, these results are
congruent with the sequence-activity relationship of peptide
inhibitors designed in silico against the TcdA GTD (Sarma
et al. 2023).

The mechanisms of inhibition of SB2, SB5, SB6, and Cast were
determined by assessing inhibitory activity at varied concen-
trations of both substrates, UDP-glucose and Racl. These
inhibitors display dose-dependent activity but differ in their
response to each substrate. Cast favors the UDP-glucose bound
state and is uncompetitive with respect to Racl, which is
consistent with the previous literature describing iminosugar
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FIGURE 4 | Peptides demonstrated broad glucosyltransferase inhibition by blocking Rho-protein binding. (A-C) Peptides were screened for inhibitory
activity against TcdB1, B2, and B3 GTDs. Glucosyltransferase activity was measured at 10 nM TcdB GTD, 1 mM inhibitor, 5 uM Racl, and varied UDP-glucose
concentrations. Inhibition data were fit to the mixed inhibition mode equation (GraphPad Prism). Inhibitor curves for SB2 (dark teal), SB5 (green), SB6 (red),
and Cast (purple) are shown for (A) TcdB1 GTD, (B) TcdB2 GTD, and (C) TcdB3 GTD. Raw data for all inhibitors tested can be found in the Supporting
Information. (D, E) Peptides SB2, SB5, and SB6 are noncompetitive inhibitors with respect to UDP-glucose and competitive inhibitors with respect to Racl.
Lineweaver-Burk plots for (D) 0-30 uM [UDP-glucose] and (E) 0-10 uM [Rac1] for SB6 and TcdB1 GTD are shown with linear regressions for illustration. The
concentration of the complementary substrate was fixed at 5 uM. Relevant parameters, including K; and Ky, were calculated from nonlinear regressions of the
non-transformed data. TcdB GTDs n =4, TcdB GTDs + inhibitor n = 2, free UDP converted to 1/enzyme turnover, means + SD. Some error bars are smaller
than data point symbols and therefore are not explicitly shown. (F) Changes in TcdB 1 GTD (PDB: 7S0Y) (gray ribbon) solvent exposure upon SB5 binding
determined by hydrogen-deuterium exchange mass spectrometry (HDX-MS), where red indicates less solvent exposure (binding) and blue indicates more
solvent exposure (conformational change). HADDOCK docking and MD simulation show potential conformations of the SB5 peptide (green) on TcdB1 GTD

at the three putative binding sites, thus supporting the direct Rho competition inhibition mechanism.

transition state analog inhibitors (Paparella et al. 2022, 2021).
Iminosugar inhibitor binding substantially increases with the
presence of UDP in the binding pocket and they exert their
inhibitory activity by mimicking the glucocationic transition
state, acting only on the quaternary complex (Supporting
Information S1: Figure S6) (Jank et al. 2008; Paparella
et al. 2021). In contrast, the peptides displayed noncompetitive
and competitive inhibition patterns with varied concentrations
of UDP-glucose and Racl, respectively (Figure 4C-E and
Supporting Information S1: Figures S4 and S5). These patterns
indicate that the peptides directly compete with Rho proteins
by targeting both the free GTD and GTD:UDP-glucose com-
plex, thus preventing Rho protein binding and blocking
glucosyltransferase activity (Supporting Information S1:
Table S2). This is distinct from previously reported peptides

whose inhibitory activity against TcdBl is inferred to be
competitive with respect to UDP-glucose (Abdeen et al. 2010).

The inhibition constants K; and the weighting parameters « and
B were determined by fitting to Equation (2), the reaction rate
equation for an ordered Bi-Bi reaction (Table 2, derivation pro-
vided in the Supporting Information). The peptides’ activity to-
wards different GTD:substrate(s) complexes is reflected in their
weighting parameters. The three peptides exhibit « > 1 and S» 1,
where «a slightly greater than one indicates a preference for the
free GTD over the GTD:UDP-glucose complex, while 8» 1 indi-
cates that no quaternary complex forms. These results are con-
sistent with the design optimization towards the free GTD,
suggesting that the peptides inhibit the glucosyltransferase
activity of TcdB only before Racl binding to GTD.

