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ABSTRACT: Antivirulence agents targeting endospore-transmitted Clostri-
dioides dif f icile infections are urgently needed. C. dif f icile-specific DNA
adenine methyltransferase (CamA) is required for efficient sporulation and
affects persistence in the colon. The active site of CamA is conserved and
closely resembles those of hundreds of related S-adenosyl-L-methionine
(SAM)-dependent methyltransferases, which makes the design of selective
inhibitors more challenging. We explored the solvent-exposed edge of the
SAM adenosine moiety and systematically designed 42 analogs of adenosine
carrying substituents at the C6-amino group (N6) of adenosine. We compare
the inhibitory properties and binding affinity of these diverse compounds and
present the crystal structures of CamA in complex with 14 of them in the
presence of substrate DNA. The most potent of these inhibitors, compound 39 (IC50 ∼ 0.4 μM and KD ∼ 0.2 μM), is selective for
CamA against closely related bacterial and mammalian DNA and RNA adenine methyltransferases, protein lysine and arginine
methyltransferases, and human adenosine receptors.

■ HIGHLIGHTS

• Synthesis of 23 analogs of the adenosine moiety of S-
adenosyl-L-methionine (SAM) and their testing against
CamA along with 19 already available analogs.

• Determination of 14 structures of CamA-DNA-inhibitor
complexes to resolutions between 2.19 and 2.81 Å.

• Identification of compound 39 as a potent CamA
inhibitor, with a half maximal inhibitory concentration
(IC50) of ∼0.4 μM and a dissociation constant (KD) of
∼0.2 μM.

• Determination that compound 39 is selective for CamA
over closely related bacterial and mammalian DNA and
RNA adenine methyltransferases, protein lysine and
arginine methyltransferases, and human adenosine
receptors.

1. INTRODUCTION
Clostridioides dif f icile infections (CDI) have been identified as
an urgent threat as they are a leading cause of hospital-acquired
diarrhea in older patients and community-associated infection
in children (https://www.cdc.gov/drugresistance/biggest-
threats.html).1,2 Older patients with dysbiosis from broad-
spectrum antibiotics are most vulnerable, and those with
cancer are also quite vulnerable to CDI.3 CDI pathogenesis
involves epithelial damage by toxins while the production of

drying- and heat-resistant endospores during therapy facilitates
further transmission and recurrence.4 Furthermore, C. dif f icile
forms biofilms in the infected colon, which serve as a reservoir
for continued recrudescence of fulminant disease.5,6 In theory,
drugs that reduce C. dif f icile carriage would be tremendously
useful, whether or not they also inhibit growth of the
bacteria.7,8 This critical medical need is unmet by currently
available therapeutic strategies,9−12 and novel targeted
therapeutics are urgently needed to combat CDI13−16 for
two key reasons. First, there is increasing resistance of C.
dif f icile to commonly used antibiotics,17 including the mainline
CDI drugs vancomycin18 and metronidazole.19,20 Second,
antibiotics vary in how rapidly, post treatment, they allow
recovery of the normal, C. dif f icile-resistant microbiome.21

To address the unmet critical need for CDI therapeutics,
several screens of small-molecule libraries, or screens for
repurposing currently approved drugs, are being carried out by
several groups.22,23 We report here our complementary

Received: November 2, 2022
Published: December 29, 2022

Articlepubs.acs.org/jmc

© 2022 The Authors. Published by
American Chemical Society

934
https://doi.org/10.1021/acs.jmedchem.2c01789

J. Med. Chem. 2023, 66, 934−950

D
ow

nl
oa

de
d 

vi
a 

84
.2

20
.1

9.
44

 o
n 

M
ar

ch
 1

, 2
02

3 
at

 1
9:

59
:0

1 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jujun+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+R.+Horton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martina+Menna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesco+Fiorentino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ren+Ren"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dan+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taraneh+Hajian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Masoud+Vedadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Masoud+Vedadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giulia+Mazzoccanti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessia+Ciogli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elmar+Weinhold"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Hu%CC%88ben"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+M.+Blumenthal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+M.+Blumenthal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xing+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonello+Mai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dante+Rotili"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaodong+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jmedchem.2c01789&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01789?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01789?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01789?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01789?goto=supporting-info&ref=pdf
https://www.cdc.gov/drugresistance/biggest-threats.html
https://www.cdc.gov/drugresistance/biggest-threats.html
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01789?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jmcmar/66/1?ref=pdf
https://pubs.acs.org/toc/jmcmar/66/1?ref=pdf
https://pubs.acs.org/toc/jmcmar/66/1?ref=pdf
https://pubs.acs.org/toc/jmcmar/66/1?ref=pdf
pubs.acs.org/jmc?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c01789?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jmc?ref=pdf
https://pubs.acs.org/jmc?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


approach to such studies: we aim to discover drug candidates
for C. dif f icile that reduce sporulation and biofilm formation
and minimize intestinal carriage by inhibiting a unique DNA
adenine methyltransferase (MTase).
A potential avenue to epigenetically targeted treatment of C.

dif f icile infections is provided by the recently discovered C.
dif f icile adenine methyltransferase A (CamA), which in one
study was present in all C. dif f icile genomes sequenced (>300
at that time), but was rarely found in other bacteria.24 This
specificity still holds as of fall 2022, as the top BlastP match to
CamA when C. dif f icile is excluded (not including “uncharac-
terized clostridia”) is the clostridial genus Romboutsia, with
67% amino acid identity; and when Clostridiales are excluded
altogether, the best current hit is in the Bacteroidiales with just
41% identity to CamA (not shown).
The activity of this enzyme was first seen nearly two decades

ago,25,26 but its significance was understood only 2 years ago.24

Most importantly, CamA-mediated DNA adenine methylation
at CAAAAA (underlining indicates the target A) is required for
normal sporulation and biofilm production by C. dif f icile, key
steps in the transmission of this agent as well as (in an animal
model) for gastrointestinal tract colonization.24 In a mouse
model of C. dif f icile infection, the level of bacteria declined to
near the limit of detection in the feces 6 days after inoculation
for the CamA catalytic mutant, whereas the WT strain
remained readily detectable at days 6 and 7. In a
clindamycin-treated hamster model of infection, which
includes vulnerability to the special effects of the C. dif f icile
toxins, the strains of WT or CamA-mutant of C. dif f icile caused
diarrhea symptoms and weight loss in hamsters, but no
difference in the survival times of hamsters after inoculation.
Together, these observations indicate that CamA controls the
ability of C. dif f icile to persist within the host intestinal tract,
but it does not directly influence toxin-mediated pathogenesis
of C. dif f icile infection. Finding CamA inhibitors would thus
specifically complement ongoing searches for other antivir-
ulence and/or antimicrobial agents targeting C. dif f icile,27

could greatly reduce the spread of this pathogen in clinical
settings, and could yield synergistic therapeutic approaches.
We recently characterized the catalytic mechanism of CamA

and its structures bound with substrate DNA in the absence
and presence of S-adenosyl-L-homocysteine (SAH).28 SAH is
one of the reaction products, being the demethylated form of
the co-substrate S-adenosyl-L-methionine (SAM). In addition,
we found that a few SAM/SAH analogs, some of which are
already in clinical trials as inhibitors of human epigenetic
enzymes, can also inhibit CamA enzymatic activity in vitro at
low micromolar concentrations.29 One particular observation,
that a brominated adenosyl moiety enhanced inhibitory
potency against CamA, led us to the systematic design of 42
analogs of the adenosine moiety of SAM/SAH. The most
potent of these inhibitors, compound 39, exhibited a half-
maximal inhibitory concentration (IC50) of ∼0.4 μM and a
dissociation constant (KD) of ∼0.2 μM. Further, compound 39
is selective for CamA over closely related bacterial and
mammalian DNA and RNA MTases, protein lysine and
arginine MTases, and human adenosine receptors. We suggest
that 39 represents the archetype of a class of small molecule
inhibitors that may eventually be used to depress C. dif f icile
carriage specifically by interfering with CamA activity.

2. RESULTS
2.1. Chemistry. In this study, we characterized 42

compounds (Figure 1); among them, 19 compounds 1−9,
13, and 22−30 were commercially available. Compounds 10,
11,30,31 12,30 14,32,33 15, 16, 17,34 18,32,33 19, 20,35 21, 31
(patents EP0417999A1 and EP0423777A2), and 32−41 were
prepared through an aromatic nucleophilic substitution
reaction between the commercially available 6-chloropurin-9-
riboside (43) and the appropriate primary or secondary
amines, in the presence of triethylamine in dry ethanol under
reflux conditions (Scheme 1). Compound 42 was obtained by
removal of the tert-butoxycarbonyl protection from the
piperidine moiety of compound 39 using a mixture of
trifluoroacetic acid and water (Scheme 1). All amines used
were commercially available, except for N1-(quinolin-4-yl)-
ethane-1,2-diamine, used for the preparation of compound 32,
which was synthesized as previously reported.36 Chemical−
physical data and elemental analyses for compounds 10−12,
14−21, and 31−42 are reported in Table 1 and Table S1
(Supporting Information), respectively.
Most of these compounds (1−22, 31−39, 42) carried

substituents at the C6-amino group (N6) of adenosine,
including arylalkyl groups with a growing carbon-number
alkyl chain (1−21), a N-(2-aminoethyl)-2-(4-(2-
phenylacetamido)phenyl)acetamide structure (22), or vari-
ously substituted aminoalkyl groups (31−39, 42). Compounds
23 and 24 displayed substitution at the C2 position of the
adenosine (or adenosine-like) scaffold, while 25−29 shared the
7-(furan-2-yl)-3H-[1,2,3]triazolo[4,5-d]pyrimidin-5-amine or
2-(furan-2-yl)-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]-
pyrimidin-5-amine core typical of some adenosine receptor
ligands. Finally, 40 and 41 were two adenosine mimetics in
which the adenosine C6 amino group is replaced by a
substituted piperidine ring (Figure 1).

2.2. Identification of a Potential Site for Adenosine
Modification in CamA Inhibitors. CamA inhibition by
SGC0946, a brominated derivative of EPZ004777, exhibited
stronger inhibition and improved binding (∼9× in IC50 and
∼3× in KD values) (Figure 2A),

29 and this observation led us
to examine some SAM-competitive inhibitors of the human
histone H3 lysine 79 MTase DOT1L. These inhibitors
included FED1, which has the same tert-butyl phenyl urea
moiety37 as SGC0946 and EPZ004777 but features a nitrogen
atom instead of carbon at the ring 7 position of the adenine
ring (purine instead of 7-deazapurine as the central core;
Figure 2A). The changes of nitrogen-to-carbon and bromi-
nated carbon increase the hydrophobicity of adenine moiety.
However, FED1 is a poor inhibitor of CamA, which retains
∼75% activity at an inhibitor concentration of 50 μM, whereas
SGC0946 inhibits CamA activity completely under the same
conditions (Figure 2B). Unexpectedly, 5′-methylthioadenosine
(MTA), 5′-dimethylthioadenosine (dMTA), and sinefungin,
identified from a screen of SAM analogues (Figure S1), have
better inhibition potency than that of FED1 (Figure 2B). This
is surprising as sinefungin, MTA, and dMTA have the exact
same adenosine moiety, suggesting that the tert-butyl phenyl
urea of FED1 antagonizes CamA inhibition. We also compared
the binding affinities of sinefungin, MTA, and adenosine
(Figure 2C). MTA, which is naturally produced by SAM
catabolism and is present in all mammalian tissues,38 showed
∼2× enhanced binding compared to sinefungin and >7×
stronger binding than adenosine.
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Figure 1. Compounds 1−42 (^commercially available, *previously reported and resynthesized, and **newly designed and synthesized) screened
against CamA.
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We crystallizedMTA in complex with CamA in the presence
of a DNA substrate (Figure 2D, right panel). The N-terminal
residues prior to Gly28 are disordered, as previously observed
in the binary complex of CamA-DNA (PDB 7LNJ; left panel).
However, these N-terminal residues do become ordered upon
the binding of S-adenosyl-L-homocysteine (SAH) (PDB 7LT5;
colored magenta in the middle panel) due to the interactions
with the homocysteine moiety of SAH.28 Thus, the MTA-
bound structure, which lacks a homocysteine moiety, adopts
the cofactor-free conformation, and the common components
(residue Gly28 and beyond) among the three structures are
highly similar, with a root-mean-square deviation (RMSD) of
<0.3 Å. MTA superimposed well onto the adenosine moiety of
SAH, and the exposed edges of N6 and N7 interact with an
ethylene glycol molecule (Figure 2E,F). We reasoned that the
space occupied by the ethylene glycol could be explored for
modifications of the adenosine, and below is a description of
modifications we tested at the adenine N6 position and their
effects on CamA inhibition. In particular, we focused on the
interactions with the Asp149-Tyr178 pair (these two residues
form an intramolecule hydrogen bond) and Glu175.

