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ABSTRACT

Epigenetically targeted therapeutic development, particularly for SAM-dependent methylations of
DNA, mRNA and histones has been proceeding rapidly for cancer treatments over the past few
years. However, this approach has barely begun to be exploited for developing new antibiotics,
despite an overwhelming global need to counter antimicrobial resistance. Here, we explore
whether SAM analogues, some of which are in (pre)clinical studies as inhibitors of human
epigenetic enzymes, can also inhibit Clostridioides difficile-specific DNA adenine methyltransferase
(CamA), a sporulation regulator present in all C. difficile genomes sequenced to date, but found in
almost no other bacteria. We found that SGC0946 (an inhibitor of DOT1L), JNJ-64619178 (an
inhibitor of PRMT5) and SGC8158 (an inhibitor of PRMT7) inhibit CamA enzymatic activity in vitro
at low micromolar concentrations. Structural investigation of the ternary complexes of CamA-DNA
in the presence of SGC0946 or SGC8158 revealed conformational rearrangements of the
N-terminal arm, with no apparent disturbance of the active site. This N-terminal arm and its
modulation of exchanges between SAM (the methyl donor) and SAH (the reaction product) during
catalysis of methyl transfer are, to date, unique to CamA. Our work presents a substantial first step
in generating potent and selective inhibitors of CamA that would serve in the near term as
chemical probes to investigate the cellular mechanism(s) of CamA in controlling spore formation
and colonization, and eventually as therapeutic antivirulence agents useful in treating C. difficile
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infection.

Introduction

Epigenetic modifications that modulate gene
expression without changing the DNA sequence
play fundamental roles in mammalian develop-
ment, cell fate decisions, and cellular memory
and plasticity [1]. The environment can affect epi-
genetic inheritance, with implications for evolu-
tion, human health and diseases such as cancer
[2-4]. Even bacterially induced host epigenetic
deregulations may affect host-pathogen interac-
tions, promoting either host defences or tolerance
of pathogen persistence [5,6], along with host cell
functions involving mismatch repair, transcription
regulation, and more. Among the enzyme-driven
post-synthetic and post-translational epigenetic
modifications, S-adenosyl-L-methionine (SAM)-
dependent methylations of DNA, mRNA and

histones have increasingly become therapeutic tar-
gets in cancer research [7-10]. While epigeneti-
cally targeted drug development is proceeding
rapidly for cancer treatment, this approach has
barely begun to be exploited for developing new
antibiotics, despite the overwhelming global need
to counter antimicrobial resistance [11,12].
Furthermore, drugs with antivirulence properties,
as opposed to blocking growth or viability, appear
to be less likely to be selected for resistance
[13,14]. Finally, while bacterial DNA methyltrans-
ferases (MTases) are predominantly associated
with restriction-modification systems, there are
a number of DNA MTases that are highly con-
served among specific groups of bacteria that play
important gene-regulatory roles and may serve as

CONTACT Xing Zhang @ XZhang21@mdanderson.org; Xiaodong Cheng @(chengS@mdanderson.org @ Department of Epigenetics and Molecular
Carcinogenesis, University of Texas MD Anderson Cancer Center, Houston, Tx 77030, USA

*These authors contributed equally: J.Z. and J.R.H.
Supplemental data for this article can be accessed here

© 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-
nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built

upon in any way.


http://orcid.org/0000-0002-6967-6362
https://doi.org/10.1080/15592294.2021.1976910
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15592294.2021.1976910&domain=pdf&date_stamp=2022-09-16

particularly attractive drug targets [15,16]. Among
these conserved, regulatory DNA MTases is CamA
of Clostridioides difficile (see below).

The U.S. Centers for Disease Control and
Prevention has classified five antibiotic-resistant bac-
teria, including C. difficile, as being the most urgent
threats [17] (https://www.cdc.gov/drugresistance/
biggest-threats.html). C. difficile infection causes life-
threatening diarrhoea and a colon inflammatory dis-
ease called pseudomembranous colitis [18].
C. difficile infections are seen predominantly in peo-
ple who have had both recent medical care (due to
in-hospital exposure) and antibiotic treatment (due
to suppression of the normal colon bacteria) [19].
This Gram-positive pathogen produces endospores,
making decontamination difficult [20,21], and it
causes substantial tissue damage by producing sig-
nificant toxins [22,23]. It prolongs its presence by
stabilizing the colon bacterial population (micro-
biota, or microbiome) in an unhealthy distribution
[24,25]. Thus far, this critical medical need has been
unmet by therapeutic strategies [26-29].