Viax [UDP — glc][Rho]

V=

1

Kupp—geKiho (1 + %]) + Kino [UDP — glc](l + o%) + [UDP — glc] [Rho](l + ﬂ)

2

aBK;
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TABLE 2 | Inhibitor parameters fit to Equation (2) for a Bi-Bi reaction mechanism.
K; [pM] Alpha Beta
Inhibitor TcdB1 TcdB2 TcdB3 TcdB1 TcdB2 TcdB3 TcdB1 TcdB2 TcdB3
SB2 618 919 2413 2.9 6.5 12 1244 393 528
SB5 125 188 163 4.1 7.4 1.7 1142 1142 2219
SB6 832 729 2696 1.1 3.2 2.0 550 287 994
Cast 7115 2348 3885 798 767 30 0.00020 0.00024 0.0024

Note: K; is the inhibition constant, alpha is the weighting parameter on the GTD:UDP-glucose and GTD:UDP-glucose:Raclterms, and beta is the weighting parameter on

the GTD:UDP-glucose-Raclterm.

The inhibition constants, Kj, for each peptide varied up to
fourfold between TcdB GTD sub-types. SB5 demonstrated the
most robust inhibition and least variation between subtypes
with Kj sgs avg = 0.16 £ 0.04 mM. SB2 and SB6 exhibited similar
inhibitory activity against TcdB1 and TcdB2 GTDs, with a K; of
0.62-0.92 mM, but a fourfold lower activity against the TcdB3
GTD, with Kjsgop3=24mM and K;spe:3 = 2.7 mM. Because
the TcdB1 GTD was used as the target for both the peptide
library screening and the in silico optimization, it is not sur-
prising that the peptides demonstrated higher inhibition of the
GTDs of TcdBl and TcdB2, which belong to the same
Rho-family and share significant homology compared to the
TcdB3 GTD.

Here we are the first to report distinct Michaelis constants, Ky,
for UDP-glucose and Racl for all three TcdB GTDs. The
Michaelis constant for UDP-glucose, Ky, upp-gic, Was found to be
8.0 uM, consistent with previously reported apparent Ky **? of
3.8-16 uM for the TcdB1 GTD (Liu et al. 2021; Loughney
et al. 2017). Similarly, the Ky upp-gic for the TcdB2 and TcdB3
GTDs were found to be 5.7 and 6.0 uM, respectively. Since
K, Upp-glucose is much lower than the physiologic concentration
of UDP-glucose, we expect the GTD to be saturated by the
substrate intracellularly. This may limit the inhibitory efficacy
of the peptides as they exhibit a slight preference for the un-
bound GTD (a > 1). In contrast, the Michaelis constants of Racl
for each GTD, Kjrac1, are higher (i.e., 66, 32, and 31uM,
respectively), indicating that most of the toxin is in the
GTD:UDP-glucose state, which does not impair peptide block-
ade of Racl binding.

2.6 | HDX-MS Epitope Mapping Confirms
Rho-Interface Blockade

Hydrogen-deuterium exchange mass spectrometry (HDX-MS)
was used to identify SB5 binding epitopes on the TcdB1 GTD
and assess the subsequent conformational changes (Song
et al. 2015; B. Chen et al. 2022). Three regions of TcdB1 GTD
showing significant decreases in deuterium uptake at 1- and
10-min timepoints indicated SB5-binding sites (Figure 4F and
Supporting Information S1: Table S4 and Figure S7). One site is
located at the Rho-binding interface near residues 453-467
(Site 1), adjacent to the UDP-glucose-binding pocket and
opposite to the reactive loop (510-523). This binding site sup-
ports the observed inhibition activity of blocking Rho-protein
binding. Additionally, there is a corresponding conformation
change behind this region at residues 398-423, which becomes