2.3. Design of Adenosine Analogs as CamA Inhib-
itors. We carried out a CamA inhibition screen, using 42
compounds originally designed as analogs of adenosine or
adenosine receptors’ ligands (Figure 1). These compounds all
contain a common adenosyl moiety. SGC0946 and sinefungin
were utilized as positive controls. The screen started with

compound 1 (N6-benzyladenosine), which showed similar
inhibition strength to that of sinefungin, and reached the most
potent inhibition with compound 39, which showed 12×
higher potency than SGC0946 (Figure 3A). Of these 42
compounds, we chose 14 for a detailed inhibition study,
quantifying the half-maximal inhibitory concentration (IC50) in
the presence of 40 μM co-substrate SAM, and the dissociation
constant (KD) as measured by isothermal titration calorimetry
(Figure S2). The co-crystals of CamA with bound inhibitors
were formed under the same conditions as for the MTA-bound
complex, and their structures were determined at resolutions of
2.19−2.81 Å (Table S2). All structures were isomorphous,
with RMSD of 0.1−0.3 Å for pairwise comparisons over 1505
pairs of Cα atoms (three complexes per crystallographic
asymmetric unit, with the first ordered residue being Gly28 for
each CamA protein).
We first compared five modifications with differently

substituted benzyl groups at the C6-amino function of
adenosine: benzyl (1), 4-aminobenzyl (2), 4-hydroxybenzyl
(3), 3-iodobenzyl (4, in which also a N-methylcarboxamide
replaced the 5-(hydroxymethyl) moiety at the tetrahydrofuran
portion), and (1R)-indanyl ring (6) as a constrained form of
the benzyl group (Figure 3C). We made the following
observations: (a) In general, the IC50 and KD values for 1
and 2 are similar to those of MTA (IC50 values in the range
10−18 μM and KD values in the range 11−14 μM), while 3
and 4 displayed slightly higher inhibition potency (IC50 = 4.8

Scheme 1. Synthesis of Compounds 10−12, 14−21, and 31−42a

aReagents and conditions: (a) appropriate primary or secondary amine, triethylamine, dry ethanol, reflux. (b) Trifluoroacetic acid/water 9:1 (v/v),
0 °C to room temperature.
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and 8 μM and KD = 5.3 and 3.9 μM, respectively) (Figure 3B).
(b) Structurally, the benzyl ring is bordered by hydrophobic
residues (Ile115, Pro167, Ile169, Leu174, and Leu196) (Figure
3D). The same hydrophobic environment applies to 4-
aminobenzyl, 4-hydroxybenzyl, and 3-iodobenzyl rings, which
form a face-to-face stacking interaction with the Tyr178-
Asp149 pair (Figure 3E). (c) Interestingly, the 4-hydroxy-
benzyl ring (compound 3) demonstrated ∼2× improved IC50
or 2.6× tighter binding in the KD value compared to the 4-
aminobenzyl counterpart (compound 2). The two compounds
differ only at the tip of the moiety, having either a hydroxyl
(OH) or an amino group (NH2). (d) The non-planar indan-1-
yl ring (compound 6), which gave decreased inhibition, pushes
toward Tyr178 and yields two alternative Tyr178 conforma-
tions, one of which has lost the H-bond with Asp149 (Figure
3F).

2.4. Linear Homology in the N6-Benzyl Portion:
Effects of Varying Carbon Spacer between Adenine-
N6 and the Phenyl Ring. Next, we tested the effect of the
aliphatic carbon chain length connecting the adenosyl N6
position with the phenyl ring (1 in Figure 4A). It appears that
elongating the N6-benzyl moiety to the −2-phenylethyl (8),
−3-phenylpropyl (14), −4-phenylbutyl (18), and −5-phenyl-
pentyl (19) portion led to improved CamA inhibitory potency
of the compounds, while further elongation to a −6-
phenylhexyl group (21) decreased the inhibition potency
(see Figure 3A for its inhibition at 10 μM). Compound 14,
with the three-carbon aliphatic chain, showed the highest
potency as it has the lowest values of IC50 (0.7 μM) and KD
(0.5 μM) values, while either decreasing or increasing the
chain length resulted in lower inhibition (i.e., increased IC50
and KD values) (Figure 4B). Compared to compound 1 (1C-
length), 14 with its 3C-length has markedly stronger inhibition
(∼21× lower IC50 value) and improved binding (∼26× lower

KD value) (Figure 4B). Structurally, superimposition of
inhibitors with 1C-, 2C-, and 3C-length chains revealed that
(i) the phenyl ring rotated from face-to-face (1C) to edge-to-
face (2C and 3C) conformation with respect to Tyr178
(Figure 4C), and (ii) the 3C-length allowed the 3-phenyl-
propyl ring to reach Glu175, whereas 1C- or 2C-length chains
are too short to make that contact (Figure 4D). Furthermore,
the 4C-length chain positioned the phenyl ring pointing away
from Tyr178 and Glu175 (Figure 4E), whereas the 5C-length
chain put the phenyl ring too close to Glu175 and forced the
side chain of Glu175 to rotate away from the position observed
in which it interacts with the 3C-phenylpropyl ring (Figure
4F).
We observed the same trend of improved inhibition potency

from 1C-to-3C-length using the 4-aminobenzyl moiety
(compounds 2, 9, and 15 in Figure 5A,B). Compound 9
(also known as APNEA) was purchased and contains >5%
impurity, which interferes with the MTase-Glo assay (Figure
S3). Nevertheless, the 1C- and 2C-lengths between adenosine
and the 4-aminophenyl ring (2 and 9) exhibited similar
dissociation constants (KD = 14 or 18 μM), whereas 3C-
lengthed 4-aminophenyl ring (15) has 9−12× enhanced
binding (KD = 1.5 μM), according to the above observation.
Indeed, the terminal amino group (NH2) of compound 15
makes a H-bond with one of the carboxylate oxygen atoms of
Glu175 (Figure 5C). Interestingly, replacing the terminal
amino group of 15 with a hydroxyl group (compound 16)
resulted in stronger inhibition (∼2.7X lower IC50 value) and
improved binding (∼6.5X lower KD value). This difference,
between NH2 (compound 15) and OH groups (compound
16), is the same as we observed earlier between compounds 2
and 3 in Figure 3. The O−H···O H-bond observed with
compound 16 and Glu175 might be analogous to that of the
H-bond between Tyr178 and Asp149 (Figure 5D).

2.5. Compound 39 Has the Most Potent Inhibition
against CamA. As a further step, to increase the chemical
flexibility of the 4-aminobenzyl moiety of 2 and its analogs, we
transformed this portion into a 4-methylpiperidine 1-tert-butyl
carbamate and related groups, obtaining the compounds 37−
39 (Figure 6A). Again, we observed improved inhibition with
chain length from 1C to 3C, with decreasing IC50 values from
2.0 μM (1C in compound 37), 0.71 μM (2C in 38), to 0.39
μM (3C in 39) (Figure 6B). The dissociation constant (KD =
0.14 μM) was not distinguishable between 2C and 3C
compounds (38 and 39), but both were improved by ∼8×
from that of 1C compound 37 (KD = 1.1 μM) (Figure 6B). In
the structure of CamA bound with compound 39, the 4-n-
propylpiperidine forms extensive van der Waals contacts with
Asp149, Tyr178, Lys196, Ile169, and Leu174 (Figure 6C, D).
The compound sits on a largely hydrophobic surface (colored
green in Figure 6E). Instead of interacting with the side chain
carboxylate group of Glu175, the terminal carbonyl oxygen
atom of 39 forms a H-bond with the main chain amide
nitrogen of Glu175, and two of the terminal methyl groups
(tert-butyl substituent) form a C−H···O type of H-bond with
the main chain carbonyl oxygen atom of Lys173 (Figure 6F).
These interactions are unique to compound 39, which
combines aromatic, van der Waals, and polar interactions.
The gained polar interactions give rise to favorable binding of
compound 39 as reflected by the change of the binding
entropy factor (−TΔS in Figure 6G). Similar changes were
observed for compounds 15, 16 (which interact with Glu175;
Figure 5D), and 38.

Table 1. Melting Point, Recrystallization System, and Yield
for Compounds 10−12, 14−21, and 31−42

compound Mp (°C) recrystallization systema yield (%)

10 137−140 A 67
11 185−188 B 72
12 150−153 B 75
14 133−135 C 89
15 186−187 B 54
16 177−180 B 65
17 133−135 C 57
18 135−137 C 91
19 112−115 C 86
20 180−181 B 69
21 107−110 C 87
31 103−105 D 56
32 236−237 B 51
33 102−104 D 54
34 120−122 C 68
35 150−153 A 61
36 127−129 C 57
37 140−141 C 79
38 101−102 D 71
39 128−129 C 68
40 112−113 D 81
41 131−132 D 70
42 125−127 C 88

aA: methanol; B: ethanol; C: acetonitrile; D: cyclohexane.
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To gain insight into the structure−activity relationships, we
prepared two further molecules, 40 and 41, the first of which
(40) is an isomer of 38, bearing at the purine C6-position a (1-
piperidin-4-yl)ethyl tert-butyl carbamate instead of the tert-
butyl-4-(2-aminoethyl)piperidine-1-carboxylate while the other
(41) is a constrained version of 40, with a tert-butyl-8-(2,8-
diazaspiro[4.5]decane)-2-carboxylate at the purine C6-position
(Figure 6A). Despite the similarity of 40 and 41 with 38 (38
and 40 have the exact same compositions of atoms, with the
positions of piperidine ring and aliphatic carbon chains
switched), compounds 40 and 41 resulted in loss of inhibition
at the two concentrations tested (1 μM in Figure 6H or 10 μM
Figure 3A). Finally, to assess the stability (Figure S4) and
crucial role of the N-tert-butyl carbamate in 39, we prepared
and tested 42, in which this moiety has been removed (Figure
6A). Compound 42 showed ∼10-fold lower potency than 39
in inhibiting CamA (IC50 = 3.8 μM vs 0.39 μM) (Figure 6I),
confirming the importance of the carbamate moiety for CamA
binding and inhibition.

