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ABSTRACT: Nicotinamide N-methyltransferase (NNMT) is
a fundamental cytosolic biotransforming enzyme that catalyzes
the N-methylation of endogenous and exogenous xenobiotics.
We have identified small molecule inhibitors of NNMT with
>1000-fold range of activity and developed comprehensive
structure−activity relationships (SARs) for NNMT inhibitors.
Screening of N-methylated quinolinium, isoquinolinium,
pyrididium, and benzimidazolium/benzothiazolium analogues
resulted in the identification of quinoliniums as a promising
scaffold with very low micromolar (IC50 ∼ 1 μM) NNMT
inhibition. Computer-based docking of inhibitors to the NNMT substrate (nicotinamide)-binding site produced a robust
correlation between ligand−enzyme interaction docking scores and experimentally calculated IC50 values. Predicted binding
orientation of the quinolinium analogues revealed selective binding to the NNMT substrate-binding site residues and essential
chemical features driving protein−ligand intermolecular interactions and NNMT inhibition. The development of this new series
of small molecule NNMT inhibitors direct the future design of lead drug-like inhibitors to treat several metabolic and chronic
disease conditions characterized by abnormal NNMT activity.

■ INTRODUCTION

Nicotinamide N-methyltransferase (NNMT) is a cytosolic
enzyme that catalyzes the transfer of methyl group from the
cofactor S-(5′-adenosyl)-L-methionine (SAM) to substrates
such as nicotinamide (NCA), pyridine, and related analogues
(e.g., quinoline, isoquinoline, 1,2,3,4-tetrahydroisoquinoline1),
directly regulating the detoxification of endogenous and
exogenous drugs/xenobiotics by the formation of methylated
metabolic products (1-methyl nicotinamide [1-MNA], methy-
lated pyridiniums, and methylated related analogues).2 Given
its primary metabolizing function, NNMT is predominantly
expressed in the liver,3−5 but significant levels of the enzyme
are also present in other tissues, including the adipose tissue,
kidney, brain, lung, heart, and muscle.2,6 Enhanced expression
and enzymatic activity of NNMT has been linked to a number
of chronic disease conditions, making it a significant and
relevant target for drug development. For example, several
studies have demonstrated a causal relationship between
increased NNMT expression and enhanced cell proliferation/
progression in a variety of cancer cell lines with potential
implications for NNMT as a biomarker for cancer prognosis
and a target for anticancer therapeutic development.7−11

NNMT expression has also been reported to be upregulated
in patients with Parkinson’s disease, which is suggested to be

linked to the production of neurotoxins such as N-
methylpyridinium ions that underlie neurodegeneration.12,13

Furthermore, studies in both animals14,15 and humans14,16,17

have shown that NNMT expression and activity was increased
in obesity and related chronic metabolic conditions (e.g., type-2
diabetes). Knockdown of NNMT expression using an antisense
oligonucleotide was reported to suppress body weight gain,
reduce fat mass, and increase energy expenditure in mice fed a
high fat diet.15 While the underlying molecular mechanisms
that link decreased NNMT activity to increased adipocyte
metabolism are not well understood, NNMT may modulate
intracellular metabolite turnover in the methionine−homo-
cysteine cycle and/or the nicotinamide adenine dinucleotide
(NAD+) synthesis pathway critical for cellular energy
expenditure.15 Therefore, targeted small molecule inhibitors
of the NNMT could be significantly beneficial as molecular
probes for mechanistic investigations and for the development
of therapeutics to treat metabolic and chronic diseases that are
characterized by abnormal NNMT activity.
SAM-dependent methyltransferases represent a major class

of biotransforming enzymes that catalyze the methylation of
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various substrates, including proteins, nucleic acids, and
endogenous small molecules (e.g., intracellular metabolites)
using the cofactor SAM as a universal methyl donor.18−20 Many
inhibitors of SAM-dependent methyltransferases (e.g., the
broad-spectrum methyltransferase inhibitor sinefungin, histone
methyltransferase inhibitor EPZ-5676) mimic the chemical
structure of SAM and interact with the SAM-binding site,21,22

thereby lacking selectivity for specific methyltransferase
enzymes.23 However, the recent determination of the structure
of NNMT bound to the NCA substrate and SAH product24

provide information that can be used to design selective and
specific small molecule NNMT inhibitors.
On the basis of consistent observations of 1-MNA, the

primary endogenous N-methylated product of NNMT, as an
NNMT inhibitor in biochemical and pharmacological studies in
vitro and in vivo,2,15 in the present study we explored the
NNMT inhibitory activity of N-methylated heterocyclic small
molecules containing several different aromatic scaffolds
including quinoline, isoquinoline, pyridine, benzimidazole,
and benzothiazole.1,25 Preliminary sets of N-methylated
analogues for each of the chemical scaffolds were purchased
from commercial suppliers and screened for NNMT inhibitory
activity using purified recombinant protein. We expanded
several promising chemical series to develop predictive
structure−activity relationships (SARs) with emphasis on
substitution effect on aryl ring and the N1 atom for each
chemical series. Further, computer-based docking of inhibitors
to the NNMT NCA substrate-binding site yielded a correlation
between inhibitor−enzyme interaction docking scores and
experimentally determined IC50 values that served as a guiding
tool to identify NNMT residues responsible for protein−ligand
interactions and further generate binding hypotheses to design
novel inhibitors with improved binding. The SAR described
herein demonstrates significant promise for future exploration
of the chemical space surrounding the template moieties to
develop potent, selective, and drug-like NNMT inhibitors.

■ RESULTS AND DISCUSSION
Chemistry. The general approach to prepare the N1-

methylated quinolinium and N2-methylated isoquinolinium
salts was carried out as shown in Scheme 1. Commercially

available and/or synthesized quinoline and isoquinoline with
various substitution patterns were treated with iodomethane
(MeI) in 2-propanol (IPA) or methyl trifluoromethanesulfo-
nate (MeOTf) in toluene to give the corresponding analogues
in good yields. Full details on the synthesis of the substituted

amino-quinoline and per-methylated quinoline intermediates/
precursors are described in the Supporting Information.

Biological Evaluation of 1-Methylquinolinium (1-MQ)
Analogues. To test the hypothesis that N-methylated
quinolinium containing compounds function as NNMT
inhibitors, we began by probing the NNMT inhibitory activity
of 1-MQ (1a), which exhibited an IC50 value of 12 μM (Table
1). On the basis of the activity exhibited by 1a, we explored
SAR for NNMT inhibition on the 1-MQ scaffold by testing 48
additional analogues (obtained either from commercial
suppliers or synthesized in-house) using a modified HPLC-
based biochemical assay.25,26 In the first series of compounds,
we explored the inhibitory activities of monosubstituted 1-MQ
with various polar/apolar substituents and different N1-
substituted quinolinium analogues (1b−z; Table 1). Generally,
small substituents such as methyl or amine groups were well
tolerated in different substitution patterns on the 1-MQ ring
with NNMT inhibitory activity in the low micromolar range
(Table 1). Among all the monomethylated quinolinium
analogues tested with various substitution patterns at C2−
C8-positions of 1-MQ (1b, 1e, 1i, 1l, 1n, 1r, and 1t; Table 1), a
methyl substituent at the C8-position (1t) gave the most
significant improvement in inhibition (6.7-fold lower IC50
value, IC50 = 1.8 μM) as compared to the parent compound
1-MQ (1a). While a methyl substituent at the C3-position also
exhibited low micromolar NNMT inhibition (1e, IC50 = 4.1
μM; Table 1), an amino substitution at the same position
further improved the IC50 value to 2.9 μM (1d), suggesting
relatively favorable interactions between the NNMT residues
and the C3-amino substitution. To further explore the favorable
nature of polar groups at the C3-position, we tested analogues
1f−h; analogue 1f with a C3-methylamino substitution and
analogue 1g with a cyano substituent at the C3-position had
∼3-fold and ∼8-fold higher IC50 values, respectively, relative to
compound 1d. Importantly, analogue 1h with a bulky phenyl
ring at the C3-position had significantly reduced inhibitory
activity (IC50 > 1 mM). Taken together, the data suggests that
potentially favorable interactions can be imparted by small
polar group substituents such as an amine, while unfavorable
steric interactions occur when large chemical groups occupy the
C3-position of the 1-MQ scaffold.
To further explore 1-MQ scaffold positions that could form