more solvent-exposed when SB5 is bound (Supporting Infor-
mation S1: Table S4 and Figure S7). Coverage limitations pre-
vented the direct measurement of deuterium exchange at the
reactive loop (510-523) and al6-17 helices (424-437 and
444-450) (Liu et al. 2021; Centers for Disease Control and
Prevention U.S. 2019), which are not precluded from also in-
teracting with the peptide, given the spatial proximity. Two
additional binding regions were identified near residues
224-230 (Site 2) and 297-310 (Site 3). SB5 binding to Site 2
increased the solvent exposure of residues 229-244, while
binding to Site 3 induced local conformational changes at sur-
rounding residues 285-296, 341-352, and 356-362.

To determine how well SB5 may bind to the HDX-MS
determined sites, we docked and performed MD simulations
of SB5 to four a priori regions: the reactive-loop/active-site
pocket (286-288, 510-523) and three HDX-defined surfaces
(Site 1: 453-467; Site 2: 297-310; Site 3: 224-230). In total, we
performed 14.7 us of MD simulation (see Methods). From the
initial design, SB5 bound strongly to the active site of TcdB1
(AGpinding = -14.83 + 0.58 kcal mol~1). SB5 also engaged Site 1
at the Rho interface in many potential conformations in the
apo and UDP-glucose bound TcdB with AGyinging ~—10 to
—4 kcal mol-1. Selected conformations of the peptides are
shown in Figure 4F along with the primary binding regions
detected by HDX-MS. SB5 showed strong interaction at Site 2
(=7.39 +1.50kcal mol™!) and minimal interaction at Site 3
(—=0.74 £ 1.29 kcal mol™1). As a control, a scrambled peptide
ScSB5 (Sequence: RHWLRETW) was evaluated at the
apo active site of TcdBl. ScSB5 showed weaker binding
(—3.99 £ 1.36 kcal mol™1; Supporting Information S1: Figure
S8) than SB5, suggesting that SB5's inhibitory activity reflects
sequence-specific interactions at the loop/active-site pocket
rather than nonspecific electrostatics. We also applied the
same protocol to SB5 at the TcdB3 active site, supporting this
conclusion, as SB5 bound to the active loop of TcdB3 with a
moderate binding energy (—6.99 + 1.42 kcal mol~1; Support-
ing Information S1: Figure S8). Full data of SB5 and ScSB5
and the various conformations and binding affinity tests can
be found in the Supporting Information. The HDX-MS epi-
tope mapping combined with additional peptide docking and
MD simulations further support the proposed inhibitory
mechanism. SB5 interacts strongly with the active site of the
GTD without UDP-glucose bound (apo), and with Site 1 on
the Rho binding interface with and without UPD-glucose
present, enabling noncompetitive inhibition with respect
to UDP-glucose and competitive inhibition with respect to
Rho-proteins.
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2.7 | Peptides Delay Toxin-Mediated Cytotoxicity
in Primary Human Colonocytes