2.6. Selectivity. Finally, we examined three of our most
promising compounds, 16, 38, and 39, against a group of

related SAM-dependent nucleic acid MTases, including two
bacterial DNA adenine MTases (Caulobactor crescentus CcrM
and Escherichia coli Dam; Figure 7A−C), two mammalian
DNA cytosine MTases (human DNMT1 and mouse Dnmt3a-
Dnmt3L; Figure 7D,E), and four human RNA (or dual RNA/
DNA) adenine MTases (PCIF1, MettL5-Trm112, MettL16,
and MettL3-MettL14; Figure 7F−I). We also tested the
potency of these three compounds against four human protein
(lysine or arginine) MTases (DOT1L, EZH2 complex, G9a,
and PRMT1; Figure 7K−N). While we had to use a few
different reaction conditions as appropriate for these diverse
enzymes, none of them showed any significant inhibition by
these three compounds at a concentration of 10 μM. In
contrast, sinefungin, a pan inhibitor of SAM-dependent
MTases, showed measurable inhibition against CcrM, Dam,
Dnmt3a-3L, and PCIF1 as well as inhibiting CamA while SAH
(the reaction product) exhibited measurable inhibition of
DOT1L, G9a, and PRMT1. As a control, the RNA methylation
activity of MettL3-MettL14 was inhibited by known selective
MettL3 inhibitors (the two pure enantiomers R-UZH1 and S-

Figure 2. Structure of CamA-DNA-MTA (5′-methylthioadenosine). (A) Chemical structures of SGC0946, a brominated analogue of EPZ004777,
with a substitution of the purine nitrogen (N7) with carbon atom (indicated by a symbol *). Both modifications increase the hydrophobicity of the
purine moiety. (B) Relative inhibition of CamA activity at a single inhibitor concentration of 50 μM, in the presence of the standard reaction
condition of 40 μM SAM. Comparison of sinefungin,MTA, and adenosine (see Figure S1 for MTA related compounds). (C) KD measurement by
isothermal titration calorimetry. (D) Structure comparison of the CamA-DNA complex in the absence of cofactor (left; PDB 7LNJ), bound with
SAH (middle; PDB 7LT5), or MTA (right; PDB 8CXS). The MTA bound structure adopts the cofactor-free conformation along with disordered
N-terminal residues prior to Gly28. (E) Omit electron density map (contoured at 5.0 σ above the mean) for the bound MTA (PDB 8CXS). An
ethylene glycol (colored in yellow) binds to the edge of adenine moiety. (F) Superimposition of SAH (magenta) and MTA (gray).

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.2c01789
J. Med. Chem. 2023, 66, 934−950

939

https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.2c01789/suppl_file/jm2c01789_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01789?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01789?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01789?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.2c01789/suppl_file/jm2c01789_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01789?fig=fig2&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c01789?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


UZH139 and STM245740), and these MettL3 inhibitors had
no effect on CamA activity (Figure 7J).
We further evaluated the affinity of compounds 16, 38, and

39 for the human A1 and A3 adenosine receptors (A1AR and
A3AR, respectively) via agonist radioligand binding assays
(Figure 7O,P). In both assays, the three compounds displayed
minimal inhibition of specific binding of the employed
radioligand ([3H]2-chloro-N6-cyclopentyladenosine for A1AR
and [125I]AB-MECA for A3AR). In contrast, the selective
A1AR agonist N6-cyclopentyladenosine and the selective
A3AR agonist piclidenoson (also known as IB-MECA,
compound 4 in this study) completely abolished radioligand
binding in their respective assays.

2.7. Discussion. We have sought here to identify potent
and selective inhibitors targeting CamA, a Clostridioides
dif f icile-specific DNA adenine MTase required for efficient
sporulation and, more profoundly, persistence in the gastro-
intestinal tract.24 The basis for CamA’s role in CDI persistence
is not yet known, but there is the potential for synergies by also
inhibiting other pathways that reduce CDI carriage, such as
cyclic-di-AMP metabolism.41

The inhibitors identified here are likely to have very similar
effects on the CamA orthologs in all sequence-characterized C.
dif f icile strains. We base this statement on the complete
conservation of the 12 inhibitor-proximal residues (G28, Y30,
D114, I115, D149, P167, Y168, I169, L174, Y178, L196, and
F200; see Figure 3D), in the set of 58 nonidentical CamA
sequences examined (see Figure S7 of ref 28). Our efforts to
depict the interactions of CamA with diverse adenosine

analogs of inhibitors provide fundamental knowledge into
structure−activity relationships of inhibitors against CamA.
Here, we present 39 [tert-butyl-4-(3-((9-((2R,3R,4S,5R)-

3,4-dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-9H-
purin-6-yl)amino)propyl)piperidine-1-carboxylate] as the first
potent and specific inhibitor of CamA. In vitro, the compound
binds in the adenosine binding site (like SAM/SAH) with the
N6-addition pointing outward and sitting against a largely
hydrophobic surface, forming a unique combination of
aromatic, van der Waals, and polar interactions (Figure 6).
We note that there is additional space that can be further
explored to fully occupy the hydrophobic CamA surface
(Figure 6E).
Next, we will turn our attention to the homocysteine moiety

of SAH, which induced conformational change of N-terminal
residues prior to Gly28 (Figure 3D). One interesting but
puzzling observation is that the tert-butyl-phenyl urea of FED1
− which presumably occupies the site of homocysteine moiety
− antagonized CamA inhibition (Figure 2B). The observation
of weak inhibition by FED1 together with the cofactor-induced
conformational change might provide avenues for designing
39-based inhibitors to engage in additional interactions with
the N-terminal residues. The ability of future compounds to
induce this movement may contribute substantially to
optimizing compound potency and selectivity as CamA
inhibitors. Interestingly, the movement of N-terminal residues
exposes the buried Cys65 to solvent (Figure 6E). Cys65 is near
the binding site of the homocysteine moiety and could be
explored for interaction with the cysteine-reactive electrophile
acrylamide as has been done for other enzymes including

Figure 3. Structures of N6-benzyladenosine (1) and its related one-carbon analogs. (A) Relative inhibition of CamA activity at a single inhibitor
concentration of 10 μM, in the presence of 40 μM co-substrate SAM. Compounds indicated by a red asterisk were chosen for further study. (B)
Summary of inhibition (IC50 and Hill slope), dissociation constant (KD) measured by isothermal titration calorimetry, and X-ray information (PDB
accession numbers and corresponding resolutions). (C) Additions at the N6 position of adenosine: benzyl (1), 4-aminobenzyl (2), 4-
hydroxybenzyl (3), 3-iodobenzyl (4), and (1R)-indanyl ring (6). (D) N6-benzyl moiety (1) is surrounded by hydrophobic residues (PDB 8CXT).
(E) Superimposition of benzyl-(PDB 8CXT), 4-aminobenzyl-(PDB 8CXU), 4-hydroxybenzyl-(PDB 8CXV), and 3-iodobenzyl-adenosines bound
with CamA (PDB 8CXW). (F) Superimposition of benzyl- (PDB 8CXT) and indanyl-adenosines (PDB 8CXX). Tyr178 adopts two alternative
conformations with the indane moiety.
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protein kinases,42−44 histone lysine methyltransferases,45,46 and
a histone lysine demethylase.47

A lasting challenge is to improve our lead compound(s)’s
ability to cross the cell wall of Gram-positive bacteria (the
group to which C. dif f icile belongs) (Table S3). 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.48 Furthermore, the
peptidoglycan is covered by a proteinaceous S-layer49,50 and
underlaid by a fairly typical lipid bilayer membrane.51 Finally,
we note that a compound inhibiting 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. dif f icile
sporulation and colonization.

3. EXPERIMENTAL SECTION
3.1. Chemistry. Melting points were determined on Buchi 530

melting point apparatus and are uncorrected. 1H-NMR and 13C-NMR
spectra were recorded at 400 and 100 MHz, respectively, with a
Bruker AC400 spectrometer. Chemical shifts are reported in δ (ppm)
units relative to the internal reference tetramethylsilane (Me4Si). All
compounds were analyzed by thin-layer chromatography (TLC) and
1H-NMR. TLC was performed on aluminum-backed silica gel plates
(Merck DC, Alufolien Kieselgel 60 F254) with spots visualized by UV
light. Yields of all reactions refer to the purified products. All
chemicals were from Sigma-Aldrich srl, Milan (Italy), and were of the
highest available purity. Low-resolution mass spectra were recorded
with an API-TOF Mariner by a Perspective Biosystem (Stratford,
TX); samples were injected by a Harvard pump using a flow rate of
5−10 μL/min with electrospray ionization (ESI). High-resolution
mass spectrometry (HR-MS) was performed using an Exactive
Orbitrap (Thermo Fisher Scientific, Waltham, MA, USA) at a mass
range of 100−2000 m/z. The mass acquisition was set as follows: the
resolution of 100.000 at m/z 200, positive ESI mode and mass spectra
were acquired by recording 30 scans, sheath gas flow of 5 arbitrary
units, spray voltage of 3.5 kV, capillary voltage 77.5 V, capillary
temperature 250 °C, and tube lens voltage at 250 V. Software tools
were from Thermo Fisher Scientific (Waltham, MA, USA).
Specifically, mass spectra were processed using Xcalibur. Solutions
for flow injection analysis were constituted by dissolving each
compound in MeOH MS grade (c = 10−5 M). Elemental analysis was
used to determine the purity of compounds; all analytical results were
within ±0.40% of the theoretical values (Table S1).

The purity of compounds 1−42 was also analyzed by high-
performance liquid chromatography (HPLC) (Supporting Informa-
tion). The HPLC system consisted of a Dionex UltiMate 3000
UHPLC (Thermo Fisher) system equipped with an automatic
injector, column heater and coupled with a Diode Array Detector
DAD-3000 (Thermo Fisher). For compounds 1−24 and 31−42, the
analytical controls were performed on an Adamas HILIC 3 μm (4.6 ×
150 mm) column (SepaChrom) in gradient elution. Eluents: (A)
CH3CN/H2O, 95/5 (v/v) + 5 mM ammonium acetate; (B) H2O/
CH3CN, 95/5 (v/v) + 5 mM ammonium acetate. A 20 min linear
gradient elution from 0% to 60% solvent B was followed by a 1 min
ramp to 100% B and 4 min at 100% B. The flow rate was 1.0 mL/min,
and the column was kept at a constant temperature of 30 °C. Samples
were dissolved in solvent A at a concentration of 1 mg/mL, and the
injection volume was 2 μL. For compounds 25−30, the analytical
controls were performed on an XTERRA MS C18 3.5 μm (4.6 × 150
mm) column (Waters) in gradient elution. Eluents: (A) H2O/
CH3CN, 95/5 (v/v) + 0.01% TFA; (B) CH3CN/H2O, 95/5 (v/v) +
0.01% TFA. A 20 min linear gradient elution from 0% to 60% solvent
B was followed by a 1 min ramp to 100% B and 4 min at 100% B. The
flow rate was 1.0 mL/min, and the column was kept at a constant
temperature of 30 °C. Samples were dissolved in solvent A at a
concentration of 1 mg/mL, and the injection volume was 2 μL. In
some cases, it was necessary to add DMSO to increase compound
solubility. Purity in all cases was >95% except for commercial
compound 9 (APNEA), the purity of which was 92−94%.
All solvents were reagent grade and, when necessary, were purified

and dried by standard methods. Concentration of solutions after
reactions and extractions involved the use of a rotary evaporator
operating at reduced pressure of ca. 20 Torr. Organic solutions were
dried over anhydrous sodium sulfate.

3.1.1. General Procedure for the Synthesis of Final Compounds
10, 11,30,31 12,30 14,32,33 15, 16, 17,34 18,32,33 19, 20,35 21, 31
(Patents EP0417999A1 and EP0423777A2), and 32−41. A mixture
containing the properly substituted amine (3 equiv), 6-chloropurin-9-
riboside (0.349 mmol, 100 mg, 1 equiv), and triethylamine (0.419
mmol, 42.36 mg, 0.058 mL, 1.2 equiv) in dry ethanol (3 mL) was
stirred under reflux conditions for 1.5 h. The reaction mixture was
then quenched with ethyl acetate (30 mL) and washed with water (3
mL) and brine (2 × 3 mL). The organic phase was then dried over
anhydrous sodium sulfate, and the solvent was removed under
reduced pressure. Alternatively, the reaction mixture was diluted with
3 mL ethanol, cooled down to r.t., and stirred for a further 40 min
allowing the formation of a precipitate, which was filtered and washed
over the filter with ethanol, hexane, and diethyl ether. In both cases,
the resulting crude product was purified by silica gel column

Figure 4. Effects of varying the carbon spacer between adenine-N6 and the phenyl ring. (A) Chemical structures of five related compounds with
varied carbon length from one to five carbons. (B) Summary of inhibition (IC50), dissociation constant (KD), and X-ray information (PDB). (C, D)
Two views of superimposition of chains of 1C- (PDB 8CXT), 2C- (PDB 8CXY), and 3C-length with the 3C-phenylpropyl moiety reaching to
Glu175 (PDB 8CXZ). (E) 4-Phenylbutyl moiety points away from Glu175 and Tyr178 (PDB 8CY0). (F) 5C-Phenyl ring pushes the side chain of
Glu175 away (PDB 8CY1).
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chromatography eluting with the appropriate chloroform/methanol or
chloroform/methanol/ammonia mixture to afford the desired final
compounds 10−12, 14−21, and 31−41.