Novel targeted therapeutics are urgently needed to
combat C. difficile infection. First, there is an increasing
resistance of C. difficile to commonly used antibiotics
such as vancomycin [30] and metronidazole [31,32].
Second, antibiotics vary in how rapidly, post treatment,
they allow recovery of the C. difficile-resistant micro-
biome [33]. A potential avenue for epigenetic-targeted
treatment of C. difficile infections is provided by the
recently discovered C. difficile
adenine methyltransferase A (CamA), which is present
in all C. difficile genomes sequenced to date (>300), but
is rarely found in other bacteria [34]. Importantly,
CamA-mediated DNA adenine methylation at
CAAAAA (underlining indicates the target A) is
required for normal sporulation and biofilm produc-
tion by C. difficile, key steps in the disease transmission,
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as well as for colonization in animal models [34].
Finding the CamA inhibitors would complement
ongoing searches for other antivirulence agents target-
ing C. difficile [24] as well as providing investigative
tools to characterize the currently unknown
mechanism(s) by which CamA controls sporulation
and biofilm production. While inhibition of sporula-
tion can clear C. difficile infection with low recurrence
[35,36], there has been limited discovery-oriented
research on inhibitors targeting the formation of
spores. Such inhibitors could be highly synergistic
with antibiotics targeting the vegetative cells and, in
addition, could greatly decrease the spread of the
pathogen in hospital settings.

The catalytic domain of CamA [37] is consistent
with the Rossman-fold of Class I MTases [38],
which share a conserved SAM binding site
(Figure 1). This structure is shared by (among
many other MTases) human DOTIL (a histone
H3 lysine-79 MTase [39]) and PRMTs (protein
arginine MTases [40-43]). Here, we explore
whether SAM analogs, some of which are already
in clinical trials as inhibitors of human epigenetic
enzymes, can also inhibit CamA enzymatic activity
in vitro. This would set the stage for generating
potent and selective inhibitors of CamA that
would serve as useful chemical probes to investi-
gate the cellular mechanism(s) of CamA in con-
trolling spore formation and colonization, and
eventually perhaps as therapeutic antivirulence
agents useful in treating C. difficile infection.

Materials and methods

The highly purified recombinant proteins used in
this study were all characterized previously in our
laboratory: C. difficile CamA (pXC2184) [37], E. coli
Dam (pXC1612) [44,45], Caulobacter crescentus

C. difficile CamA (PDB 7LT5)

Figure 1. Examples of Class | MTases. (a) Human DOT1L. (b) Human PRMT5. (c) Human PRMT?7. (d) C. difficile CamA.
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Figure 2. CamA inhibition by DOT1L inhibitors. (a) Chemical structures of sinefungin and three DOT1L inhibitors examined. The
numerical number in parenthesis refers to our laboratory code. The symbol * in EPZ004777 indicates a substitution of the purine
nitrogen with carbon atom. The symbol * in EPZ5676 indicates a chiral atom. (b) Relative inhibition of CamA activity at a single
inhibitor concentration of 50 pM. (c) The ICso measurements were made by varying inhibitor concentrations. The shown codes for
the four inhibitors are described in panel A. (d) Isothermal titration calorimetry (ITC) measurement of dissociation constants and
stoichiometry (vertical red dash line) of various compounds to CamA. (e) Summary of the ICso and Kp values of inhibition of

methylation of CamA by various inhibitors on DNA substrate.

CcrM (pXC2121) [46], human MettL3-14 [47,48],
human  MettL5-Trm112  (pXC2062-pXC2076),
human MettL16 (pXC2210) and human PCIF1
(pXC2055) [49], mouse Dnmt3a2-3L (pXC465 and
pXC391) and Dnmt3b2-3L (pXC273 and pXC391)
[50], and human DNMT1 (pXC896) [51].
Compounds of SGC epigenetic probe set (https://
www.thesgc.org/chemical-probes/epigenetics) were
purchased from Cayman Chemicals, with addi-
tional compounds from Selleck Chemicals,
MedChemExpress, and Sigma-Aldrich.