Peptides LSB5, SB2, SB5, SB6, and SB7 were evaluated for
neutralization activity in a human colon epithelial (hCE) cul-
ture system, which served as a functional model of toxicity
(Sarma et al. 2023; Ok et al. 2023). This system is highly sen-
sitive to exposure to C. difficile toxins and recapitulates the
relevant human in vivo characteristics, including barrier func-
tion and gene expression profiles (Ok et al. 2023). The hCE
monolayers were established by growing colonic epithelial stem
cells to confluence on the permeable membrane of a transwell,
followed by differentiation into the primary absorptive lineage,
which is the cell type most exposed to C. difficile toxins. This
differentiation process promotes tight junction formation,
reducing ion flux and increasing the trans-epithelial electrical
resistance (TEER) (Sarma et al. 2023; Ok et al. 2023). Upon
exposure to a basal concentration of 30 pM TcdB1 (TcdB),
typical in patients' stool (P. Chen et al. 2019), there was a rapid
decline of TEER and an increase in apoptosis within 6-24 h.
The peptides were incubated with the hCE monolayers 1h
before the TcdB challenge and TEER was monitored over 26 h
(Figure 5A). Apical and basal exposure to TcdB resulted in a
50% reduction in TEER within 10 h. Peptides SB2, SB5, and SB6
delayed TEER loss by 4.1, 4.9, and 6.0 h, respectively. Notably,
LSB5, which showed only a modest glucosyltransferase inhibi-
tion, delayed TEER loss by 5.6 h. Interestingly, the extent of the
delay in TEER loss did not directly correlate with the peptides’
K;, suggesting that multiple factors influence activity in vitro.
Subsequently, the monolayers were stained for cleaved-caspase
3 (CC3), a marker of apoptosis, 26 h after exposure to TcdB
(Figure 5B,C). SB2, SB5, SB6, and LSB5 showed a significantly
lower CC3 signal than the TcdB control, indicating protection
from TcdB-mediated apoptosis. Conversely, SB7, which showed
negligible glucosyltransferase inhibition, did not delay TEER
loss nor decrease the apoptosis compared to the TcdB control.
The peptides optimized in silico—SB2, SB5, and SB6—
demonstrated an activity consistent with their proposed mech-
anism, preventing Rho glucosylation and blocking the final step
in the TcdB intoxication pathway, thereby maintaining cyto-
skeleton integrity and reducing apoptosis. Among them, SB6
provided the largest delay in TEER loss and the smallest apo-
ptosis signal, which contrasts with the relative efficacy of SB5
over SB6 observed in the glucosyltransferase inhibition studies.
The more complex and physiologically relevant conditions of
the hCE monolayer pose greater barriers to effective neutrali-
zation by the peptides. Differences in activity may be attributed
to variances in protease resistance, cell penetration, diffusion,
or the interaction between the peptides and other biologics in
the transwell environment.

3 | Discussion

The development of effective therapies against CDI remains an
urgent medical need. In this study, we identified and compu-
tationally evolved a set of novel TcdB GTD-inhibiting peptides
via combinatorial selection and in silico optimization, followed
by screening for inhibitory activity against three TcdB subtypes.
We then elucidated the mechanism of inhibition, showing that
these peptides competitively bind to the Rho protein binding

site of the GTD. Further, we tested these peptide inhibitors in a
primary hCE model, demonstrating their ability to prevent
TcdB-mediated cell rounding and cytotoxicity. The reported
Michaelis constants, Ky, for both substrates, UDP-glucose and
Rho proteins, for three TcdB GTD subtypes, provide new
mechanistic detail that will aid the development of future glu-
cosyltransferase inhibitors. While the translational potential of
these peptides is limited by their modest affinity, their robust
characterization through novel enzymatic, biochemical, and
primary hCE assays lays the foundation for novel therapeutics
against CDI.

The differential cross-reactivity of these peptide inhibitors
across the three TcdB subtypes examined underscores the
challenge of developing a potent, broad-spectrum inhibitor. Of
the peptides tested, only SB5 maintained comparable activity
against the TcdB3 GTD (R-Ras binding family) as the TcdB1
and TcdB2 GTDs (RhoA binding family). Three key substitu-
tions in the reactive loop (S511A, M516K, and A517N) and
additional changes in the a16-17 helices underlie the distinct
Rho protein selectivity of these families (Liu et al. 2021) and
likely explain the reduced activity of SB2 and SB6 toward
TcdB3. Elucidating the structural features that enable SB5 to
tolerate these substitutions could inform future peptide opti-
mization efforts. Notably, the reactive loop of the TcdA GTD is
highly homologous to both TcdB families, but, two of these
three residues also differ (L510S/A and 1516M/K in TcdA vs
TcdB1/B3), contributing to TcdA's distinct Rho protein speci-
ficity (Genth et al. 2014; B. Chen et al. 2022). Investigating the
cross-reactivity of these peptides against the TcdA GTD is
warranted, although these structural differences may limit their
activity.