3.1.2. (2R,3R,4S,5R)-2-(6-((2-([1,1’-Biphenyl]-4-yl)ethyl)amino)-
9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol (10).
1H-NMR (400 MHz; DMSO-d6) δ 2.98 (t, 2H, NH-CH2-CH2-Ph-
Ph), 3.53−3.59 (m, 1H, CH ribose), 3.66−3.71 (m, 1H, CH ribose),
3.76 (br s, 2H, NH-CH2-CH2-Ph-Ph), 3.97 (q, 1H, CH ribose), 4.16
(br s, 1H, CH ribose), 4.62 (br d, 1H, CH ribose), 5.17−5.24 (m, 1H,
OH ribose), 5.37−5.44 (m, 1H, OH ribose), 5.47 (br s, 1H, OH
ribose), 5.90 (d, 1H, CH ribose), 7.33−7.37 (m, 3H, benzene ring),
7.46 (t, 2H, benzene ring), 7.59−7.66 (m, 4H, benzene ring), 7.98 (br
s, 1H, NH), 8.26 (s, 1H, C2-H adenine), 8.36 (s, 1H, C8-H adenine).
13C-NMR (100 MHz; DMSO-d6) δ 35.0, 41.7, 62.1, 71.1, 73.9, 86.4,
88.4, 120.3, 127.0 (2C), 127.1 (2C), 127.7, 129.4 (2C), 129.8 (2C),
138.5, 139.3, 140.4, 140.5, 148.8, 152.9, 155.0. MS (ESI), m/z: 448
[M + H]+. HR-MS (ESI) m/z: calculated for C24H26N5O4

+ [M + H]+,
448.1979; found, 448.1971.

3.1.3. (2R,3S,4R,5R)-2-(Hydroxymethyl)-5-(6-((2-(naphthalen-1-
yl)ethyl)amino)-9H-purin-9-yl)tetrahydrofuran-3,4-diol (11).30,31
1H-NMR (400 MHz; DMSO-d6) δ 3.39 (t, 2H, NH-CH2-CH2-
naphthalene), 3.54−3.60 (m, 1H, CH ribose), 3.67−3.72 (m, 1H, CH
ribose), 3.81 (br s, 2H, NH-CH2-CH2-naphthalene), 3.98 (q, 1H, CH
ribose), 4.16 (d, 1H, CH ribose), 4.63 (d, 1H, CH ribose), 5.18−5.23
(m, 1H, OH ribose), 5.37−5.43 (m, 1H, OH ribose), 5.47 (d, 1H,
OH ribose), 5.91 (d, 1H, CH ribose), 7.43−7.47 (m, 2H, CH
naphthalene ring), 7.54 (t, 1H, CH naphthalene ring), 7.61 (t, 1H,
CH naphthalene ring), 7.81 (d, 1H, CH naphthalene ring), 7.94 (d,
1H, CH naphthalene ring), 8.11 (br s, 1H, NH), 8.32 (s, 1H, C2-H
adenine), 8.39−8.41 (m, 2H, C8-H adenine + CH naphthalene ring).
13C-NMR (100 MHz; DMSO-d6) δ 33.0, 41.4, 62.1, 71.1, 74.0, 86.4,
88.4, 120.4, 124.5, 126.1 (2C), 126.6, 127.1, 127.2, 129.0, 132.2,
133.9, 136.1, 140.3, 148.8, 153.0, 155.1. MS (ESI), m/z: 422 [M +
H]+. HR-MS (ESI) m/z: calculated for C22H24N5O4

+ [M + H]+,
422.1823; found, 422.1814.

3.1.4. (2R,3S,4R,5R)-2-(Hydroxymethyl)-5-(6-((2-(naphthalen-2-
yl)ethyl)amino)-9H-purin-9-yl)tetrahydrofuran-3,4-diol (12).30 1H-
NMR (400 MHz; DMSO-d6) δ 3.11 (t, 2H, NH-CH2-CH2-
naphthalene), 3.53−3.59 (m, 1H, CH ribose), 3.66−3.71 (m, 1H,
CH ribose), 3.83 (br s, 2H, NH-CH2-CH2-naphthalene), 3.97 (d, 1H,
CH ribose), 4.15−4.17 (m, 1H, CH ribose), 4.63 (q, 1H, CH ribose),
5.16−5.22 (m, 1H, OH ribose), 5.37−5.43 (m, 1H, OH ribose), 5.45

(d, 1H, OH ribose), 5.89 (d, 1H, CH ribose), 7.44−7.50 (m, 3H, CH
naphthalene ring), 7.77 (s, 1H, CH naphthalene ring), 7.85−7.88 (m,
3H, CH naphthalene ring), 8.00 (br s, 1H, NH), 8.27 (s, 1H, C2-H
adenine), 8.35 (s, 1H, C8-H adenine). 13C-NMR (100 MHz; DMSO-
d6) δ 35.2, 41.2, 61.8, 70.7, 73.6, 86.0, 88.0, 119.9, 125.4, 126.1, 126.8,
127.4, 127.6, 127.7, 127.8, 131.8, 133.2, 137.3, 139.9, 148.4, 152.5,
154.6. MS (ESI), m/z: 422 [M + H]+. HR-MS (ESI) m/z: calculated
for C22H24N5O4

+ [M + H]+, 422.1823; found, 422.1813.
3.1.5. (2R,3S,4R,5R)-2-(Hydroxymethyl)-5-(6-((3-phenylpropyl)-

amino)-9H-purin-9-yl)tetrahydrofuran-3,4-diol (14).32,33 1H-NMR
(400 MHz; DMSO-d6) δ 1.91 (p, 2H, NH-CH2-CH2-CH2-Ph), 2.65
(t, 2H, NH-CH2-CH2-CH2-Ph), 3.52−3.59 (m, 3H, NH-CH2-CH2-
CH2-Ph + CH ribose), 3.65−3.70 (m, 1H, CH ribose), 3.97 (d, 1H,
CH ribose), 4.15−4.16 (br m, 1H, CH ribose), 4.62 (q, 1H, CH
ribose), 5.17−5.23 (m, 1H, OH ribose), 5.38−5.48 (m, 2H, OH
ribose), 5.89 (d, 1H, CH ribose), 7.16−7.30 (m, 5H, benzene ring),
7.96 (br s, 1H, NH), 8.21 (s, 1H, C2-H adenine), 8.35 (s, 1H, C8-H
adenine). 13C-NMR (100 MHz; DMSO-d6) 30.8, 32.7, 40.7, 61.7,
70.7, 73.5, 85.9, 88.0, 125.7, 128.30 (2C), 128.32 (2C), 130.1, 139.7,
141.9, 148.9, 152.4, 154.7. MS (ESI), m/z: 386 [M + H]+. HR-MS
(ESI) m/z: calculated for C19H24N5O4

+ [M + H]+, 386.1823; found,
386.1817.

3.1.6. (2R,3R,4S,5R)-2-(6-((3-(4-Aminophenyl)propyl)amino)-9H-
purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol (15). 1H-
NMR (400 MHz; DMSO-d6) δ 1.79−1.91 (m, 2H, NH-CH2-CH2-
CH2-Ph), 2.45−2.47 (m, 2H, NH-CH2-CH2-CH2-Ph), 3.48 (br s, 2H,
NH-CH2-CH2-CH2-Ph), 3.53−3.59 (m, 1H, CH ribose), 3.66−3.70
(m, 1H, CH ribose), 3.97 (d, 1H, CH ribose), 4.15 (d, 1H, CH
ribose), 4.62 (q, 1H, CH ribose), 4.79 (br s, 2H, NH2), 5.13−5.19
(m, 1H, OH ribose), 5.38−5.45 (m, 2H, OH ribose), 5.88 (d, 1H, CH
ribose), 6.48 (d, 2H, benzene ring), 6.86 (d, 2H, benzene ring), 7.89
(br s, 1H, NH), 8.20 (s, 1H, C2-H adenine), 8.34 (s, 1H, C8-H
adenine). 13C-NMR (100 MHz; DMSO-d6) δ 31.7, 32.4, 40.5, 62.2,
71.2, 73.9, 86.4, 88.4, 114.5 (2C), 120.2, 129.1 (2C), 129.2, 140.1,
146.8, 148.7, 152.9, 155.1. MS (ESI), m/z: 401 [M + H]+. HR-MS
(ESI) m/z: calculated for C19H25N6O4

+ [M + H]+, 401.1932; found,
401.1923.

3 .1 .7 . (2R ,3S ,4R ,5R) -2- (Hydroxymethy l ) -5- (6- ( (3- (4-
hydroxyphenyl)propyl)amino)-9H-purin-9-yl)tetrahydrofuran-3,4-
diol (16). 1H-NMR (400 MHz; DMSO-d6) δ 1.81−1.88 (m, 2H, NH-
CH2-CH2-CH2-Ph), 2.51−2.55 (m, 2H, NH-CH2-CH2-CH2-Ph),
3.48 (br s, 2H, NH-CH2-CH2-CH2-Ph), 3.51−3.58 (m, 1H, CH
ribose), 3.65−3.70 (m, 1H, CH ribose), 3.97 (q, 1H, CH ribose), 4.15

Figure 5. Differences between 3C-length 4-aminobenzyl and 4-hydroxybenzyl moieties. (A) Chemical structures of three related compounds of
amino benzyl with varied carbon length from 1−3-carbons. (B) Summary of inhibition (IC50), dissociation constant (KD), and X-ray information
(PDB). (C) Superimposition of chains of 1C- (PDB 8CXU), 2C- (PDB 8CY2), and 3C-length with the 3C-aminobenzyl moiety forming a H-bond
with the carboxylate group of Glu175 (PDB 8CY3). (D) Superimposition of 3C-aminobenzyl (PDB 8CY3) and 3C-hydroxybenzyl moiety (PDB
8CY4) with the terminal amino group or hydroxy oxygen atom forming a H-bond with Glu175.
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(d, 1H, CH ribose), 4.62 (d, 1H, CH ribose), 5.16−5.22 (m, 1H, OH
ribose), 5.39−5.47 (m, 2H, OH ribose), 5.88 (d, 1H, CH ribose),
6.66 (d, 2H, benzene ring), 7.00 (d, 2H, benzene ring), 7.93 (br s,
1H, NH), 8.20 (s, 1H, C2-H adenine), 8.34 (s, 1H, C8-H adenine),
9.11 (s, 1H, Ph-OH). 13C-NMR (100 MHz; DMSO-d6) δ 31.1, 31.8,
40.7, 61.7, 70.7, 73.5, 85.9, 88.0, 115.1 (2C), 129.0, 129.1 (2C),
131.8, 139.7, 148.2, 152.4, 154.7, 155.3. MS (ESI), m/z: 402 [M +
H]+. HR-MS (ESI) m/z: calculated for C19H24N5O5

+ [M + H]+,
402.1772; found, 402.1759.