favorable hydrogen-bonding interactions with NNMT binding
site residues to improve inhibitory activity, a systematic SAR
was conducted among different amino-quinolinium derivatives
(1c, 1d, 1j, 1k, 1o, 1q; Table 1). Many of the 1-MQ analogues
with amino pharmacophores (e.g., 1c, 1k, 1q) demonstrated
excellent inhibitory activities that were comparable to 1d (IC50
= 2.9 μM); the exceptions were analogues 1j (C4-amino
substituent) and 1o (C6-amino substituent) that exhibited ∼4-
fold and ∼10-fold reduction in activity (IC50 = 11 μM and 34
μM), respectively, compared to 1d. An amino substitution at
the C5-position (1k) produced potent NNMT inhibition (IC50
= 1.2 μM) with 10- and 2.4-fold lower IC50 values compared to
1a and 1d, respectively (Figure 1; Table 1). This suggests that
the polar amine group at the C5-position favors strong
intermolecular interactions with the backbone serine residues
in the NNMT substrate-binding site (refer to Molecular
Docking discussion below). In contrast to amino substitutions,
1-MQ analogues with other polar substitutions such as hydroxyl
(1s and 1u) and methoxy (1p) showed significantly weaker
NNMT inhibition activities compared to the parent compound
1a. For example, a hydroxyl group substituent at the C7-

Scheme 1. General Method for Synthesis of N-Methylated
Quinolinium and Isoquinolinium Analoguesa

aReagents and conditions: (a) MeI, IPA, 90 °C, 12 h; (b) MeOTf,
toluene, 100 °C, 12 h.

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.7b00389
J. Med. Chem. 2017, 60, 5015−5028

5016

http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.7b00389/suppl_file/jm7b00389_si_001.pdf
http://dx.doi.org/10.1021/acs.jmedchem.7b00389


position demonstrated ∼50% inhibition of NNMT at nearly a
millimolar concentration (1s, IC50 = 709 μM), whereas the
comparable amino-substituted analogue (1q) was a potent
NNMT inhibitor (IC50 = 2.6 μM). While this observation
remains intriguing, it can be speculated based on our molecular
docking analyses using predicted binding orientations of the
analogues 1s and 1q that the N atom of the C7-amino forms a

stronger hydrogen bond to the carbonyl oxygen side chain of
Ser213 residue of NNMT, relative to the more repulsive
hydrogen bond interaction between donor hydrogen atom of
C7-hydroxyl and the Ser213 residue. Additionally, under the
aqueous buffer reaction condition (pH 8.6) used in the current
study, it is likely that the C7-hydroxy quinolinium analogue
undergoes tautomerization into its dominant form (i.e., C7-
oxo-dihydroquinolinium analogue), losing the charge on the
N1 atom and significantly diminishing the overall binding
within the NNMT substrate-binding site. Similarly, replace-
ment of the methyl group (1t) by a polar hydroxyl substituent
at the C8-position exhibited >50-fold lower IC50 (1u, IC50 =
95.2 μM) that may also be due to preferred ionization of the
polar hydroxyl group in aqueous buffer, resulting in potential
disruption of the tight binding within the apolar pocket of the
NNMT binding site (refer to Molecular Docking discussion
below). Lastly, we examined the relationship between
quinolinium analogues containing N1 substitutions with varied
steric and electronic properties (1v−z; Table 1) and NNMT
inhibition. The results revealed that the activity of N1-
substituted quinoliniums was inversely correlated with the
size of the substituent. For example, N1-ethyl quinolinium
analogue 1v was an ∼2-fold weaker inhibitor compared to 1-
MQ (1a) and analogues with bulky substituents (1w−z)
showed very poor inhibition (IC50 > 1000 μM). These data

Table 1. NNMT Inhibitory Activity of 1-Methylquinolinium Scaffold Compounds with Single Positional Substitutions

aIC50 values are represented at mean ± SD of duplicate or more measurements. bCompounds synthesized in-house.

Figure 1. Normalized response curve for NNMT inhibitor 1k (5-
amino-1-methylquinolinium analogue). Data points represent average
and standard deviation of normalized NNMT activity. Data points
were normalized to no inhibitor condition (0 μM) within each
experiment (n = 5). The goodness-of-fit R2 between the fitted curves
and data was 0.97.
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suggest that small moieties such as methyl or ethyl groups
directly adjacent to the N1 position may be crucial for
maintaining potent NNMT inhibitory activity of the
quinolinium scaffold.
To further develop an SAR model for the quinolinium

scaffold, we next explored the activities of analogues with dual
(2a−o; Table 2) and multipositional substitutions (3a−h;
Table 3). Consistent with our previously observed inverse
relationship between NNMT inhibition and N1 substituent
size, N1-ethyl quinolinium analogues with C4- and C8-methyl
substituents (2a,b; Table 2) showed lower activities compared
to N1-methyl quinolinium congeners (1i and 1t; Table 1).
Substituting a hydroxyethyl (2c) for an ethyl group (2a) at the

N1 position further reduced the activity by ∼3.5-fold,
reinforcing the observation that a smaller alkyl group (e.g.,
methyl) at the N1 position is valuable for maintaining good
inhibitory potency. The relationship between NNMT inhib-
ition and likely steric effects from N1 substitutions was further
exemplified by analogues 2e−i, which displayed IC50 values that
either exceeded 1000 μM or showed no inhibition of NNMT,
regardless of the pharmacophore (i.e., methyl, chloro, and
hydroxyl groups) placed at the C6-position. Single-point SAR
studies indicated that a C8-hydroxyl containing analogue (1u;
Table 1) decreased the IC50 value by ∼50-fold relative to a
more favorable methyl substituent (1t), while two-point SAR
studies incorporating a hydroxyl group at the C8-position and a

Table 2. NNMT Inhibitory Activity of 1-Methylquinolinium Scaffold Compounds with Dual Positional Substitutionsc

aIC50 values are represented at mean ± SD of duplicate or more measurements. bCompounds synthesized in-house. cNI: No inhibition and area
product peak was higher compared to control reaction.