The mechanism by which these peptides enter cells remains
unclear. In the intact holotoxin, the catalytic site and Rho
binding interface of the GTD are partially occluded by the CPD
and only become exposed upon CPD-mediated cleavage into the
cytosol (A. Shen et al. 2011; P. Chen et al. 2019). This suggests
that the peptides cannot bind to the GTD extracellularly and
exert their protective effect through one of three plausible
mechanisms (i) independently entering the cytosol to block
GTD activity, (ii) associating with other domains of the holo-
toxin to hitchhike into the cell and inhibit the GTD, or (iii)
binding to receptor-binding domains to prevent toxin uptake
altogether. Because our modeling and mechanistic studies fo-
cused solely on the GTD, it remains unclear whether the pep-
tides interact with other toxin domains. Nonetheless, their
inhibition of GTD activity in vitro suggests that their protective
effect in hCE monolayers likely stems from the same mecha-
nism. Future work should verify their intracellular activity and
elucidate their mode of cell entry.

Looking inward to natively produced antimicrobial peptides,
many a-defensins neutralize toxins by inducing aggregation and
exert broad antibacterial activities (Giesemann et al. 2008;
Korbmacher et al. 2020; Fischer et al. 2020; Barthold
et al. 2022). Human a-defensin-1 also competitively inhibits
glucosyltransferase activity independently of its aggregation
mechanism of action (Giesemann et al. 2008). The evolution of
these factors with broad antibacterial and anti-virulence activity
highlights the importance of targeting both the pathogenic

318

Biotechnology and Bioengineering, 2026

85UB 17 SUOWIWOD AR 3|ceat|dde ay) Aq peusenob a.e a1l YO ‘88N JO SajnJ 10} Akeiqi auljuO A3\ UO (SUOTIPUOI-PUR-SWLBH 0D A3 1M AJeiq) U1 uo//SdiL) SUORIPUOD Pue SIS 1 84} 885 *[9202/S0/2T] U0 Akeiq i auljuo A8|IM ‘Z0TOL MG/200T OT/10p/od" A3 1M ARIq U1 |UO'S UIN0 BoUB 108 A A feuey//:SANY WO1y papeo|umod ‘g ‘9202 ‘0620L60T



@ TcdB

100 ® SB2+TcdB
50
0 i TedB + SB2
@ TcdB

100 95—2-< © SB5+TcdB

50
0 TcdB + SB5
e TcdB
100 o SB6+TcdB
o9 o SB6
A\B,,o 0.0 o
@ [ele}

©

TEER (% of baseline; raw values recorded in Q-cm?)
[3.]
o
1

0 s® TcdB + SB6
PR SR SR IS S S R S
@ TcdB
100 - © LSB5+ TcdB
o LSB5
(0]
50 8§20,
]
" w8 TcdB + LSB5
TR IR [ S MU W —
@ TcdB
100 © SB7+TcdB
W o SB7
-0
D OO
50 o) OOOoo
0
—t—tl
1 & =
C 0 10 20 30
Time (hr)
1500
ns
o [ ]
2
w 1000 ®
[
2
£
&S 500 *E ek e
o °
: Wl
T T T ¥
QX LK L X K ¥
& & F L E LS
x x %X bx %"
RN AR
vV