3 .1 .8 . (2R ,3S ,4R ,5R) -2- (Hydroxymethy l ) -5- (6- ( (3- (4-
methoxyphenyl)propyl)amino)-9H-purin-9-yl)tetrahydrofuran-3,4-
diol (17).34 1H-NMR (400 MHz; DMSO-d6) δ 1.83−1.91 (m, 2H,
NH-CH2-CH2-CH2-Ph), 2.59 (t, 2H, NH-CH2-CH2-CH2-Ph), 3.49
(br s, 2H, NH-CH2-CH2-CH2-Ph), 3.53−3.58 (m, 1H, CH ribose),
3.65−3.70 (m, 1H, CH ribose), 3.72 (s, 3H, Ph-OCH3), 3.97 (q, 1H,
CH ribose), 4.13−4.17 (br m, 1H, CH ribose), 4.59−4.64 (br m, 1H,
CH ribose), 5.17−5.23 (m, 1H, OH ribose), 5.38−5.47 (m, 2H, OH
ribose), 5.89 (d, 1H, CH ribose), 6.84 (d, 2H, benzene ring), 7.13 (d,
2H, benzene ring), 7.94 (br s, 1H, NH), 8.21 (s, 1H, C2-H adenine),
8.35 (s, 1H, C8-H adenine). 13C-NMR (100 MHz; DMSO-d6) δ 31.0,
31.7, 40.8, 54.9, 61.7, 70.7, 73.4, 85.9, 87.9, 113.7 (2C), 119.8, 129.2
(2C), 133.7, 139.7, 148.2, 152.4, 154.7, 157.4. MS (ESI), m/z: 416
[M + H]+. HR-MS (ESI) m/z: calculated for C20H26N5O5

+ [M + H]+,
416.1928; found, 416.1918.

3.1.9. (2R,3S,4R,5R)-2-(Hydroxymethyl)-5-(6-((4-phenylbutyl)-
amino)-9H-purin-9-yl)tetrahydrofuran-3,4-diol (18).32,33 1H-NMR
(400 MHz; DMSO-d6) δ 1.62 (s, 4H, NH-CH2-CH2-CH2-CH2-Ph),
2.59−2.63 (m, 2H, NH-CH2-CH2-CH2-CH2-Ph), 3.52−3.58 (m, 3H,
NH-CH2-CH2-CH2-Ph + CH ribose), 3.65−3.70 (m, 1H, CH ribose),
3.97 (q, 1H, CH ribose), 4.15 (br s, 1H, CH ribose), 4.61 (br s, 1H,
CH ribose), 5.17−5.23 (m, 1H, OH ribose), 5.39−5.49 (m, 2H, OH
ribose), 5.88 (d, 1H, CH ribose), 7.14−7.28 (m, 5H, benzene ring),

7.92 (br s, 1H, NH), 8.20 (s, 1H, C2-H adenine), 8.34 (s, 1H, C8-H
adenine). 13C-NMR (100 MHz; DMSO-d6) δ 28.6, 28.8, 35.0, 40.0,
61.8, 70.8, 73.5, 86.0, 88.1, 119.8, 125.7, 128.3 (2C), 128.4 (2C),
139.7, 142.3, 148.3, 152.5, 154.7. MS (ESI), m/z: 400 [M + H]+. HR-
MS (ESI) m/z: calculated for C20H26N5O4

+ [M + H]+, 400.1979;
found, 400.1971.

3.1.10. (2R,3S,4R,5R)-2-(Hydroxymethyl)-5-(6-((5-phenylpentyl)-
amino)-9H-purin-9-yl)tetrahydrofuran-3,4-diol (19). 1H-NMR
(400 MHz; DMSO-d6) δ 1.30−1.38 (m, 2H, NH-CH2-CH2-CH2-
CH2-CH2-Ph), 1.56−1.66 (m, 4H, NH-CH2-CH2-CH2-CH2-CH2-
Ph), 2.57 (t, 2H, NH-CH2-CH2-CH2-CH2-CH2-Ph), 3.47 (br s, 2H,
NH-CH2-CH2-CH2-CH2-CH2-Ph), 3.53−3.58 (m, 1H, CH ribose),
3.66−3.70 (m, 1H, CH ribose), 3.97 (q, 1H, CH ribose), 4.15 (br s,
1H, CH ribose), 4.62 (br s, 1H, CH ribose), 5.16−5.24 (m, 1H, OH
ribose), 5.39−5.48 (m, 2H, OH ribose), 5.88 (d, 1H, CH ribose),
7.13−7.18 (m, 3H, benzene ring), 7.25 (t, 2H, benzene ring), 7.88 (br
s, 1H, NH), 8.20 (s, 1H, C2-H adenine), 8.34 (s, 1H, C8-H adenine).
13C-NMR (100 MHz; DMSO-d6) δ 26.0, 28.9, 30.8, 35.1, 40.7, 61.7,
70.7, 73.5, 86.0, 88.0, 119.8, 125.6, 128.21 (2C), 128.28 (2C), 139.7,
142.3, 148.2, 152.4, 154.7. MS (ESI), m/z: 414 [M + H]+. HR-MS
(ESI) m/z: calcd for C21H28N5O4

+ [M + H]+, 414.2136; found,
414.2126.

3 .1 . 11 . ( 2R ,3S ,4R ,5R ) -2 - (Hyd roxymethy l ) - 5 - ( 6 - ( ( 5 -
hydroxypentyl)amino)-9H-purin-9-yl)tetrahydrofuran-3,4-diol
(20).35 1H-NMR (400 MHz; DMSO-d6) δ 1.31−1.37 (m, 2H, NH-
CH2-CH2-CH2-CH2-CH2-OH), 1.42−1.48 (m, 2H, NH-CH2-CH2-
CH2-CH2-CH2-OH), 1.56−1.63 (m, 2H, NH-CH2-CH2-CH2-CH2-
CH2-OH), 3.38 (q, 2H, NH-CH2-CH2-CH2-CH2-CH2-OH), 3.48 (br
s, 2H, NH-CH2-CH2-CH2-CH2-CH2-OH), 3.53−3.58 (m, 1H, CH
ribose), 3.66−3.70 (m, 1H, CH ribose), 3.97 (d, 1H, CH ribose), 4.15
(br s, 1H, CH ribose), 4.32 (t, 1H, NH-CH2-CH2-CH2-CH2-CH2-
OH), 4.61 (t, 1H, CH ribose), 5.15−5.24 (m, 1H, OH ribose), 5.37−

Figure 6. Compound 39 is the most potent inhibitor of CamA tested to date. (A) Chemical structures of compounds 37−39 with varied carbon
length from 1- to 3-carbon atoms and of the related compounds 40−42. (B) Summary of inhibition (IC50), dissociation constant (KD), and X-ray
information (PDB). (C, D) Two views of compound 39 showing the extensive hydrophobic contacts (PDB 8CY5). (E) Surface presentation
(green for carbons, red for oxygens, and blue for nitrogen atoms) showing the binding site of 39, superimposed with the omit electron density map
(contoured at 5.0 σ above the man). Note that the sulfur atom of Cys65 is visible (colored in yellow, towards the lower left). (F) Compound 39
forms H-bonds with the main-chain amide nitrogen atom of E175 and main-chain carbonyl oxygen atom of Lys173 (PDB 8CY5). (G)
Thermodynamic parameters derived from ITC measurements (free energy ΔG, binding enthalpy ΔH, and entropy −TΔS). (H) CamA inhibition
of five related compounds (37−41) at [I] = 1 μM, in the presence of 40 μM SAM co-substrate. (I) Compound 42 (without carbamate moiety) has
reduced inhibition potency.
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5.49 (m, 2H, OH ribose), 5.88 (d, 1H, CH ribose), 6.84 (d, 2H,
benzene ring), 7.86 (br s, 1H, NH), 8.20 (s, 1H, C2-H adenine), 8.33
(s, 1H, C8-H adenine). 13C-NMR (100 MHz; DMSO-d6) δ 23.0, 23.2,
29.0, 32.3, 41.0, 60.7, 61.7, 70.7, 73.5, 85.9, 88.0, 118.9, 139.6, 148.2,
152.4, 154.6. MS (ESI), m/z: 354 [M + H]+. HR-MS (ESI) m/z:
calculated for C15H24N5O5

+ [M + H]+, 354.1772; found, 354.1764.
3.1.12. (2R,3S,4R,5R)-2-(Hydroxymethyl)-5-(6-((6-phenylhexyl)-

amino)-9H-purin-9-yl)tetrahydrofuran-3,4-diol (21). 1H-NMR
(400 MHz; DMSO-d6) δ 1.33−1.34 (m, 4H, NH-CH2-CH2-CH2-
CH2-CH2-CH2-Ph), 1.53−1.60 (m, 4H, NH-CH2-CH2-CH2-CH2-
CH2-CH2-Ph), 2.58 (t, 2H, NH-CH2-CH2-CH2-CH2-CH2-CH2-Ph),
3.47 (br s, 2H, NH-CH2-CH2-CH2-CH2-CH2-CH2-Ph), 3.52−3.58
(m, 1H, CH ribose), 3.65−3.70 (m, 1H, CH ribose), 3.97 (q, 1H, CH
ribose), 4.15 (br d, 1H, CH ribose), 4.61 (br d, 1H, CH ribose),
5.17−5.22 (m, 1H, OH ribose), 5.39−5.47 (m, 2H, OH ribose), 5.88
(d, 1H, CH ribose), 7.14−7.18 (m, 3H, benzene ring), 7.24−7.28 (t,
2H, benzene ring), 7.87 (br s, 1H, NH), 8.19 (s, 1H, C2-H adenine),
8.34 (s, 1H, C8-H adenine). 13C-NMR (100 MHz; DMSO-d6) δ 26.2,
28.5, 29.0, 31.0, 35.1, 40.5, 61.7, 70.7, 73.5, 85.9, 88.0, 119.8, 125.6,
128.22 (2C), 128.26 (2C), 139.7, 142.3, 148.2, 152.4, 154.7. MS
(ESI), m/z: 428 [M + H]+. HR-MS (ESI) m/z: calculated for
C22H30N5O4

+ [M + H]+, 428.2292; found, 428.2284.
3.1.13. (2R,3R,4S,5R)-2-(6-((1-Benzylpiperidin-4-yl)amino)-9H-

purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol (31) (Pat-
ents EP0417999A1 and EP0423777A2). 1H-NMR (400 MHz;

DMSO-d6) δ 1.65−1.68 (br m 2H, 2 × CH piperidine), 1.79−1.88
(br m 2H, 2 × CH piperidine), 2.04 (t, 2H, 2 × CH piperidine), 2.84
(t, 2H, 2 × CH piperidine), 3.47 (s, 2H, NH-CH2-Ph), 3.52−3.58 (m,
1H, CH ribose), 3.65−3.70 (m, 1H, CH ribose), 3.97 (q, 1H, CH
ribose), 4.11 (br s, 1H, NH-CH piperidine), 4.13−4.16 (m, 1H, CH
ribose), 4.61 (q, 1H, CH ribose), 5.16−5.21 (m, 1H, OH ribose),
5.38−5.46 (m, 2H, OH ribose), 5.88 (d, 1H, CH ribose), 7.24−7.27
(m, 1H, CH benzene ring), 7.30−7.35 (m, 4H, CH benzene ring),
7.73 (br s, 1H, NH), 8.20 (s, 1H, C2-H adenine), 8.35 (s, 1H, C8-H
adenine). 13C-NMR (100 MHz; DMSO-d6) δ 31.4 (2C), 47.3, 52.4
(2C), 61.7, 62.2, 70.7, 73.5, 85.9, 88.0, 119.9, 126.9, 128.2 (2C),
128.9 (2C), 139.1, 139.7, 150.6, 152.4, 154.0. MS (ESI), m/z: 441 [M
+ H]+. HR-MS (ESI) m/z: calculated for C22H29N6O4

+ [M + H]+,
441.2245; found, 441.2236.