Table 3. NNMT Inhibitory Activity of 1-Methylquinolinium Scaffold Compounds with Multipositional Substitutions

aIC50 values are represented at mean ± SD of duplicate or more measurements. bCompounds synthesized in-house.
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relatively bulky C2-oxopropyl at the N1 position (2d) did not
additively impair activity; instead, the IC50 value for 2d was ∼2-
fold lower relative to 1u. This may imply that substitutions at
C8-position combined with branched groups at the N1 position
might alter the binding mode of the analogue and disrupt the
steric-dependent inhibition pattern observed with bulky groups
at the quinolinium N1 position.
Interestingly, when a fluorine was added to the C6-position

of the C3-amino-analogue (1d), we observed supra-additive
effects on NNMT inhibition; the C3-amino C6-fluoro-1-MQ
analogue (2j) had an IC50 of 1.2 μM, which was ∼2.5-fold more
potent than the nonfluorinated derivative 1d (IC50 = 2.9 μM)
and ∼5-fold more potent than the C6-fluoro-1-MQ analogue
(1m; IC50 = 5.7 μM), highlighting the significance of both C3-
amino and C6-fluoro substituents in improving activity. The
improvement observed in NNMT inhibitory activity with the
introduction of a fluorine substituent is consistent with the
general observation that electron-withdrawing halogen groups
such as fluorine may engage in multipolar interactions (e.g.,
orthogonal-type dipolar interaction with carbonyl groups in the
binding pocket of a target protein), causing improvements in
compound binding and affinity.27,28 Analogues with CF3
substitutions have also been observed to form strong multipolar
intermolecular interactions and improve binding affinities
relative to the corresponding methyl derivatives.29 CF3
substituents were tested using several 1-MQ analogues; CF3
substituent (2k; Table 2) placed at C5-position within the 1-
MQ scaffold impaired activity relative to an analogue lacking
this substituent (1t) and a CF3 substituent at the C8-position
(2l; Table 2) in addition to an impairing chloro substituent at
the C4-position significantly deteriorated the activity of the
compound. Further, we tested for other potentially synergistic
effects by screening dual-substituent 1-MQ analogues contain-
ing numerous small apolar and amino pharmacophores. We
found that the C2,3-diamino-1-MQ analogue 2m showed
inhibitory activity (IC50 = 2.8 μM; Table 2) that was similar to
the C3-amino 1-MQ analogue 1d (IC50 = 2.9 μM; Table 1)
without additive improvements, reinforcing the observation
that an amino-substituent at the C3-position is an important
feature among 1-MQ analogues to maintain potent inhibitory
activity. Similarly, other dimethyl substitutions in analogues
(2n−o; Table 2) did not cause synergistic improvements in
compound activity compared to the corresponding mono-
methyl substitutions (1b, 1n, 1t; Table 1) but instead rendered
the dimethyl quinolinium compounds as poor inhibitors of
NNMT (5−50-fold higher IC50 values, 2n−o; Table 2).

In our studies of the activity of multipositionally substituted
N1-quinoliniums, a C6-fluorinated analogue 3a (IC50 = 3.6 μM;
Table 3) showed a ∼2.5-fold increase in NNMT inhibitory
activity compared to the nonfluorinated derivative 2a (IC50 =
8.7 μM; Table 2), consistent with earlier observations that C6-
fluoro substitution positively impacts quinolinium inhibitory
activity. Substitution of the C6-fluoro of analogue 3a to a C6-
trifluoromethyl group (3b) resulted in a significant loss of
compound inhibitory activity (IC50 > 1000 μM), comparable to
the drastic reductions in NNMT inhibition observed when CF3
substituents were incorporated into the quinolinium scaffold
(analogues 2k−l; Table 2).
General synthetic approaches were applied to improve the

lipophilicity and drug-like properties (e.g., permeability) of this
class of quinolinium-based NNMT inhibitors, in which the
lipophilicity was evaluated in silico by measuring the calculated
logarithmic form of the partition coefficient using ChemAxon
software.30 To this end, we tested several per-methylated
quinolinium analogues with methyl substituents at multiple ring
positions (C2−C8). Similar to the results obtained with
dimethyl-substituted analogues, the addition of multiple methyl
substituents largely decreased the ability of the analogues to
inhibit NNMT (3c−f; Table 3). A C2,C4,C8-trimethyl-
analogue 3c showed ∼5−64-fold lower inhibitory activity
(IC50 = 115.4 μM) as compared to monomethylated analogues
such as 1b (IC50 = 21 μM), 1h (IC50 = 7.5 μM), and 1q (IC50 =
1.8 μM). Graphical analysis of molecular docking simulations
suggested that multimethylated 1-MQ analogues make
intermolecular apolar contacts with several hydrophobic
residues within the NNMT binding site that are likely
detrimental to the overall binding energetics between the
ligand and enzyme; this conclusion was supported by poor
docking scores generated by Vina ligand docking program.
Furthermore, unlike the activity improvements observed for 1-
MQ analogues with C6-fluoro group substitutions (see
compounds 1k, 2j, 3a), the addition of a fluoro group to the
C5 or C7 positions of a per-methylated quinolinium scaffold
(3c) did not improve analogue inhibitory potency (3g, IC50 =
94.6 μM; 3h, IC50 = 109.2 μM; Table 3), suggesting that the
C6-position may be highly “fluorophilic” to promote dipole-
type interactions within the NNMT substrate-binding site.
However, additional analogues with positional fluoro sub-
stitutions within the 1-MQ scaffold need to be tested to
confirm this hypothesis.

Biological Evaluation of N2-Methyl Isoquinolinium
Analogues. Previous studies have shown that the isoquinoline

Table 4. NNMT Inhibitory Activity of Compounds Containing 2-Methyl Isoquinolinium Scaffold

aIC50 values are represented at mean ± SD of duplicate or more measurements. bCompounds synthesized in-house.
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scaffold is amendable to the development of drug-like small
molecule inhibitors.31,32 Because isoquinoline is also an NNMT
substrate,1,25 we examined the NNMT inhibitory activities of a
series of analogues designed around the N2-methyl isoquino-
linium chemotype (Table 4). NNMT methylates isoquinoline
to produce the reaction product N2-methyl isoquinolinium
(4a),1,25 which inhibits NNMT with an IC50 of 14.9 μM similar
to that of 1-MQ (1a; IC50 = 12.1 μM). Guided in part by the
SAR established for the 1-MQ scaffold (Tables 1−3) and
molecular docking calculations, we explored the activities of a
small series of monosubstituted isoquinoline analogues (4b−f;
Table 4). As summarized in Table 4, a C3-amino substituent
(4b) improved compound activity ∼2.4-fold (IC50 = 6.3 μM)
compared to the parent N2-methyl isoquinolinium (4a); the
relative improvement in activity that resulted from adding a C3-
amino group to the isoquinoline parent was smaller compared
to the activity increase observed when the substitutional
congener was added to the 1-MQ scaffold (1d, IC50 = 2.9 μM).
Instead, 4b had activity similar to analogue 1c (IC50 = 6.3 μM);
both analogues have an amino group adjacent to the N-methyl
moiety, which could potentially shift the binding orientations of
these analogues and disrupt some of the hydrophobic
interactions within the NNMT substrate-binding site (a
detailed discussion is presented in the Molecular Docking
section below). Incorporation of a bromo group at the C4-

position (4c) or an amino group at the C6-position (4d)
reduced the potency of these analogues by ∼2-fold relative to
the parent analogue (4a) while adding a bromo group at the
C6-position (4e) significantly decreased analogue activity (IC50
= 505.7 μM). In contrast to the 1-MQ chemotype (1a) where a
C7-amino (1n) improved analogue potency by 5-fold, a
comparable amino substitution pattern on the N2-methyl
isoquinolinium scaffold decreased analogue potency by ∼3-fold
(4f; IC50 = 39.4 μM). These observations are consistent with
calculated changes to the binding orientations and intermo-
lecular interactions between NNMT and N1-MQ and N2-
methyl isoquinolinium analogues, respectively (refer to
Molecular Docking discussion below).