Methylation inhibition assay

The purified CamA enzymes in 300 mM NaCl, 20 mM
Tris-HCI pH 7.5, 0.5 mM tris(2-carboxyethyl)phos-
phine (TCEP) were concentrated to 2.5 mg/mL, flash-
frozen in liquid nitrogen and stored in —80°C. The
methylation inhibition assay of CamA was performed
at room temperature (~22°C) for 2.5 min in a 20 pL
reaction mixture containing 50 nM CamA, 40 uM
SAM, 5 pM double-stranded DNA (5'-CGA TTC
AAA AAG TCC CAA G-3" and 3'-GCT AAG TTT

TTC AGG GTT C-5" where the underlined A is the
target) and indicated concentration of inhibitor in
reaction buffer of 50 mM Tris-HCI pH 7.5, 100 mM
NaCl, 1 mM DTT, 0.1 mg/mL BSA, and 0.25% DMSO.

Typically, a mixture of CamA and SAM is preincu-
bated at room temperature for 5 min, at which the
same volume of DNA with or without inhibitor was
added to start the reaction. The reaction was termi-
nated by adding trifluoroacetic acid (TFA) to 0.1%.

The enzyme activity was measured by Promega
luminescence assay (MTase-Glo™) [52], where the
produced SAH product is converted into ATP in
a two-step reaction and the ATP is detected by
a luciferase reaction. The 5 pL of the reaction mixture
was transferred to a low-volume 384-well plate, and the
luminescence signal was measured by a Synergy 4
multimode microplate reader (BioTek).

Isothermal titration calorimetry

Al ITC experiments were performed using a MicroCal
PEAQ-ITC automated system (Malvern) at 25°C. The
reference power was set at 8 pcal/s and total of 19
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Figure 3. Structures of CamA-DNA in the presence of inhibitors. (a) Surface presentation of the ternary complex of CamA (in
green and magenta)-DNA (in orange)-sinefungin (in magenta sticks). The N-terminal residue (3) is labelled. (b) The omit electron
density map (contoured at 5.0 o above the mean) for the bound sinefungin (top panel). The enlarged binding pocket of sinefungin,
where the edge of adenine moiety and the ribose hydroxyl groups were visible (bottom panel). (c) An ethylene glycol binds to the
edge of adenine moiety. (d) The amino group of sinefungin points to the target adenine of DNA. (e) Surface presentation of the
ternary complex of CamA-DNA-SGC0946 (in yellow sticks). The first ordered N-terminal residue (21) is labelled. (f) The omit electron
density map (contoured at 5.0 o above the mean) for the bound SGC0946 (top panel). The enlarged binding pocket of SGC0946,
where the bromine atom at ring position 7 of the purine edge and the terminal tri-methyl group attached to butylphenyl moiety
were visible (bottom panel). () Superimposition of CamA with bound sinefungin (magenta) and SGC0946 (yellow) revealed that the
terminal tri-methyl group of SGC0946 displaces Tyr15. (h) Rearranged Lys25-Asp116 interaction upon the binding of SGC0946. (i)
Superimposition of CamA-bound SGC0946 (yellow) and EPZ004777 (grey). (j) Superimposition of CamA-bound SGC0946 (yellow) and

DOT1L-bound SGC0946 (cyan).

injections were performed with an initial injection of
0.2 pL followed by 18 injections (each of 2 uL) with
continuous stirring at 750 rpm. The spacing time
between each injection was set as 300 seconds to
allow equilibrium. All ITC data were processed using
software supplied by the manufacturer (Malvern) and
the binding constants were calculated by fitting the
data as one-binding site with the offset subtracted.

For measuring CamA binding to three DOTIL
inhibitors (Figure 2), 900 puM inhibitor (SGC0946,
EPZ004777, or EPZ5676) in the syringe was titrated
into 40 pM CamA (in the cell) in 325 mM NadCl,
20 mM Tris-HCl pH 7.5, 0.5 mM TCEP and 10%
DMSO.

For measuring CamA binding to two PRMT
inhibitors (Figure 3), in order to overcome the
low solubility of JNJ-64619178 and SGC8158,
a reverse titration was performed with 450 pM
CamA (in the syringe) titrated into 30 pM inhibi-
tors (in the cell). The binding was performed in
500 mM NacCl, 20 mM Tris-HCI pH 7.5, 0.5 mM
TCEP and 10% DMSO.