3.1.14. (2R,3S,4R,5R)-2-(Hydroxymethyl)-5-(6-((2-(quinolin-4-
ylamino)ethyl)amino)-9H-purin-9-yl)tetrahydrofuran-3,4-diol (32).
1H-NMR (400 MHz; DMSO-d6) δ 3.41−3.48 (br m, 3H, CH ribose
+ NH-CH2-CH2-NH), 3.67−3.70 (br m, 1H, CH ribose), 3.81 (br s,
2H, NH-CH2-CH2-NH), 3.97 (d, 1H, CH ribose), 4.16 (d, 1H, CH
ribose), 4.61 (q, 1H, CH ribose), 5.17−5.23 (m, 1H, OH ribose),
5.37−5.40 (m, 1H, OH ribose), 5.46 (d, 1H, OH ribose), 5.91 (d, 1H,
CH ribose), 6.68 (d, 1H, C3-H quinoline ring), 7.33 (br s, 1H, NH-
CH2-CH2-NH), 7.43 (t, 1H, C6-H quinoline ring), 7.61 (t, 1H, C7-H
quinoline ring), 7.78 (d, 1H, C8-H quinoline ring), 8.12 (br s, 1H,
NH-CH2-CH2-NH), 8.17 (d, 1H, C5-H quinoline ring), 8.33 (s, 1H,

Figure 7. Selectivity of compounds 16, 38, and 39 against (A−C) three bacterial DNA adenine MTases (CamA, Caulobactor crescentus CcrM, and
Escherichia coli Dam); (D, E) two mammalian DNA cytosine MTases (human DNMT1 and mouse Dnmt3a-3L); (F−I) four human RNA adenine
MTases (PCIF1, MettL5-Trm112 and MettL16 and MettL3-MettL14); (J) MettL3-selective inhibitors [the two pure enantiomers R-UZH1 and S-
UZH1 and STM2457] had no effect on CamA. All compounds were used at a concentration of [I] = 10 μM, in the presence of varied amounts of
co-substrate SAM and individual buffer conditions, depending on the MTase (see Methods). The reaction turnover rates ([SAH]/[E]) for nucleic
acid MTases were estimated to be 20 (EcoDam), 8 (CamA), 4 (CcrM), 3 (MettL5-Trm112), 2 (PCIF1, MettL16 and MettL3−14), and 1.5
(DNMT1 and Dnmt3a-3L). The DMSO control of Dnmt3a-3L (E) used the same reaction buffer which included 20% glycerol. (K−N) Four
human protein lysine MTases (DOT1L, EZH2, and G9a) and one protein arginine MTase (PRMT1). (O,P) Two human adenosine receptors (A1
and A3).
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C2-H adenine), 8.39 (s, 1H, C8-H adenine), 8.42 (d, 1H, C2-H
quinoline ring). 13C-NMR (100 MHz; DMSO-d6) δ 42.1, 42.2, 61.7,
70.6, 73.6, 85.9, 87.9, 98.4, 118.8, 121.5, 123.9, 128.8, 129.1, 139.1,
140.0, 148.3, 148.4, 149.9, 150.8, 152.4, 154.7. MS (ESI), m/z: 438
[M + H]+. HR-MS (ESI) m/z: calculated for C21H24N7O4

+ [M + H]+,
438.1884; found, 438.1876.

3.1.15. (2R,3S,4R,5R)-2-(Hydroxymethyl)-5-(6-((3-(methyl(prop-
2-yn-1-yl)amino)propyl)amino)-9H-purin-9-yl)tetrahydrofuran-3,4-
diol (33). 1H-NMR (400 MHz; DMSO-d6) δ 1.68−1.75 (m, 2H, NH-
CH2-CH2-CH2-N), 2.20 (s, 3H, NCH3), 2.41 (t, 2H, NH-CH2-CH2-
CH2-N), 3.09 (br s, 1H, N-CH2-C�CH), 3.32 (br s, 2H, N-CH2-
C�CH), 3.50−3.58 (m, 3H, CH ribose + NH-CH2-CH2-CH2-N),
3.65−3.70 (m, 1H, CH ribose), 3.97 (d, 1H, CH ribose), 4.15 (q, 1H,
CH ribose), 4.61 (q, 1H, CH ribose), 5.16−5.20 (m, 1H, OH ribose),
5.38−5.46 (m, 2H, OH ribose), 5.88 (d, 1H, CH ribose), 7.89 (br s,
1H, NH), 8.21 (s, 1H, C2-H adenine), 8.34 (s, 1H, C8-H adenine).
13C-NMR (100 MHz; DMSO-d6) δ 26.9, 38.2, 41.2, 44.9, 52.7, 61.7,
70.7, 73.5, 75.9, 78.9, 85.9, 87.9, 119.8, 139.7, 148.2, 152.4, 154.7. MS
(ESI), m/z: 377 [M + H]+. HR-MS (ESI) m/z: calculated for
C17H25N6O4

+ [M + H]+, 377.1932; found, 377.1922.
3.1.16. 2R,3S,4R,5R)-2-(Hydroxymethyl)-5-(6-((3-(piperidin-1-yl)-

propyl)amino)-9H-purin-9-yl)tetrahydrofuran-3,4-diol (34). 1H-
NMR (400 MHz; DMSO-d6) δ 1.39 (br s, 2H, CH2 piperidine),
1.54 (br s, 4H, 2 × CH2 piperidine), 1.74−1.78 (m, 2H, NH-CH2-
CH2-CH2-N), 2.36 (br s, 6H, 2 × CH2 piperidine + NH-CH2-CH2-
CH2-N), 3.52−3.58 (m, 3H, CH ribose + NH-CH2-CH2-CH2-N),
3.65−3.70 (m, 1H, CH ribose), 3.97 (d, 1H, CH ribose), 4.15 (q, 1H,
CH ribose), 4.61 (q, 1H, CH ribose), 5.16−5.20 (m, 1H, OH ribose),
5.38−5.44 (m, 2H, OH ribose), 5.88 (d, 1H, CH ribose), 8.05 (br s,
1H, NH), 8.21 (s, 1H, C2-H adenine), 8.34 (s, 1H, C8-H adenine).
13C-NMR (100 MHz; DMSO-d6) δ 24.0, 25.3 (2C), 25.7, 40.9, 54.0
(2C), 56.6, 61.7, 70.7, 73.5, 86.0, 88.0, 119.9, 139.8, 148.2, 152.4,
154.6. MS (ESI), m/z: 393 [M + H]+. HR-MS (ESI) m/z: calculated
for C18H29N6O4

+ [M + H]+, 393.2245; found, 393.2232.
3 .1 . 17 . ( 2R ,3S ,4R ,5R ) -2 - (Hyd roxymethy l ) - 5 - ( 6 - ( ( 3 -

morpholinopropyl)amino)-9H-purin-9-yl)tetrahydrofuran-3,4-diol
(35). 1H-NMR (400 MHz; DMSO-d6) δ 1.73−1.79 (m, 2H, NH-
CH2-CH2-CH2-N), 2.35−2.39 (m, 6H, 2 × CH2 morpholine + NH-
CH2-CH2-CH2-N), 3.52−3.60 (m, 7H, 2 × CH2 morpholine + CH
ribose + NH-CH2-CH2-CH2-N), 3.65−3.70 (m, 1H, CH ribose), 3.97
(d, 1H, CH ribose), 4.14−4.15 (m, 1H, CH ribose), 4.61 (q, 1H, CH
ribose), 5.17−5.21 (m, 1H, OH ribose), 5.38−5.47 (m, 2H, OH
ribose), 5.88 (d, 1H, CH ribose), 8.02 (br s, 1H, NH), 8.21 (s, 1H,
C2-H adenine), 8.35 (s, 1H, C8-H adenine). 13C-NMR (100 MHz;
DMSO-d6) δ 25.5, 40.7, 53.4 (2C), 56.4, 61.7, 66.2 (2C), 70.7, 73.5,
85.9, 87.9, 119.8, 139.7, 148.2, 152.4, 154.6. MS (ESI), m/z: 395 [M
+ H]+. HR-MS (ESI) m/z: calculated for C17H27N6O5

+ [M + H]+,
395.2037; found, 395.2038.

3.1.18. (2R,3S,4R,5R)-2-(Hydroxymethyl)-5-(6-((3-(4-methylpiper-
azin-1-yl)propyl)amino)-9H-purin-9-yl)tetrahydrofuran-3,4-diol
(36). 1H-NMR (400 MHz; DMSO-d6) δ 1.75−1.78 (m, 2H, NH-
CH2-CH2-CH2-N), 2.25 (s, 3H, NCH3), 2.42 (br s, 10H, 4 × CH2
piperazine + NH-CH2-CH2-CH2-N), 3.53−3.58 (m, 3H, CH ribose +
NH-CH2-CH2-CH2-N), 3.65−3.70 (m, 1H, CH ribose), 3.97 (d, 1H,
CH ribose), 4.15 (q, 1H, CH ribose), 4.61 (q, 1H, CH ribose), 5.16−
5.21 (m, 1H, OH ribose), 5.38−5.45 (m, 2H, OH ribose), 5.88 (d,
1H, CH ribose), 7.98 (br s, 1H, NH), 8.21 (s, 1H, C2-H adenine),
8.33 (s, 1H, C8-H adenine). 13C-NMR (100 MHz; DMSO-d6) δ 25.8,
38.5, 44.94 51.9 (2C), 54.0 (2C), 55.4, 61.6, 70.7, 73.5, 85.9, 87.9,
119.9, 139.7, 148.2, 152.4, 154.6. MS (ESI), m/z: 408 [M + H]+. HR-
MS (ESI) m/z: calculated for C18H30N7O4

+ [M + H]+, 408.2354;
found, 408.2353.

3.1.19. tert-Butyl-4-(((9-((2R,3R,4S,5R)-3,4-dihydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl)-9H-purin-6-yl)amino)-
methyl)piperidine-1-carboxylate (37). 1H-NMR (400 MHz; DMSO-
d6) δ 1.06−1.09 (m, 2H, 2 × CH piperidine) 1.39 (s, 9H, 3 × CH3),
1.66 (br d, 2H, 2 × CH piperidine), 1.85 (br s, 1H, CH piperidine),
2.68 (br s, 2H, 2 × CH piperidine), 3.38 (br s, 2H, NH-CH2-
piperidine), 3.53−3.58 (m, 1H, CH ribose), 3.65−3.70 (m, 1H, CH
ribose), 3.90 (br s, 1H, CH piperidine), 3.93 (br s, 1H, CH
piperidine), 3.97 (q, 1H, CH ribose), 4.15−4.16 (br m, 1H, CH

ribose), 4.61−4.62 (br m, 1H, CH ribose), 5.14−5.20 (m, 1H, OH
ribose), 5.36−5.45 (m, 2H, OH ribose), 5.88 (d, 1H, CH ribose),
7.96 (br s, 1H, NH), 8.21 (s, 1H, C2-H adenine), 8.35 (s, 1H, C8-H
adenine). 13C-NMR (100 MHz; DMSO-d6) δ 28.1 (3C), 31.0 (2C),
35.5, 43.1 (2C), 45.0, 61.7, 70.7, 73.5, 78.4, 85.9, 88.0, 119.9, 139.7,
148.3, 152.3, 153.9, 154.8. MS (ESI), m/z: 465 [M + H]+. HR-MS
(ESI) m/z: calculated for C21H33N6O6

+ [M + H]+, 465.2456; found,
465.2455.