Inhibitory Activities of 1-Methylpyridinium Ana-
logues. 1-Methylnicotinamide (1-MNA; 5a) is the endoge-
nous product of the NNMT catalyzed reaction and an
established NNMT inhibitor.2,15 Using a recently developed
sensitive fluorescence-based assay,33 we determined the IC50 of
1-MNA to be 9.0 μM (Table 5), which is comparable to the
IC50 value determined for 1-MQ (1a). On the basis of this
result, 1-MNA analogues with dimethyl groups at C4- and C6-
positions (5b) and a sterically demanding C2-acyl-thiofuranyl
group at the N1 position (5c) were tested. Compound 5b
exhibited slightly decreased potency (IC50 = 11.8 μM) relative
to 5a (Table 5) and was similar to that of 1-MQ (1a). Again,

Table 5. NNMT Inhibitory Activity of Compounds Containing Pyridinium Scaffold

aIC50 values are represented at mean ± SD of duplicate or more measurements. b1-MNA (5a) is a reaction product of NNMT; IC50 curve for 5a was
determined using a fluorescence assay that utilizes quinoline as an NNMT substrate and monitors formation of 1-MQ.

Table 6. NNMT Inhibitory Activity of Compounds Containing Benzimidazolium/Benzothiazolium Scaffold

aIC50 values are represented at mean ± SD of duplicate or more measurements.
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consistent with the general observations that sterically hindered
substituents at the N1 position significantly reduce the activity
of analogues within the NNMT substrate-binding site, analogue
5c was observed to have very poor activity (IC50 > 1000 μM).
Inhibitory Activities of Benzimidazoliums/Benzothia-

zoliums and Other Structural Analogues. Lastly, other
structurally related chemotypes, i.e., compounds containing
benzimidazolium and benzothiazolium scaffolds (6a−f; Table
6) and other heteroaryl templates (7a−i; Table 7) were tested
for NNMT inhibition. Compound 6a, with apolar methyl
group substituents at both the N1 and N3 positions of the
benzimidazole scaffold exhibited an IC50 value of 16.7 μM,
which was ∼2-fold lower relative to 1-MNA (5a), 1-MQ (1a),
and N2-methyl isoquinolinium analogue (4a). Consistent with
results observed for additive groups to the 1-MQ scaffold, an
ethyl substitution at the N1 position (6b) was well tolerated
and generated comparable activity (IC50 = 22.8 μM) to the
parent structure 6a. This is supported, in part, by overlapping
intermolecular interactions that are predicted to occur between
ligands containing distinct core scaffolds (1-MQ, N2-methyl
isoquinolinium, pyridinium, and benzimidazolium/benzothia-
zolium) and NNMT substrate-binding site residues; however,
molecular docking studies also revealed dissimilar interactions
for the ligands with the different scaffolds within the NNMT
substrate-binding site (refer to Molecular Docking discussion
below). For example, the C3-amino benzimidazolium analogue
6c demonstrated a ∼5-fold higher IC50 value (IC50 = 82.4 μM)
relative to the parent structure 6a; this was in contrast to the 1-
MQ and N2-methyl isoquinolinium scaffolds where an amino
group at the C3-position improved ligand activity (1d and 4b).
Other analogues composed of the benzimidazolium (6d) and
benzothiazolium scaffolds (6e,) were very poor inhibitors of
NNMT (IC50 > 1000 μM). As summarized in Table 7, only
analogues (7a,b) containing phenanthridinium and acridinium

structures showed even modest ability to inhibit NNMT (IC50
values, 100−300 μM); all other tested chemotypes (7c−i)
showed very poor NNMT inhibition (IC50 > 1000 μM).
Importantly, analogues containing tetrahydroquinoline/quino-
lone scaffolds (e.g., 7d, 7f) that were uncharged exhibited very
poor NNMT inhibition, suggesting that a positive charge at the
N1 position may be a necessary chemical feature for small
molecule inhibitors of NNMT.

Structure-Based Docking between NNMT and Small
Molecule Inhibitors. The Vina computer docking program
was able to reproduce the NCA molecular orientation observed
in the X-ray structure of the NNMT−NCA−SAH ternary
complex24 with an all atom root-mean-square deviation of 0.74
Å, suggesting that these calculations would be suitable to
investigate likely orientations and intermolecular interactions of
small molecule inhibitors bound to NNMT. Binding
orientations and docking scores between NNMT and each of
the ∼44 combined quinolinium, isoquinolinium, pyridinium,
and benzimidazolium analogues containing N-methyl substitu-
tions, respectively, were calculated. As shown in Figure 2 for the
combined set of analogues, a positive linear correlation (r =
0.63, R2 = 0.4, P[two-tailed] = 0.0003) was observed between
Vina docking score and log(IC50) values. In these calculations,
low (i.e., more negative) docking scores suggest more favorable
binding conformations and intermolecular interactions between
the ligand and macromolecular target. Consistent with this
observation, analogues that were potent NNMT inhibitors
(e.g., compounds 1k, 1t; IC50 = 1.2−1.8 μM) had the lowest
calculated Vina docking scores (scores between −8.3 and
−8.1). Conversely, many analogues (e.g., per-methylated
compounds 3e,f) that were either poor NNMT inhibitors
(IC50 > 1000 μM) or failed to inhibit NNMT had higher
calculated Vina docking scores (scores between −6.0 and −5.0)
or did not bind in the nicotinamide binding pocket. Taken

Table 7. Related Structural Analogues with Poor NNMT Inhibitory Activity

aIC50 values are represented at mean ± SD of duplicate or more measurements. bCompound precipitated in solution at concentration >300 μM.
Exact IC50 could not be determined.
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together, Vina docking scores and inhibitor potencies were
modestly correlative for many analogues containing the N1-
methyl quinolinium scaffold (Figure 2), suggesting that docking
calculations could serve as a predictive tool to guide the
identification and design of small molecule NNMT inhibitors
similar to other reported systems.34 However, there were

exceptional N1-methylquinolium ligands and analogues con-
taining other chemical scaffolds (e.g., N2-methyl isoquinoli-
nium, benzimidazolium) that were inconsistent, likely, in part,
due to inherent limitations of the Vina computational program
and/or inherent analogue properties. The Vina program makes
assumptions on the protonation states/partial charge distribu-
tion in molecules not accounting for solvent, dipole, entropic,
and tautomerization effects.35 As a result, disparity between
calculated docking scores and experimentally generated IC50

values were observed for some of the tested analogues. For
example, analogues with relatively good docking scores (e.g.,
analogues 1s, 2l; docking scores between −7 and −8) exhibited
poor IC50 values (>500 μM) and improvements imparted by
C6-fluoro substitutions in the IC50 values compared to the
nonfluorinated derivatives, presumably via enhanced dipolar
interactions, were not truly reflected in the docking scores
generated by the Vina calculations [e.g., analogues 1a (IC50 =
12.1 μM) and 1m (IC50 = 5.7 μM) had similar Vina docking
scores ∼ −7.7)].
Vina docking calculations can predict likely orientations and

conformations of small molecules bound to a target protein. 1-
methylquinolinium (1a) was used to establish a prototypical
structure for 1-MQ analogues bound to the NNMT substrate-
binding pocket (Figure 3). The predicted binding orientation of
1-MQ (and related analogues) was similar to the bound

Figure 2. Correlation between the Vina docking scores and
experimentally measured IC50 values for all analogues with methyl
substitution at the N-position in each of the core scaffolds (41
compounds). Data points colored red correspond to analogues that
docked outside the NNMT substrate-binding site. Pearson’s
correlation analysis performed on analogues that docked in the
substrate-binding site (represented by green markers) indicated a
positive linear correlation between calculated docking scores and
log(IC50) (r = 0.63, R2 = 0.4, P[two-tailed] = 0.0003).