For measuring the effect of PRMT inhibitors
JNJ-64619178 and SGC8158 on CamA binding to
DNA (Figure 2 and Figure S4A-B), 200 uM DNA

(in the syringe) was titrated to 20 pM CamA (in
the cell) in the presence or absence of 100 uM
inhibitors in buffer 250 mM NaCl, 20 mM Tris-
HCl pH 7.5, 0.5 mM TCEP and 0.5% DMSO.

For measuring the effect of DNA on CamA bind-
ing to cofactor (Figure S4C), 900 uM SAH or
Sinefungin (in the syringe) was titrated to 40 pM
CamA (in the cell) in the presence or absence of
50 uM DNA in 325 mM NaCl, 20 mM Tris-HCI pH
7.5, 0.5 mM TCEP and 10% DMSO.

X-ray crystallography

CamA-DNA complexes were initially mixed at
a molar ratio of 1:1.1 and incubated on ice for
30 min and concentrated up to about
80 ~ 100 uM in buffer containing 100 mM NaCl,
20 mM Tris-HC], and 0.5 mM TCEP. The DNA
used for co-crystallization was a 14-base pair
duplex (5'-TTC AAA AAG TCC CA-3" and 3
"-AGT TTT TCA GGG TA-5"). Ternary complex
was made by adding 200 ~ 300 uM inhibitors
(Sinefungin, SGC0946, EPZ004777, SGC8158 or
JNJ-64619178) to pre-formed binary CamA-DNA
complex and incubated on ice for 1 h. Sitting
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Figure 4. CamA inhibition by PRMT inhibitors. (a) Chemical structures of known PRMT inhibitors examined. The numerical
number in parenthesis refers to our laboratory code. (b) Relative inhibition of CamA activity at a single inhibitor concentration of 50
UM. (c) The IC5o measurements by varying inhibitor concentrations of compounds SGC8158 and JNJ-64619178. (d) ITC measurement
of dissociation constants and stoichiometry (vertical red dash line) of the two compounds to CamA. (e) Summary of the IC5y and Kp
values of inhibition of methylation of CamA by inhibitors SGC8158 and JNJ-64619178. (f) Structure of CamA-DNA in the presence of
SGC8158, which becomes part of the binding site for the DNA target adenine. (g) Superimposition of SGC8158 with CamA-bound
(blue) and PRMT7-bound (cyan). (h) The ITC dissociation constants of CamA-DNA were measured in the absence and presence of
inhibitors (see Figure S4). (i) A model of JNJ-64619178 (grey) superimposed onto SGC8158 (blue), sitting next to target DNA adenine
(orange). (j) Superimposition of CamA-bound sinefungin (magenta), SGC0946 (yellow) and SGC8158 (blue).

drops were set by an Art Robbins Gryphon
Crystallization Robot by mixing 0.2 pL CamA-
DNA-inhibitor complex with 0.2 pl crystallization
solution with 70 pL well solution. Crystals for
CamA-DNA-inhibitor ternary complex appeared
under similar conditions of 21 ~ 24% (w/v) poly-
ethylene glycol 3350, 0.1 M Tris-HCl pH 7.0 ~ 7.5,
0.28 M potassium citrate at room temperature
after 3 ~ 4 days. Crystals were cryoprotected in
reservoir solution supplemented with 20% (v/v)
ethylene glycol and flash frozen in liquid nitrogen.

Diffraction data were collected at the SER-CAT
beamline 22ID of the Advanced Photon Source at
Argonne National Laboratory. The structures of
the CamA-DNA-inhibitor ternary complex were
solved by the difference Fourier method using
the CamA-DNA structure (PDB 7LT5). Structure
quality was analysed during PHENIX refinements

[53] together with manual inspection using Coot
[54]. We note that the electron density for JNJ-
64619178 was not observed in a CamA-DNA com-
plex crystal (not shown). The final structure mod-
els were validated by the PDB validation server
[55]. Structure images were prepared by PyMol
(Schrodinger, LLC).