3.1.20. tert-Butyl-4-(2-((9-((2R,3R,4S,5R)-3,4-dihydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl)-9H-purin-6-yl)amino)ethyl)-
piperidine-1-carboxylate (38). 1H-NMR (400 MHz; DMSO-d6) δ
0.98−1.03 (m, 2H, 2 × CH piperidine), 1.39 (s, 9H, 3 × CH3), 1.53−
1.55 (m, 3H, NH-CH2-CH2-piperidine + CH piperidine), 1.70 (d,
2H, 2 × CH piperidine), 2.68 (br s, 2H, 2 × CH piperidine), 3.53−
3.58 (m, 3H, NH-CH2-CH2-piperidine + CH ribose), 3.66−3.70 (m,
1H, CH ribose), 3.91 (d, 1H, 2 × CH piperidine), 3.97 (q, 1H, CH
ribose), 4.13−4.17 (br m, 1H, CH ribose), 4.59−4.65 (br m, 1H, CH
ribose), 5.18−5.23 (m, 1H, OH ribose), 5.38−5.46 (m, 2H, OH
ribose), 5.88 (d, 1H, CH ribose), 7.88 (br s, 1 H, NH), 8.20 (s, 1H,
C2-H adenine), 8.34 (s, 1H, C8-H adenine). 13C-NMR (100 MHz;
DMSO-d6) δ 28.1 (3C), 31.7, 32.8 (2C), 35.6, 37.1, 42.5 (2C), 61.7,
70.7, 73.5, 78.4, 85.9, 87.9, 118.8, 139.7, 148.3, 152.4, 153.9, 154.7.
MS (ESI), m/z: 479 [M + H]+. HR-MS (ESI) m/z: calculated for
C22H35N6O6

+ [M + H]+, 479.2613; found, 479.2611.
3.1.21. tert-Butyl-4-(3-((9-((2R,3R,4S,5R)-3,4-dihydroxy-5-

(hydroxymethyl)tetrahydrofuran-2-yl)-9H-purin-6-yl)amino)-
propyl)piperidine-1-carboxylate (39). 1H-NMR (400 MHz; DMSO-
d6) δ 0.92−0.98 (m, 2H, 2 × CH piperidine), 1.23−1.28 (m, 3H,
NH-CH2-CH2-CH2-piperidine + CH piperidine), 1.39 (s, 9H, 3 ×
CH3), 1.57−1.64 (m, 4H, NH-CH2-CH2-CH2-piperidine +2 × CH
piperidine), 2.61−2.70 (br m, 2H, 2 × CH piperidine), 3.42−3.48 (br
m, 2H, NH-CH2-CH2-CH2-piperidine), 3.53−3.58 (m, 1H, CH
ribose), 3.66−3.69 (m, 1H, CH ribose), 3.91 (d, 2H, 2 × CH
piperidine), 3.97 (d, 1H, CH ribose), 4.15 (m, 1H, CH ribose), 4.62
(m, 1H, CH ribose), 5.15−5.20 (m, 1H, OH ribose), 5.37−5.45 (m,
2H, OH ribose), 5.88 (d, 1H, CH ribose), 7.87 (br s, 1 H, NH), 8.20
(s, 1H, C2-H adenine), 8.32 (s, 1H, C8-H adenine). 13C-NMR (100
MHz; DMSO-d6) δ 26.1, 28.1 (3C), 31.8 (2C), 33.2, 35.0, 43.2 (2C),
43.4, 61.7, 70.7, 73.5, 78.4, 85.9, 88.0, 120.0, 139.7, 148.2, 152.4,
153.9, 154.7. MS (ESI), m/z: 493 [M + H]+. HR-MS (ESI) m/z:
calculated for C23H37N6O6

+ [M + H]+, 493.2769; found, 493.2763.
3.1.22. tert-Butyl-(2-(1-(9-((2R,3R,4S,5R)-3,4-dihydroxy-5-

(hydroxymethyl)tetrahydrofuran-2-yl)-9H-purin-6-yl)piperidin-4-
yl)ethyl)carbamate (40). 1H-NMR (400 MHz; DMSO-d6) δ 1.06−
1.16 (m, 2H, 2 × CH piperidine), 1.31−1.35 (m, 2H, CH-CH2-CH2-
NH), 1.38 (s, 9H, 3 × CH3), 1.65 (br s, 1H, CH-CH2-CH2-NH), 2.78
(d, 2H, 2 × CH piperidine), 2.95−3.05 (m, 4H, CH-CH2-CH2-NH +
2 × CH piperidine), 3.52−3.58 (m, 1H, CH ribose), 3.65−3.70 (m,
1H, CH ribose), 3.97 (d, 1H, CH ribose), 4.15 (d, 1H, CH ribose),
4.58 (d, 1H, CH ribose), 5.15−5.20 (m, 1H, OH ribose), 5.28−5.49
(m, 4H, 2 × CH piperidine +2 × OH ribose), 5.91 (d, 1H, CH
ribose), 6.78 (br s, 1H, NH-Boc), 8.21 (s, 1H, C2-H adenine), 8.38 (s,
1H, C8-H adenine). 13C-NMR (100 MHz; DMSO-d6) δ 28.3 (3C),
31.9 (2C), 33.1, 36.1, 37.3, 45.0 (2C), 61.6, 70.5, 73.5, 77.4, 85.8,
87.8, 119.6, 138.6, 150.2, 151.8, 153.2, 155.6. MS (ESI), m/z: 479 [M
+ H]+. HR-MS (ESI) m/z: calculated for C22H35N6O6

+ [M + H]+,
479.2613; found, 479.2604.

3.1.23. tert-Butyl-8-(9-((2R,3R,4S,5R)-3,4-dihydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl)-9H-purin-6-yl)-2,8-
diazaspiro[4.5]decane-2-carboxylate (41). 1H-NMR (400 MHz;
DMSO-d6) δ 1.41 (s, 9H, 3 × CH3), 1.52−1.62 (br m, 4H, 4 × CH
piperidine), 1.79 (t, 2H, 2 × CH pyrrolidine), 3.17 (s, 2H, 2 × CH
pyrrolidine), 3.33 (br s, 2H, 2 × CH pyrrolidine), 3.53−3.59 (m, 1H,
CH ribose), 3.65−3.70 (m, 1H, CH ribose), 3.97 (d, 1H, CH ribose),
4.15−4.44 (br m, 5H, 1 × CH ribose + 4 × CH piperidine), 4.58 (q,
1H, CH ribose), 5.15−5.20 (m, 1H, OH ribose), 5.29−5.36 (m, 1H,
OH ribose), 5.44 (d, 1H, OH ribose), 5.92 (d, 1H, CH ribose), 8.23
(s, 1H, C2-H adenine), 8.39 (s, 1H, C8-H adenine). 13C-NMR (100
MHz; DMSO-d6) 28.2 (3C), 34.1 (2C), 35.3, 40.8, 43.9, 44.1 (2C),
55.4, 61.5, 70.5, 73.5, 78.2, 85.8, 87.8, 119.6, 138.7, 150.2, 151.8,
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153.1, 153.8. MS (ESI), m/z: 491 [M + H]+. HR-MS (ESI) m/z:
calculated for C23H35N6O6

+ [M + H]+, 491.2613; found, 491.2610.
3.1.24. Procedure for the Synthesis of (2R,3S,4R,5R)-2-(Hydrox-

ymethyl)-5-(6-((3-(piperidin-4-yl)propyl)amino)-9H-purin-9-yl)-
tetrahydrofuran-3,4-diol (42). Compound 39 (90 mg, 0.183 mmol)
was dissolved at 0 °C in 3 mL of a mixture trifluoroacetic acid:water
9:1 (v/v), stirred at 0 °C for 30 min, and then at room temperature
for 7 h until completion of the reaction. The mixture was then
concentrated under vacuum and co-evaporated three times with
methanol. The crude was then treated with sodium carbonate
saturated solution (5 mL) at 0 °C and extracted with ethyl acetate (3
× 5 mL). After washing with brine (2 × 2 mL), the organic phase was
evaporated, and the resulting crude was purified by column
chromatography eluting with a mixture chloroform/methanol/
ammonia (33%) 9:1:0.1 (v/v) to provide compound 42 as a white
powder. 1H-NMR (400 MHz; DMSO-d6) δ 0.90−0.99 (m, 2H, 2 ×
CH piperidine), 1.23−1.28 (m, 3H, NH-CH2-CH2-CH2-piperidine +
CH piperidine), 1.54−1.60 (m, 4H, NH-CH2-CH2-CH2-piperidine +
2 × CH piperidine), 2.87−2.96 (m, 4H, 4 × CH piperidine), 3.41−
3.49 (br m, 2H, NH-CH2-CH2-CH2-piperidine), 3.52−3.58 (m, 1H,
CH ribose), 3.66−3.69 (m, 1H, CH ribose), 3.97 (d, 1H, CH ribose),
4.13−4.16 (m, 1H, CH ribose), 4.34 (br s, 1H, NH piperidine),
4.59−4.63 (m, 1H, CH ribose), 5.14−5.23 (m, 1H, OH ribose),
5.39−5.49 (m, 2H, 2 × OH ribose), 5.88 (d, 1H, CH ribose), 7.87 (br
s, 1 H, NH-CH2-CH2-CH2-piperidine), 8.20 (s, 1H, C2-H adenine),
8.33 (s, 1H, C8-H adenine). 13C-NMR (100 MHz; DMSO-d6) 24.0,
25.3 (2C), 27.7, 38.1, 46.7 (2C), 48.4, 62.2, 71.1, 73.5, 84.9, 88.0,
118.7, 138.6, 149.9, 152.4, 154.7. MS (ESI), m/z: 393 [M + H]+. HR-
MS (ESI) m/z: calculated for C18H29N6O4

+ [M + H]+, 393.2245;
found, 393.2243.

3.1.25. Procedure for the Synthesis of N6-(S-(5’-Thioadenosyl)-
propyl)-2’-deoxyadenosine (Compound 239 in Figure S1). 3′,5’-O-
Diacetyl-O6-(triisopropylbenzenesulfonyl)-2′-deoxyinosine (62 mg,
103 μmol)52 and decarboxylated SAH 208 (70 mg, 206 μmol)53
were dissolved in dry DMF (4 mL). Triethylamine (72 μL, 0.51
mmol) was added dropwise, and the reaction mixture stirred at room
temperature for 22 h. Solvent was removed under reduced pressure,
and the crude product was suspended in an acetonitrile/water mixture
(6 mL, 7:3, v/v). Sodium hydroxide (1 M, 4 mL) was added dropwise
under ice cooling, and the reaction mixture was stirred at room
temperature for 30 min. The reaction mixture was neutralized with
acetic acid (1 M, 4 mL) and microfiltered. Purification of the product
was performed by reverse-phase HPLC (SNC Prontosil C-18, 5 μm,
120 Å, 250 × 8 mm, Bischoff, Leonberg, Germany). Compounds were
eluted with acetonitrile (10% for 10 min followed by linear gradients
from 10% to 20% in 5 min, from 20% to 25% in 25 min, and from
25% to 100% in 5 min) in water and a flow of 3 mL/min. Compounds
were detected at 260 and 280 nm, and the product 239 was eluted
with a retention time of 29.5 min. Product containing fractions were
collected, and the solvents were removed under reduced pressure to
yield the product 239 (19.8 mg, 34.5 μmol, 34%) as a colorless solid
after dying at high vacuum. 1H-NMR (400 MHz; DMSO-d6) δ 1.83
(pent, br, 3J = 7.2 Hz, 2H, linker-H), 2.22−2.31 (m, 1H,
deoxyadenosyl 2’-Ha), 2.58 (t, br, 3J = 7.2 Hz, 2H, linker-H), 2.68−
2.76 (m, 1H, deoxyadenosyl 2’-Hb), 2.83 and 2.93 (AB part of ABX
system, 2J = 13.8 Hz, 3J = 6.4 Hz, 2H, adenosyl 5’-H), 3.45−3.55 (m,
3H, deoxyadenosyl 5’-Ha und linker-H), 3.55−3.65 (m, 1H,
deoxyadenosyl 5’-Hb), 3.86−3.90 (m, 1H, deoxyadenosyl 4’-H),
4.02 (dt, br, 3J = 6.4 Hz, 3J = 3.8 Hz, 1H, adenosyl 4’-H), 4.15 (dd, br,
3J = 3.8 Hz, 3J = 4.9 Hz, 1H, adenosyl 3’-H), 4.38−4.44 (m, 1H,
deoxyadenosyl 3’-H), 4.75 (dd, br, 3J = 4.9 Hz, 3J = 5.6 Hz, 1H,
adenosyl 2’-H), 5.28 (s, br, 1H, deoxyadenosyl 5’-OH), 5.37 (s, br,
1H, deoxyadenosyl 3’-OH), 5.41 (s, br, 1H, adenosyl 3’-OH), 5.58 (s,
br, 1H, adenosyl 2’-OH), 5.89 (d, 3J = 5.6 Hz, 1H, adenosyl 1’-H),
6.32−6.37 (m, 1H, deoxyadenosyl 1’-H), 7.29 (s, br, 2H, 6-NH2),
7.90 (s, br, 1H, NH), 8.15 (s, 1H, adenosyl 8-H), 8.20 (s, br, 1H,
deoxyadenosyl 8-H), 8.33 (s, 1H, adenosyl 2-H), 8.36 (s, 1H,
deoxyadenosyl 2-H). UV: λmax = 261.5 nm. ESI-MS m/z (%): 597.4
(100) [M + Na]+, 575.5 (16) [M + H]+.