Figure 3. Bound orientation and intermolecular interactions between representative inhibitors and NNMT as calculated by the Vina molecular
docking program. (A) 2-D schematic of the intermolecular interactions between NNMT and bound 1-methylnicotinamide (5a). (B) 2-D schematic
of the intermolecular interactions between NNMT and bound 1-methylquinolinium (1a). (C) 3-D representation of the orientation of 1-
methylquinolinium (1a) in the NNMT substrate-binding site and positioned relative to the SAM binding pocket. (D) 3-D representation of the
intermolecular interactions between NNMT and bound 1-methylquinolinium (1a). Potential cation−π interactions are depicted by red arrows, π−π
interactions are shown by green arrows, and hydrogen bonds are shown by purple arrows. Figures were produced with Maestro 11 (Schrodinger
LLC, New York, NY).37
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structures of the endogenous substrate NCA and docked 1-
MNA, with the N1 atoms of these ligands superimposable and
with similar intermolecular interactions to residues within the
NNMT substrate-binding pocket (Figure 3A,B). Moreover, the
inhibitors were positioned in the nicotinamide binding pocket
such that their N1-methyl groups were directed toward the
adjacent SAM binding pocket (Figure 3C). 1-MQ and related
analogues are predicted to form strong π−π, cation−π, and
hydrophobic interactions with residues Tyr204 and Leu164
that define the apolar pocket surrounding the quinolinium N1-
containing ring (Figure 3B,D), similar to the manner in which
these aromatic residues interact with the pyridine ring of NCA
in the NNMT substrate-binding site.24 In addition, NNMT
residues Ala198, Tyr242, and Tyr 24 were also indicated to
contact via hydrophobic interactions with the quinolinium ring
of 1-MQ (Figure 3B,D), two of which (Ala198 and Tyr242)
have also been indicated to contact with the pyridinium ring of
the substrate NCA and 1-MNA (Figure 3A). Further, the NCA
amide group has been reported to form hydrogen bonds with
the hydroxyl groups of Ser201/Ser213 residues and the Asp197
carboxylate.24,24 The predicted binding orientation of quinoli-
nium analogue 1k, however, suggests that the C5-amino group
forms hydrogen bonds with Ser201 and hydrophobic
interactions with Ser213 and Tyr20 (figure not shown).
These distinct predicted interactions between analogue 1k
and NNMT compared to NCA suggest more favorable
intermolecular bonding interactions with residues within the
NNMT substrate-binding pocket, which is supported by a
lower Vina docking score (Vina score = −8.1) for 1k relative to
1-MNA (Vina score = −6.8) and the potent inhibitory activity
exhibited by this analogue (IC50 = 1.2 μM).
The predicted conformations, binding orientations, and

intermolecular interactions with NNMT residues for the most
potent analogues with the pyridinium scaffold (1,2,4-trimethyl-
5-carboxamidepyridinium, 5b), benzimidazolium scaffold
(1,2,3-trimethyl-1H-3,1-benzimidazol-3-ium, 6a), and N2-
methyl isoquinolinium scaffold (3-amine-2-methylisoquinoli-
nim, 4b) were examined and are summarized below. Inhibitors
with different chemotypes were predicted to bind NNMT via
hydrophobic interactions with the same aromatic residues
(Leu164 and Tyr204) in the apolar substrate-binding pocket
and make additional contacts with apolar atoms of Tyr24,
Tyr242, and Ala198 around the respective scaffold ring
structures relative to the prototype analogue 1k. Analogues
5b and 6a with the pyridinium and benzimidazolium scaffolds,
respectively, either formed only hydrogen bonds or hydro-
phobic contacts with Ser201/213 residues and made additional
hydrophobic contacts with NNMT residues (e.g., 5b, Asp167,
Ala247; 6a, Ala168, Asp167, Asp197) compared to 1k, which
potentially rendered these inhibitors less potent (at least ∼10-
fold lower potency relative to 1k). Lastly, the predicted
orientation of isoquinolinium analogues (e.g., 4b) was shifted
within the NNMT substrate-binding pocket relative to the
quinolinium analogues. Specifically, the carbon atoms around
the N2-methyl isoquinolinium rings were predicted to form
distinct hydrophobic interactions with NNMT residues Tyr203
and Ala247 and more importantly form hydrogen bond and
hydrophobic interactions with the phenol hydroxyl group and
ring carbon atoms in the backbone of Tyr20 residue,
respectively. Given that Tyr20 is critical for the functional
activity of NNMT24 and the alignment of both methyl donor
and acceptor molecules (SAM and NCA) in the binding

pocket,24 interactions with this residue might be relevant in
guiding the inhibitor activity.

Summary of SAR for 1-MQ Analogues. The most potent
NNMT inhibitor analogues identified in the current study (e.g.,
1k, 2j; IC50 ∼ 1.2 μM) contained the quinolinium scaffold.
These compounds were predicted to bind the NNMT
substrate-binding pocket analogous to NCA and exhibited
favorable intermolecular interactions with NNMT residues. A
predictive SAR developed for this series of analogues highlights
a few important chemical features required for potent NNMT
inhibition as summarized in Figure 4: (i) apolar methyl

substitutions at N1 and C8 positions promote strong
hydrophobic interactions with aromatic NNMT residues
(Leu164, Tyr204), and the positive charge on the N1 atom is
required to retain potent inhibitory activity; (ii) methyl or
amino substituents at C2−C5-, and C7-positions provide
favorable C and N atoms that can contact with Tyr (Tyr20,
Tyr24, Ty242) and Ser (Ser201 and Ser213) residues via
multiple hydrophobic and/or hydrogen bond interactions; and
(iii) an electron-withdrawing fluoro substitution at the C6-
position engages in multipolar interactions and significantly
enhances analogue potency.

■ CONCLUSIONS
Exploration of an initial series of commercially available and
synthesized N-methylated analogues of different chemotypes,
including quinolinium, isoquinolinium, pyrididium, and benzi-
midazolium/benzothiazolium, resulted in the rapid develop-
ment of structure−activity relationships (SARs) for NNMT
inhibitors demonstrating >1000-fold range of activity. Com-
puter-based docking of inhibitors to the NNMT NCA
substrate-binding site produced a robust correlation between
ligand−enzyme interaction docking scores and experimentally
established IC50 values. Computational calculations and
predicted binding orientation of inhibitors enabled identifica-
tion of NNMT residues responsible for protein−ligand
intermolecular interactions. The quinolinium analogue series
that demonstrated significant NNMT inhibition were further
expanded by synthesis, guided in part by calculations to identify
analogues with improved docking scores and binding. Potent
quinolinium analogues identified in the current study exhibited
very low micromolar potency (IC50 ∼ 1 μM) that fully
correlated with very low ligand−enzyme docking scores. The
SAR described herein demonstrates quinolinium as a promising
scaffold to selectively bind to the NNMT substrate-binding site

Figure 4. SAR summary for analogues containing the quinolinium
scaffold (information abstracted from Tables 1−3).
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with a confirmation analogous to the endogenous NNMT
substrate NCA and highlights some of the key structural
features of quinolinium analogues for NNMT inhibition. These
SAR results motivate future exploration of the chemical space
surrounding the template moieties to develop potent, selective,
and drug-like NNMT inhibitors. Ongoing research will
investigate selectivity, confirm inhibitor activities using
orthogonal assays, and develop potent NNMT inhibitors with
improved “drug-like” physicochemical properties. Future
studies will elucidate inhibitor mechanism-of-action and the
structures of the NNMT−SAM−inhibitor ternary complexes,
which will validate the molecular predictions derived from the
current findings.