FIGURE 5 | Peptides were evaluated for TcdB neutralization in a human colon epithelial cell (hCE) model. (A) Monolayer TEER measurements
for differentiated hCE treated apically and basally with peptide at t=—1h and exposed to TcdB apically and basally at t=0h. Raw TEER was
recorded in units of Ohm cm? (Q cm?2) using the EVOM 2 system, data normalized to baseline. (B) Representative images of immunofluorescence-
stained monolayers fixed 26 h posttreatment and (C) cleaved-caspase 3 (CC3) intensity from n = 2 images. Images were taken on a BZ-X810 Keyence
%10 objective with BZ-X800 analysis software and processed using FIJI. TcdB was added to DM at 30 pM; peptides were added at 1 mM; TedB n =2,
TcdB + peptide (SB2, SB5, SB6, LSB5) n =3, TcdB + SB7 n =1, peptide (SB2, SB5, SB6, LSB5, SB7) n =1 transwells, TEER means + SD. One-way
ANOVA followed by Dunnett's multiple comparisons test were used. *p < 0.05, **p < 0.01.
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bacteria and their virulence factors. These innate defensins
have evolved to wear multiple hats, protecting against many
different pathogens, and thus may have killed some potency at
the expense of broad activity. Their three-strand (3-sheet struc-
ture stabilized by three disulfide bonds lends structural and
proteolytic stability (Giesemann et al. 2008). Selective matura-
tion of a-defensin-1 for enhanced glucosyltransferase inhibition
may provide another promising avenue for developing novel
therapeutics for CDI.

Biologics that target virulence factors can complement both
conventional antibiotic treatments and emerging live micro-
bial therapies by providing a synergistic route to symptom
prevention and management that does not select for antibiotic
resistance. In this context, approved biotherapeutics mainly
interact with the CROPs and delivery domains, and their
mechanism of action reduces cellular entry (Hernandez
et al. 2017; Marozsan et al. 2012; Kordus et al. 2022; Murase
et al. 2014; Simeon et al. 2021; Yang et al. 2014). Recent efforts
have targeted other toxin domains, typically by selecting mAb
and nanobody binders that inhibit endosomal translocation,
CPD-mediated GTD cleavage, or plasma membrane localiza-
tion (Liu et al. 2021; Yang et al. 2014; Kroh et al. 2018; Liu
et al. 2022). Other drug development efforts reliant on small-
molecule inhibitors targeted the enzymatic processes mediated
by the GTD and CPD (Heber et al. 2022; Tam et al. 2015;
Paparella et al. 2021; Letourneau 2018a, 2018b; Puri et al.
2010). However, to our knowledge, no biologic discovery pi-
peline has directly targeted the inhibition of key TcdB enzy-
matic processes. Our study presents the first small biomolecule
inhibitor that directly competes with Rho proteins, offering a
unique approach to the development of virulence factor-
targeted therapies.

Inhibition of Rho protein glucosylation through steric hinder-
ance or displacement is an attractive strategy for preventing the
onset of host cellular dysfunction at the final step of the toxins’
cycle. However, achieving broad activity is challenging as the
same features that differentiate Rho protein preference can
disrupt inhibitor binding. Therefore, we targeted a conserved
region involved in Rho recognition to minimize toxin escape.
However, both this region of the GTD, which undergoes con-
formational changes upon UDP-glucose binding, and the select
peptide inhibitors are inherently flexible, leading to entropic
penalties during binding, and thus weaker affinity. At present,
the modest affinity of these peptides to the GTD limits their
clinical application. To address this issue, next-generation
competitive Rho inhibitors could recruit more rigid scaffolds
(e.g., cyclic peptides or small protein scaffolds [defensins,
DARPins, nanobodies]) or target the more inflexible switch II
interface at the al6-17 helices of the GTD. Additionally, it is
important to consider the saturation of the GTD with UDP-
glucose intracellularly, which affects the orientation of the
reactive loop. Further improvements in designing peptide or
small protein inhibitors could be gained by targeting the
GTD:UDP-glucose complex in lieu of the free GTD. This
approach would enable enhanced inhibitor affinity to the most
abundant intracellular GTD species and improve the chances of
developing broadly active therapeutics. These principles can be
directly applied to TcdA, which shares significant homology to
TcdB in the reactive loop, but has a distinct Rho binding

interface that distinguishes its specificity towards RhoA and
other Rho proteins (Genth et al. 2014; Liu 2021; B. Chen
et al. 2022). Lastly, future drug discovery efforts shall investigate
combining orthogonal inhibitor classes to block multiple steps
in the toxins' pathway and minimize the concentration neces-
sary to produce therapeutic effects.
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