3.2. Inhibition Assay of CamA-Mediated Methylation. The
CamA enzyme (pXC2184) was prepared as in previous studies.28,29

The methylation inhibition assay of CamA was performed with a final
volume of 20 μL in buffer 50 mM Tris−HCl pH 7.5, 100 mM NaCl, 1
mM DTT, 0.1 mg/mL BSA, and 0.25% DMSO. Typically, a 50 nM
final concentration of CamA was preincubated with varied compound
concentration at room temperature (∼22 °C) for 5 min followed by
addition of 2.5 μM final concentration of double-stranded (ds) 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 methylation
target) and 40 μM final concentration of SAM. Reaction was
incubated at room temperature (∼22 °C) for 3 min and quenched by
adding TFA to 0.1%. 5 μL of the final reaction mixture was transferred
to a low-volume 384-well plate, the enzyme activity was measured by
a Promega luminescence assay (MTase-Glo), and the luminescence
signal was detected using a Synergy 4 Multi-Mode Microplate Reader
(BioTek). To correlate luminescence and SAH concentration, the
standard SAH (staring from 8 μM) within the Promega assay kit was
subjected to serial twofold dilution, and a linear regression of the SAH
standard was plotted against luminescence (Figure S3B).

3.3. Selectivity Assays. The following enzymes used in the
selectivity assays were biochemically characterized in our previous
studies: Caulobacter crescentus CcrM (pXC2121),54 Escherichia coli
Dam (pXC1612),55,56 human DNMT1 (residues 351−1600;
pXC915),57 ,58 mouse Dnmt3a2-Dnmt3L (pXC462 and
pXC391),57,59 human PCIF1 (pXC2055),60,61 human MettL3-
MettL14,62,63 human MettL5-Trm112 (pXC2062-pXC2076),60 and
human MettL16 (pXC2210).60 Oligonucleotides were synthesized by
Integrated DNA Technologies (IDT), and the mRNA cap analog was
purchased from TriLink BioTechnologies (catalog number N-7113).
The inhibition reactions of CamA, CcrM, Dam, PCIF1, and

MettL5-Trm112 were carried out under the same conditions at ∼22
°C for varying time under [E] = 0.1 μM, [S] = 5 μM, [SAM] = 30
μM, [I] = 10 μM at 50 mM TRIS−HCl pH 7.5, 100 mM NaCl, 1
mM DTT, and 0.25% DMSO (Figure 6A−C,F,G). The substrate
concentrations of DNA (or RNA) and SAM were above the known
KM values of these enzymes. For CcrM, the dsDNA substrate was (5′-
CGA TTC AAA AAG TCC CAA G-3′ and 3′-GCT AAG TTT TTC
AGG GTT C-5′) and assays were performed for 5 min. For Dam, the
dsDNA substrate was (5′-CCG CGG ATC CTG CT-3′ and 3′-GGC
GCC TAG GAC GA-5′) and assays were performed for 5 min. For
PCIF1, the RNA substrate was capped RNA (m7GpppAmG) and the
assays were performed for 15 min. For MettL5-Trm112, the ssRNA
substrate was (5′-UCG UAA CAA GGU UU-3′) and the assays were
performed for 1 h.
For MettL16, the ssRNA hairpin substrate was (5′-GGU UGG

CGU AGG CUA CAG AGA AGC CAA CC-3′) and the assays were
performed under two different conditions: for 30 min under the
conditions of [E] = 0.4 μM, [S] = 5 μM, [SAM] = 160 μM, [I] = 10
μM at 20 mM Tris−HCl pH 8.0, 400 mM NaCl, 1 mM DTT, and
0.25% DMSO and assayed for 15 min under the CamA conditions
([SAM] = 30 μM). The MettL16 activity is affected by the SAM
concentration used in the assay because of its high KM value for
SAM.60

For MettL3-MettL14, the ssRNA substrate was (5′-AAC AGA
AUG GGA CUG UUC-3′) and the assays were performed under two
different conditions: for 10 min under the conditions of [E] = 0.1 μM,
[S] = 10 μM, [SAM] = 20 μM, [I] = 10 μM at 50 mM HEPES pH
7.5, 5 mM NaCl, 1 mM DTT, and 0.25% DMSO and assayed for 15
min under the CamA conditions ([NaCl] = 100 mM). The activity of
MettL3-MettL14 is sensitive to ionic strength.
For DNMT1, the dsDNA substrate was (5′-CCT GCG GAG GCT

MGT CAT GA-3′ where M = 5-methylcytosine, and 3′-GGA CGC
CTC CGA GCA GTA CT-5′) and assays were performed at 37 °C
for 1 h under the conditions of [E] = 0.1 μM, [S] = 1 μM, [SAM] =
5.5 μM, [I] = 10 μM at 50 mM Tris pH 7.5, and 1 mM EDTA.
For Dnmt3a-Dnmt3L, the dsDNA substrate was (5′-G CAT GCG

TTC TAA TTA GAA CGC ATG-3′ and 3′-GTA CGC AAG ATT
AAT CTT GCG TAC G-5′) and the assays were performed at 37 °C
for 1 h under the conditions of [E] = 0.5 μM, [S] = 5 μM, [SAM] =

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.2c01789
J. Med. Chem. 2023, 66, 934−950

946

https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.2c01789/suppl_file/jm2c01789_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.2c01789/suppl_file/jm2c01789_si_002.pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c01789?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


25 μM, [I] = 10 μM at 20 mM Tris pH 7.5, 40 mM NaCl, 4 mM
DTT, and 20% glycerol.59

For DOT1L, EZH2, G9a, and PRMT1, the enzymes were
expressed and purified at Reaction Biology Corporation (USA)
following previously reported procedures: DOT1L,64 EZH2,65 G9a,66

and PRMT1.67 The appropriate substrate [0.05 mg/mL oligonucleo-
somes for DOT1L, 0.05 mg/mL chicken core histone for EZH2
complex, 5 μM histone H3 (residues 1−21) peptide for G9a, and 5
μM histone H4 for PRMT1] was initially added to the freshly
prepared reaction buffer [50 mM NaCl, 50 mM Tris−HCl (pH 8.5),
5 mM MgCl2, 0.01% Brij35, 1 mM DTT, 1% DMSO for DOT1L,
G9a, and PRMT1; 50 mM Tris−HCl (pH 8.0), 0.01% Brij35, 1 mM
EDTA, 1 mM DTT, 1% DMSO for EZH2]. Each MTase was then
added to the substrate buffer, and the solution was mixed gently. Final
enzyme concentrations: [DOT1L] = 1 nM, [EZH2] = 5 nM, [G9a] =
5 nM, [PRMT1] = 5 nM. The compounds were then added to the
enzyme/substrate reaction mixture to a final concentration of 10 μM
and incubated for 20 min at room temperature. Finally, 3H-SAM (1
μM) was added to the reaction mixture and this solution was
incubated for 1 h at 30 °C. The reaction mixture was then delivered to
filter paper for detection. The data were analyzed using Microsoft
Excel and GraphPad Prism 8.0. The shown values are average of three
replicates ± SD.
For human A1AR and A3AR, the affinity of the compounds was

evaluated at Eurofins-Cerep SA (France) via agonist radioligand
binding assays using membrane homogenates obtained from trans-
fected CHO cells (A1AR)68 or HEK-293 cells (A3AR).69 For A1AR,
cell membrane homogenates were incubated at 22 °C for 60 min
incubation with [3H]CCPA (1 nM) in the absence or presence of
each compound (10 μM) in a buffer consisting of 50 mM Tris−HCl
(pH 7.4), 5 mM MgCl2, 1 mM EDTA, 2 UI/mL ADA, 1 μg/mL
Leupeptin, 1 μM Pepstatin, and 10 μg/mL trypsin inhibitor.
Nonspecific binding was determined in the presence of 10 μM
CPA. For A3AR, cell membrane homogenates were incubated at 22
°C for 120 min with [125I]-AB-MECA (0.15 nM) in the absence or
presence of each compound (10 μM) in a buffer consisting of 50 mM
Tris−HCl (pH 7.4), 5 mM MgCl2, 1 mM EDTA, and 2 UI/mL ADA.
Nonspecific binding was determined in the presence of 1 μM
piclidenoson (compound 4 in this study). In both cases, following
incubation, the reaction mixture was filtered under vacuum using glass
fiber filters (GF/B, Packard) pre-soaked with 0.3% PEI and rinsed
several times with ice-cold 50 mM Tris−HCl using a 96-sample cell
harvester (Unifilter, Packard). The filters were dried, and radioactivity
was detected in a scintillation counter (Topcount, Packard) using a
scintillation cocktail (Microscint 0, Packard). The results are
expressed as a percent inhibition of the control radioligand specific
binding of. The data was analyzed using Microsoft Excel and
GraphPad Prism 8.0. The shown values are average of three replicates
± SD.

3.4. Isothermal Titration Calorimetry (ITC). Isothermal
titration calorimetry (ITC) experiments were performed with a
MicroCal PEAQ-ITC automated system (Malvern). Experiments
were conducted at 25 °C with a reference power of 8 μcal/s.
Typically, 19 injections of 200−900 μM compound with an initial
injection of 0.2 μL followed by 18 injections (each of 2 μL) were
titrated into 20−60 μM CamA protein in buffer 325 mM NaCl, 20
mM Tris−HCl pH 7.5, 0.5 mM TCEP, and 10% DMSO. The reverse
titrations were performed for compounds 6 and 19 to overcome the
low solubility of compounds. ITC data were fitted as “one site” with
the offset subtracted, and binding constants were calculated using the
ITC analysis module supplied by the manufacturer.

3.5. X-ray Crystallography. For crystallization, CamA-DNA-
inhibitor complexes were prepared as previously described.29 Briefly,
all crystals grew under the similar conditions of 21−24% (w/v)
polyethylene glycol 3350, 0.1 M Tris−HCl pH 7.0−7.5, and 0.28 M
potassium citrate at room temperature (∼19 °C) after 3−4 days, via
the sitting drop vapor diffusion method, using an Art Robbins
Gryphon Crystallization Robot for a 0.4 μL drop setup. Crystals were
flash frozen in liquid nitrogen after momentary soaking in reservoir
solution supplemented with 20% (v/v) ethylene glycol.

Diffraction data were collected at the SER-CAT beamline 22ID of
the Advanced Photon Source at Argonne National Laboratory with
crystals in a 100 K cryostream and typically rotated 0.5° for each of
800 frames. Crystallographic datasets were processed with
HKL2000.70 Structures of the CamA-DNA-inhibitor ternary complex
were solved by the difference Fourier method using our previously
determined binary CamA-DNA structure (PDB ID: 7LNJ).28 All
crystals were essentially isomorphous, rigid body refinement was used
for positioning the new structures in the unit cell in the first
refinement cycle, and difference electron density maps (2Fo-Fc and
Fo-Fc) were used for locating bound inhibitor molecules. A SMILES
string for each inhibitor compound was submitted to the Grade web
server (http://grade.globalphasing.org) to obtain geometrical re-
straints in the form of a CIF file that was applied in subsequent
refinements and to supply its structure in PDB format. PHENIX
REFINE71 was used for all refinements, which had 5% randomly
chosen reflections for validation by the R-free value.72 Structure
quality was analyzed during PHENIX refinements together with
manual inspection using Coot.73 Final structure models were
validated by the PDB validation server. Structure images were
prepared by PyMol (Schrödinger, LLC).
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Data Availability Statement
The experimental data that support the findings of this study
are contained within the article. The authors have deposited
the X-ray structure (coordinates) and the source data
(structure factor file) of CamA-DNA with bound inhibitors
to the PDB and will be released upon article publication under
accession numbers PDB 8CXS (MTA), PDB 8CXT (1),
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