Results

Following the initial report of the discovery of
CamA [34], we have expressed and purified the
recombinant CamA enzyme, optimized methyla-
tion reaction conditions, and determined its struc-
ture bound to DNA containing the recognition
sequence [37]. The binding by CamA of the
methyl donor SAM is unexpectedly weak (Kp
= 35 uM and K,, > 17 uM [37]) compared to



other DNA MTases (e.g., E. coli Dam, K, = 3-
6 uM [56-58]; phage T4 Dam, K,,, = 0.5 pM [59];
and M.Taql, Kp = 2 pM [60]). Furthermore, the
SAM-interacting residues [37] are very highly con-
served among C. difficile isolates — in >300 ortho-
logs, only five were found with substitutions
affecting the relevant residues (Figure S1). This
strongly suggests that the unusually weak SAM-
binding by CamA is a conserved feature, and
prompted us to ask whether SAM analogs are
particularly potent inhibitors of CamA activity.
We accordingly carried out a CamA inhibition
screen, using mostly commercially available com-
pounds developed for human epigenetic modifica-
tion enzymes and modification reader domains
(Figure S2). We used sinefungin, a pan inhibitor
of SAM-dependent MTases, as a positive control
(Figure 3).

A few compounds showed notable inhibition of
CamA: SGC0946 [61] and EPZ004777 [62] (inhi-
bitors of histone lysine MTase DOT1L); along with
JNJ-64619178 [63] and SGC8158 [64] (inhibitors
of the protein arginine MTases PRMT5 and
PRMT?7). These compounds are SAM-competitive
inhibitors, each containing a common adenosyl
moiety and all occupying the SAM binding pocket
in the respective enzymes’ active sites. Below we
describe the modes of CamA inhibition by the two
sets of inhibitors and discuss the differences
between them.

CamA Inhibition by histone lysine MTase DOT1L
inhibitors

The DOTIL inhibitors were designed initially
based on the crystal structure of the DOTIL active
site [65], resulting in EPZ004777, which retains the
nucleoside core of SAM [62] (Figure 3). SGC0946,
a brominated analogue of EPZ004777, exhibited
improved solubility and thus potency [61]. We
observed that the same trend between these two
inhibitors against CamA: SGC0946 exhibited more
potent inhibition than EPZ004777 against CamA,
~9X in ICs, values (4.7 uM vs. 43 uM; Figure 3b),
and stronger binding, ~3X in dissociation con-
stants K, values (6.3 uM vs. 18 uM; Figure 3d-e).
A related DOTI1L inhibitor EPZ5676 (aka pinome-
tostat) [66] is in a clinical trial for paediatric acute
myeloid leukaemia [67]. However, EPZ5676
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displayed much reduced inhibitory activity (ICs,
> 250 uM) and much weaker binding (Kp >
50 uM) to CamaA.

We determined the structures of the CamA in
ternary complex with sinefungin, SGC0946 or
EPZ004777 in the presence of substrate DNA to
resolutions of 2.05 A, 2.38 A and 2.68 A, respec-
tively (Table S1). Like the previously characterized
CamA-DNA-SAH complex, the binding of the
sinefungin results in observable electron density
for nearly the entire N-terminal arm, starting
from residue three (Figure 4); that arm is unstruc-
tured in the binary CamA-DNA structure [37].
Two sets of intramolecular interactions, Tyrl5-
Aspl16 and Ser27-Ilel15, close off the cofactor
binding site (Figure 4). An ethylene glycol, used
in the cryoprotection of crystals, makes bidentate
contacts with N6 and N7 of the adenosyl moiety of
sinefungin (Figure 4). Sinefungin carries an amino
group, in the position corresponding to the trans-
ferrable methyl group of SAM, and this amino
group was positioned 2.8 A away from the target
adenine N6 atom of DNA substrate (Figure 4).