■ EXPERIMENTAL SECTION
Chemistry. Analogues and Chemicals. PubChem and Zinc

similarity search programs were employed to identify commercially
available analogues containing quinolinium, isoquinolinium, pyridi-
nium, benzimidazolium, and benzothiazolium core structures and the
analogues were purchased from established commercial suppliers,
including Sigma-Aldrich (St. Louis, MO), Chembridge Corporation
(San Diego, CA), ChemDiv (San Diego, CA), Specs (Hopkinton, RI),
Cayman (Ann Arbor, MI), and Pfaltz & Bauer (Waterbury, CT). The
identity of all the tested compounds was confirmed by 1H NMR and
HPLC-MS, and the purity was ensured to be ≥95% (see Supporting
Information for representative examples of HPLC analyses for
compound purity). SAM was obtained from Sigma-Aldrich and
nicotinamide from Fluka Analytical (Kwazulu Natal, South Africa;
distributed by Sigma-Aldrich in the USA). 1-MNA chloride and S-5′-
adenosylhomocysteine (SAH) were obtained from Cayman Chemical
Company (Ann Arbor, MI). All compounds were made in double-
distilled water.
General Procedures. Unless otherwise indicated, all reactions were

conducted in standard commercially available glassware using standard
synthetic chemistry methods and setup. All air- and moisture-sensitive
reactions were performed under nitrogen atmosphere with dried
solvents and glassware under anhydrous conditions. Starting materials
and reagents were commercial compounds of the highest purity
available and were used without purification. Solvents used for
reactions were indicated as of commercial dry or extra-dry or analytical
grade. Analytical thin layer chromatography was performed on
aluminum plates coated with Merck Kieselgel 60F254 and visualized
by UV irradiation (254 nm) or by staining with a solution of potassium
permanganate. Flash column chromatography was performed on
Biotage Isolera One 2.2 using commercial columns that were
prepacked with Merck Kieselgel 60 (230−400 mesh) silica gel. Final
compounds for biological testing are all ≥95% purity as determined by
HPLC-MS and 1H NMR.
NMR. 1H NMR experiments were recorded on Agilent DD2 400

MHz spectrometers at ambient temperature. Samples were dissolved
and prepared in deuterated solvents (CDCl3, CD3OD, and DMSO-d6)
with residual solvents being used as the internal standard in all cases.
All deuterated solvent peaks were corrected to the standard chemical
shifts (CDCl3, dH = 7.26 ppm; CD3OD, dH = 3.31 ppm; DMSO-d6, dH
= 2.50 ppm). Spectra were all manually integrated after automatic
baseline correction. Chemical shifts (d) are given in parts per million
(ppm), and coupling constants (J) are given in Hertz (Hz). The
proton spectra are reported as follows: d (multiplicity, coupling
constant J, number of protons). The following abbreviations were used
to explain the multiplicities: app = apparent, b = broad, d = doublet, dd
= doublet of doublets, ddd = doublet of doublet of doublets, dddd =
doublet of doublet of doublet of doublets, m = multiplet, s = singlet, t
= triplet.
HPLC-MS. All samples were analyzed on Agilent 1290 series HPLC

system comprised of binary pumps, degasser, UV detector, and
autosampler coupled to an Agilent 6150 mass spectrometer. Purity was
determined via UV detection with a bandwidth of 170 nm in the range
from 230 to 400 nm. The general LC parameters were as follows:

Column, Zorbax Eclipse Plus C18, size 2.1 mm × 50 mm; solvent A,
0.10% formic acid in water; solvent B, 0.00% formic acid in
acetonitrile; flow rate, −0.7 mL/min; gradient, 5% B to 95% B in 5
min and hold at 95% B for 2 min; UV detector, channel 1 = 254 nm,
channel 2 = 254 nm. Mass detector Agilent Jet Stream−Electron
Ionization (AJS-ES).

General Procedure A: Quinolinyl or Isoquinolinyl Ring N-
Alkylation Using MeI. A mixture of appropriate quinoline or
isoquinoline derivative (1 equiv) and MeI (1.5 equiv unless otherwise
indicated) in IPA (0.5M) was heated at 90 °C for 12 h. The reaction
was cooled to ambient temperature, and the resulting precipitate was
isolated by vacuum filtration, washed with a mixture of IPA/Et2O (v:v/
1:1), and dried in vacuo.

General Procedure B: Quinolinyl or Isoquinolinyl Ring N-
Alkylation Using MeOTf. A mixture of appropriate quinoline or
isoquinoline derivative (1 equiv) and MeOTf (3 equiv unless
otherwise indicated) in toluene (0.2M) was heated at 100 °C for 12
h. The reaction was cooled to ambient temperature and Et2O added to
induce precipitation. The resulting precipitate was isolated by vacuum
filtration, washed with Et2O, and dried in vacuo.

1,2-Dimethylquinolin-1-ium Trifluoromethanesulfonate (1b).
According to general procedure B, the title compound was obtained
as pale-orange powder (89% yield). 1H NMR (400 MHz, DMSO-d6) δ
9.08 (d, J = 8.4 Hz, 1H), 8.58 (d, J = 9.2 Hz, 1H), 8.39 (d, J = 8.0 Hz,
1H), 8.22 (dd, J = 8.4, 7.6 Hz, 1H), 8.10 (d, J = 8.8 Hz, 1H), 7,99 (dd,
J = 8.4, 7.6 Hz, 1H), 4.44 (s, 3H), 3.07 (s, 3H). HPLC-MS (AJS-ES):
Rt 1.13 min, m/z 158.2 [M-OSO2CF3].

2-Amino-1-methylquinolin-1-ium Iodide (1c). According to
general procedure A, the title compound was obtained as gray powder
(26% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.45 (br, 1H), 8.87
(br, 1H), 8.34 (d, J = 9.2 Hz, 1H), 8.01 (d, J = 8.8 Hz, 1H), 7.98 (d, J
= 8.8 Hz, 1H), 7.87 (dd, J = 8.4, 7.6 Hz, 1H), 7.57 (dd, J = 7.6, 7.6 Hz,
1H), 7.17 (d, J = 9.2 Hz, 1H), 3.87 (s, 3H). HPLC-MS (AJS-ES): Rt
1.31 min, m/z 159.1 [M-I].

3-Amino-1-methylquinolin-1-ium Iodide (1d). According to
general procedure A, the title compound was obtained as orange
powder (33% yield). 1H NMR (400 MHz, DMSO-d6) δ 8.81 (s, 1H),
8.21 (d, J = 8.8 Hz, 1H), 8.07 (d, J = 7.2 Hz, 1H), 7.98 (s, 1H), 7.78
(m, 2H), 6.56 (br, 2H), 4.51 (s, 3H). HPLC-MS (AJS-ES): Rt 1.08
min, m/z 159.1 [M-I].