As expected, SGC0946 binds the SAM binding
pocket via the adenosyl and sugar moieties, with
the bulky para-tert-butylphenyl appending group
extending out onto the surface (Figure 4-f). The
overall structure is very similar to that of CamA
bound to sinefungin (root-mean-square deviation
of 0.3 A across 500 pairs of Ca atoms), with the
exception of the N-terminal arm, in which resi-
dues 21-27 are structured, while residues prior to
#21 remain disordered. The SGC0946 terminal
tri-methyl group, attached to the butylphenyl
moiety, occupies the position of Tyrl5 (Figure 4)
and disrupts the Tyr15-Aspl16 interaction seen in
the structure of CamA-sinefungin (Figure 4),
resulting in rearrangement of N-terminal resi-
dues. In addition, the bulkier dimethyl moiety
pointing to the target adenine-binding pocket
forces the Tyr30 aromatic ring to rotate ~90°
(Figure 4g). The rearranged conformation of resi-
dues 21-27 involves a salt-bridge between Arg25
and Aspl116 (Figure 4h). The bromine atom at the
ring position 7 of the SGC0946 purine moiety
engages in a hydrophobic interaction with
Tyr178 (Figure 4h), which might be responsible,
at least in part, for its increased potency (in both
ICso and K values) relative to EPZ004777. The
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CamA structures are nearly identical when bound
to EPZ004777 or SGC0946, except for a water
molecule, instead of ethylene glycol, being
observed near the purine N6 atom of EPZ004777
(Figure 4h). As observed in the structures of
DOTIL [61], advantages (if any) to the position
7 substitutions of the purine nitrogen with carbon
in EPZ004777 were not identified in the structure
with CamA. However, the derivatization of the
purine 6 and 7 positions (as shown by bromina-
tion) indicate that CamA can accommodate vastly
different  chemical  structures, presenting
a possible route to optimizing binding or inhibi-
tory activity.

Next, we superimposed two protein-bound
(DOTIL or CamA) SGC0946 molecules. While
the adenosyl and sugar moieties are well overlaid
in the SAM binding pockets, the para-tert-
butylphenyl group points in opposite directions
(Figure 4j). The two conformations can be reached
from one another by rotating the three torsion
angles after the sugar ring. We note that in
CamA, the t-butylphenyl end of the compound is
exposed to solvent and the disordered N-terminal
residues (Figure 4e-f), whereas in DOTIL the
t-butyl group is surrounded by a cluster of hydro-
phobic side chains, likely contributing to its potent
binding to DOTIL.

As shown in Figure 3, EPZ5676 failed to inhibit
CamA. We reason that the rotations of torsion
angles observed with SGC0946/EPZ004777 are
not applicable with the cyclobutene spacer in
EPZ5676, which yields a cis/trans mixture. The
cis isoform of EPZ5676 compound is separated
through the chiral purification [68] and is the iso-
form we tested.

CamA inhibition by protein arginine MTase
(PRMT) inhibitors

As noted above, most members of the Class
I MTases [38] include a seven [B-stranded catalytic
domain (like DOT1L, Figure 1a), whereas PRMTSs
contain a five stranded PB-sheet (Figure 1b-c), and
CamA contains a nine stranded [-sheet
(Figure 1d). The past few years have witnessed
a remarkable advance in the development of mole-
cular tools and clinical compounds able to selec-
tively and potently inhibit PRMTs [69], and these

act as SAM-competitive, substrate competitive or
allosteric inhibitors [70]. Some of them were
included in our screen against CamA (Figure 2a).
Among them, the most effective inhibitors against
CamA activity were two SAM analogs, JNJ-
64619178 and SGC8158 (Figure 2b). We note
that LLY-283 is also a SAM-analog, but displayed
a much weaker inhibition than sinefungin against
CamA, and thus was not used further in our study.
JNJ-64619178, a PRMTS5 inhibitor, is in a phase-I
study in adults with advanced solid tumours and
non-Hodgkin's lymphoma [63]. SGC8158 is
a potent SAM-competitive PRMT?7 inhibitor, gen-
erated from a mammalian cell permeable prodrug
SGC3027 [64]. As anticipated, the unprocessed
prodrug SGC3027 does not possess in vitro inhi-
bitory activity against CamA (Figure 2b).

While both JNJ-64619178 and SGC8158 exhibited
the same binding affinity (Kp = 6 uM), SGC8158
exhibited 2.5X higher inhibitory activity (Figure 2c-
e). As expected, structural investigation revealed that
SGC8158 occupies the SAM binding pocket via its
adenosyl and ribose moieties. Clear electron density
was observed for the methylene linker up to the
biphenyl moiety. Unexpectedly, the methylene linker
of SGC8158 extends towards the target adenine of
the DNA substrate, becoming part of the aromatic
cage-like binding site for the target adenine together
with Tyr168, Tyr30 and Phe253 (figure 2f). This is
reminiscent of the observation that SGC8158 did not
affect the peptide substrate binding by PRMT?7 [64].
For example, the Dot1L inhibitor analysed above, the
biphenylmethylamine moiety of SGC8158 occupies
a hydrophobic pocket in PRMT7 [64], whereas the
corresponding moiety in the CamA-bound form
extends to the surface and becomes disordered
(Figure 2g). It is encouraging to note that
a derivative without the biphenyl moiety (e.g.
SGCO0911) still inhibits PRMT7 activity, with an
ICso of 1 puM, and its derivatization resulted in
a potent PRMT7 inhibitor (e.g., SGC8158) with
ICs5p < 2.5 nM [64]. A similar optimization approach
might be applicable to CamA.