1,3-Dimethylquinolin-1-ium trifluoromethanesulfonate (1e). Ac-
cording to general procedure A, the title compound was obtained as
white powder (93% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.47 (s,
1H), 9.08 (s, 1H), 8.46 (d, J = 9.2 Hz, 1H), 8.35 (d, J = 9.2 Hz, 1H),
8.21 (ddd, J = 7.6, 6.8, 1.6 Hz, 1H), 8.02 (ddd, J = 7.6, 7.6, 0.8 Hz,
1H), 4.60 (s, 3H), 2.64 (s, 3H). HPLC-MS (AJS-ES): Rt 0.39 min, m/
z 158.1 [M-OSO2CF3].

1-Methyl-3-(methylamino)quinolin-1-ium Iodide (1f). According
to general procedure A, the title compound was obtained as orange
powder (72% yield). 1H NMR (400 MHz, DMSO-d6) δ 8.90 (d, J =
2.4 Hz, 1H), 8.22 (dd, J = 4.8, 4.4 Hz, 1H), 8.10 (dd, J = 4.8, 4.4 Hz,
1H), 7.97 (d, J = 1.6 Hz, 1H), 7.78 (dd, J = 4.8, 4.4 Hz, 1H), 7.13 (br,
1H), 4.54 (s, 3H), 2.90 (s, 3H). HPLC-MS (AJS-ES): Rt 0.78 min, m/
z 173.1 [M-I].

1-Methyl-3-(phenylamino)quinolin-1-ium Iodide (1h). According
to general procedure A, the title compound was obtained as orange−
yellow powder (59% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.33
(s, 1H), 9.17 (d, J = 2.4 Hz, 1H), 8.57 (d, J = 2.0 Hz, 1H), 8.31 (d, J =
8.8 Hz, 1H), 8.23 (d, J = 8.0 Hz, 1H), 7.93 (dd, J = 8.0, 7.6 Hz, 1H),
7.85 (dd, J = 8.0, 6.8 Hz, 1H), 7.44 (d, J = 8.0 Hz, 1H), 7.41 (d, J = 7.6
Hz, 1H), 7.34 (s, 1H), 7.32 (s, 1H), 7.11 (dd, J = 8.0, 7.2 Hz, 1H),
4.59 (s, 3H). HPLC-MS (AJS-ES): Rt 1.48 min, m/z 235.2 [M-I].

4-Amino-1-methylquinolin-1-ium Iodide (1j). According to
general procedure A, the title compound was obtained as gray powder
(78% yield). 1H NMR (400 MHz, DMSO-d6) δ 8.97 (s, 2H), 8.51 (d,
J = 7.6 Hz, 1H), 8.48 (d, J = 8.4 Hz, 1H), 8.06 (d, J = 3.6 Hz, 2H),
7.77 (m, 1H), 6.78 (d, J = 7.2 Hz, 1H), 4.11 (s, 3H). HPLC-MS (AJS-
ES): Rt 0.69 min, m/z 159.1 [M-I].

5-Amino-1-methylquinolin-1-ium Iodide (1k). According to
general procedure A, the title compound was obtained using
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stoichiometric amount of MeI (1 equiv) to isolate the product as red
powder (62% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.32 (d, J =
8.4 Hz, 1H), 9.28 (d, J = 5.6 Hz, 1H), 7.89 (dd, J = 8.4, 8.0 Hz, 1H),
7.85 (d, J = 5.6 Hz, 1H), 7.35 (d, J = 8.8 Hz, 1H), 7.11 (br, 2H), 7.02
(d, J = 8.0 Hz, 1H), 4.42 (s, 3H). HPLC-MS (AJS-ES): Rt 0.39 min,
m/z 159.1 [M-I].
1,5-Dimethylquinolin-1-ium trifluoromethanesulfonate (1l). Ac-

cording to general procedure B, the title compound was obtained as
white powder (99% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.48 (d,
J = 5.6 Hz, 1H), 9.35 (d, J = 8.8 Hz, 1H), 8.35 (d, J = 8.8 Hz, 1H),
8.17 (dd, J = 8.4, 1.6 Hz, 1H), 8.16 (d, J = 8.8 Hz, 1H), 7.90 (d, J = 7.2
Hz, 1H), 4.63 (s, 3H), 2.86 (s, 3H). HPLC-MS (AJS-ES): Rt 0.41 min,
m/z 158.1 [M-OSO2CF3].
6-Fluoro-1-methylquinolin-1-ium Iodide (1m). According to

general procedure A, the title compound was obtained as yellow
powder (75% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.52 (s, 1H),
9.23 (d, J = 8.8 Hz, 1H), 8.64 (dd, J = 9.6, 4.4 Hz, 1H), 8.37 (dd, J =
8.8, 2.8 Hz, 1H), 8.26 (dddd, J = 9.2, 9.2, 2.8, 2.0 Hz, 1H), 8.21 (dd, J
= 8.4, 5.6 Hz, 1H), 4.66 (s, 3H). HPLC-MS (AJS-ES): Rt 0.37 min, m/
z 162.1 [M-I].
6-Amino-1-methylquinolin-1-ium Iodide (1o). According to

general procedure A, the title compound was obtained as orange−
brown powder (58% yield). 1H NMR (400 MHz, DMSO-d6) δ 8.94
(s, 1H), 8.77 (d, J = 9.2 Hz, 1H), 8.18 (d, J = 9.2 Hz, 1H), 7.83 (m,
1H), 7.58 (d, J = 9.2 Hz, 1H), 7.11 (s, 1H), 6.46 (br, 2H), 4.48 (s,
3H). HPLC-MS (AJS-ES): Rt 0.74 min, m/z 159.1 [M-I].
7-Amino-1-methylquinolin-1-ium Iodide (1q). According to

general procedure A, the title compound was obtained using
stoichiometric amount of MeI (1 equiv) to isolate the product as
orange−brown powder (56% yield). 1H NMR (400 MHz, DMSO-d6)
δ 8.92 (d, J = 5.6 Hz, 1H), 8.71 (d, J = 8.0 Hz, 1H), 8.02 (d, J = 9.2
Hz, 1H), 7.46 (dd, J = 7.6, 6.4 Hz, 1H), 7.38 (br, 2H), 7.29 (dd, J =
9.2, 1.6 Hz, 1H), 6.93 (d, J = 1.2 Hz, 1H), 4.23 (s, 3H). HPLC-MS
(AJS-ES): Rt 0.52 min, m/z 159.1 [M-I].
1,7-Dimethylquinolin-1-ium Trifluoromethanesulfonate (1r). Ac-

cording to general procedure B, the title compound was obtained as
white powder (87% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.41 (d,
J = 6.0 Hz, 1H), 9.20 (d, J = 8.4 Hz, 1H), 8.36 (d, J = 8.4 Hz, 1H),
8.34 (s, 1H), 8.08 (dd, J = 8.4, 6.0 Hz, 1H), 7.91 (d, J = 8.4 Hz, 1H),
4.59 (s, 3H), 2.72 (s, 3H). HPLC-MS (AJS-ES): Rt 0.41 min, m/z
158.1 [M-OSO2CF3].
3-Amino-6-fluoro-1-methylquinolin-1-ium Iodide (2j). According