For reasons unclear to us, we did not observe
JNJ-64619178 bound in the current CamA-DNA
structure. We noticed a low solubility of JNJ-
64619178 at 200-300 uM concentrations used for
co-crystallization. We tested for JNJ-64619178 var-
iations in solubility using samples from three



different vendors, and found that they have similar
potencies, inhibiting CamA activity at or below
50 pM concentrations (Figure S3). We generated
a chemical model of JNJ-64619178 and superim-
posed it onto SGC8158. The shorter methylene
linker length (3-carbon bonds) between the term-
inal pteridine moiety of JNJ-64619178 and the
adenosine core structure could position the pter-
idine ring along the DNA target binding site
(Figure 2i). We measured the dissociation con-
stants of CamA-DNA in the presence of inhibitors,
and found that both JNJ-64619178 and SGC8158
do not affect CamA-DNA binding, and may even
slightly strengthen it (Figure 2h).

Discussion

Here we present a critical first step for antivirulence
drug development targeting CamA, a Clostridioides
difficile-specific DNA adenine methyltransferase and
sporulation regulator [34]. We identified three SAM
analogs (SGC0946, SGC8158 and JNJ-64619178),
which are already in (pre)clinical studies as inhibitors
of human epigenetic enzymes, and show that they can
also inhibit CamA enzymatic activity in vitro at low
micromolar concentrations. These molecules represent
distinct inhibitor chemotypes (Figure 2j). We have
been tweaking and testing compound designs, and
optimizing the early lead molecules so that they behave
more potently and selectively against other class
I MTases, including both human and bacterial
enzymes (Figure 5). The DOT1L-inhibitor SGC0946
exhibits ~50% in vitro inhibition against six distinct
MTase enzymes we have examined (four human RNA
adenine MTases and two bacterial DNA adenine
MTases), while the PRMT?7-inhibitor SGC8158 has
more selectivity against MettL3-MettL14, an RNA ade-
nine MTase important in myeloid leukaemia [10],
which also methylates DNA in vitro [47,48].

In structurally characterizing the CamA-DNA-
inhibitor complexes, we found that inhibitors induce
a particular kind of conformational rearrangement
unique (to date) to CamA among Class I MTases.
Specifically, sinefungin, SGC0946, or SGC8158 bind-
ing led to substantiall movement of the CamA
N-terminal arm, with no apparent disturbance of the
active site. This rearrangement, originally observed
with bound SAH [37], results in the unstructured
N-terminal arm moving to close off the SAM-
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binding pocket. The ability of SGC0946 and
SGC8158 to induce this movement may contribute to
their substantial potency as CamA inhibitors.

While outside the scope of the current work, the
next step is the use of these data to identify more
potent derivatives that can then be tested against
C. difficile both in vitro and in a model animal
infection. Although the lead compounds (or the
prodrugs) are mammalian cells permeable and, in
the case of JNJ-64619178, orally active, we do not
know whether the molecules can efficiently cross
the cell wall of Gram-positive bacteria (the group
to which C. difficile belongs). This cell wall is
dominated by the peptidoglycan layer, presenting
a landscape of large (up to 60 nm in diameter),
deep (up to 23 nm) pores constituting a disordered
gel [71]. Furthermore, the peptidoglycan is cov-
ered by a proteinaceous S-layer ([72,73], and
underlaid by a fairly typical lipid bilayer mem-
brane [74].

These early lead molecules provide opportunity
and challenge for optimizing compound potency,
selectivity, and ability to cross the cell wall of
Gram-positive bacteria in particular, that of
C. difficile. Finally, we note that a compound inhi-
biting CamA activity without killing the bacteria
would represent an essential research tool for
uncovering the possible mechanism(s) by which
CamA epigenetically regulates gene expression
for C. difficile sporulation and colonization.
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Figure 5. Selectivity of compounds 30, 42, 58 and 75 (see red box) against (a-b) two bacterial DNA adenine MTases (Escherichia coli
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condition and substrate for each enzyme are indicated.
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