to general procedure A, the title compound was obtained as yellow
powder (58% yield). 1H NMR (400 MHz, DMSO-d6) δ 8.84 (d, J =
2.0 Hz, 1H), 8.35 (dd, J = 9.6, 4.4 Hz, 1H), 7.99 (dd, J = 9.2, 2.8 Hz,
1H), 7.94 (d, J = 2.0 Hz, 1H), 7.76 (ddd, J = 8.8, 8.8, 3.2 Hz, 1H), 6.78
(br, 2H), 4.56 (s, 3H). HPLC-MS (AJS-ES): Rt 0.22 min, m/z 177.1
[M-I].
1,8-Dimethyl-5-(trifluoromethyl)quinolin-1-ium Trifluorometha-

nesulfonate (2k). According to general procedure B, the title
compound was obtained using excess amount of MeOTf (5 equiv)
to isolate the product as pale-gray powder (69% yield). 1H NMR (400
MHz, DMSO-d6) δ 9.56 (d, J = 6.0 Hz, 1H), 9.24 (d, J = 8.8 Hz, 1H),
8.38 (d, J = 7.6 Hz, 1H), 8.29 (dd, J = 8.8, 5.6 Hz, 1H), 8.21 (d, J = 7.6
Hz, 1H), 4.89 (s, 3H), 3.15 (s, 3H). HPLC-MS (AJS-ES): Rt 0.92 min,
m/z 226.1 [M-OSO2CF3].
4-Chloro-1-methyl-8-(trifluoromethyl)quinolin-1-ium Trifluoro-

methanesulfonate (2l). According to general procedure B, the title
compound was obtained using excess amount of MeOTf (5 equiv) to
isolate the product as pale gray powder (88% yield). 1H NMR (400
MHz, DMSO-d6) δ 8.56 (m, 1H), 8.33−8.10 (m, 2H), 7.59 (m, 1H),
6.47 (m, 1H), 3.93 (m, 3H). HPLC-MS (AJS-ES): Rt 3.01 min, m/z
246.1 [M-OSO2CF3].
2,3-Diamino-1-methylquinolin-1-ium Iodide (2m). According to

general procedure A, the title compound was obtained as tan powder
(30% yield). 1H NMR (400 MHz, DMSO-d6) δ 8.76 (br, 2H), 7.89 (d,
J = 8.4 Hz, 1H), 7.72 (d, J = 8.0 Hz, 1H), 7.54 (dd, J = 8.0, 7.2 Hz,
1H), 7.43 (dd, J = 7.6, 7.6 Hz, 1H), 7.35 (br, 1H), 5.94 (br, 2H), 3.95
(s, 3H). HPLC-MS (AJS-ES): Rt 1.41 min, m/z 174.1 [M-I].

1,2,8-Trimethylquinolin-1-ium Trifluoromethanesulfonate (2n).
According to general procedure B, the title compound was obtained as
pale-tan powder (84% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.01
(d, J = 8.4 Hz, 1H), 8.18 (d, J = 8.0 Hz, 1H), 8.04 (d, J = 8.4 Hz, 1H),
8.02 (d, J = 8.4 Hz, 1H), 7.83 (dd, J = 7.6, 7.6 Hz, 1H), 4.45 (s, 3H),
3.03 (s, 3H), 2.97 (s, 3H). HPLC-MS (AJS-ES): Rt 0.31 min, m/z
172.1 [M-OSO2CF3].

1,2,6-Trimethylquinolin-1-ium iodide (2o). According to general
procedure A, the title compound was obtained as yellow−orange
powder (36% yield). 1H NMR (400 MHz, DMSO-d6) δ 8.98 (d, J =
8.4 Hz, 1H), 8.49 (d, J = 9.2 Hz, 1H), 8.16 (s, 1H), 8.08 (m, 1H), 8.06
(m, 1H), 4.42 (s, 3H), 3.05 (d, J = 4.0 Hz, 3H), 2.60 (s, 3H). HPLC-
MS (AJS-ES): Rt 1.00 min, m/z 172.1 [M-I].

1,2,4,8-Teramethylquinolin-1-ium Trifluoromethanesulfonate
(3c). According to general procedure B, the title compound was
obtained as white powder (94% yield). 1H NMR (400 MHz, DMSO-
d6) δ 8.25 (d, J = 8.4 Hz, 1H), 8.00 (d, J = 6.8 Hz, 1H), 7.96 (s, 1H),
7.84 (dd, J = 8.0, 7.6 Hz, 1H), 4.36 (s, 3H), 2.96 (s, 3H), 2.93 (s, 3H),
2.88 (s, 3H). HPLC-MS (AJS-ES): Rt 0.85 min, m/z 186.2 [M-
OSO2CF3].

1,2,4,5,8-Pentamethylquinolin-1-ium Trifluoromethanesulfonate
(3d). According to general procedure B, the title compound was
obtained as tan powder (93% yield). 1H NMR (400 MHz, DMSO-d6)
δ 7.83 (s, 1H), 7.80 (d, J = 7.6 Hz, 1H), 7.61 (d, J = 8.0 Hz, 1H), 4.24
(s, 3H), 3.04 (s, 3H), 2.91 (s, 6H), 2.78 (s, 3H). HPLC-MS (AJS-ES):
Rt 1.01 min, m/z 200.2 [M-OSO2CF3].

1,2,4,6,8-Pentamethylquinolin-1-ium Trifluoromethanesulfonate
(3e). According to general procedure B, the title compound was
obtained as white powder (70% yield). 1H NMR (400 MHz, DMSO-
d6) δ 8.03 (s, 1H), 7.91 (s, 1H), 7.85 (s, 1H), 4.35 (s, 3H), 2.93 (s,
3H), 2.90 (s, 3H), 2.85 (s, 3H), 2.55 (s, 3H). HPLC-MS (AJS-ES): Rt

1.11 min, m/z 200.2 [M-OSO2CF3].
1,2,4,7,8-Pentamethylquinolin-1-ium Trifluoromethanesulfonate

(3f). According to general procedure B, the title compound was
obtained as white powder (87% yield). 1H NMR (400 MHz, DMSO-
d6) δ 8.13 (d, J = 8.4 Hz, 1H), 7.87 (s, 1H), 7.79 (d, J = 8.4 Hz, 1H),
4.28 (s, 3H), 2.94 (s, 3H), 2.86 (s, 3H), 2.67 (s, 3H), 2.57 (s, 3H).
HPLC-MS (AJS-ES): Rt 1.04 min, m/z 200.2 [M-OSO2CF3].

5-Fluoro-1,2,4,8-tetramethylquinolin-1-ium Trifluoromethane-
sulfonate (3g). According to general procedure B, the title compound
was obtained as tan powder (89% yield). 1H NMR (400 MHz,
DMSO-d6) δ 7.99 (dd, J = 7.6, 6.8 Hz, 1H), 7.95 (s, 1H), 7.70 (dd, J =
11.2, 8.8 Hz, 1H), 4.32 (s, 3H), 2.95 (s, 6H), 2.86 (s, 3H). HPLC-MS
(AJS-ES): Rt 0.87 min, m/z 204.2 [M-OSO2CF3].

7-Fluoro-1,2,4,8-tetramethylquinolin-1-ium Trifluoromethane-
sulfonate (3h). According to general procedure B, the title compound
was obtained as white powder (78% yield). 1H NMR (400 MHz,
DMSO-d6) δ 8.37 (dd, J = 9.6, 6.8 Hz, 1H), 7.95 (s, 1H), 7.89 (dd, J =
9.2, 9.2 Hz, 1H), 4.35 (s, 3H), 2.96 (s, 3H), 2.89 (s, 3H), 2.74 (s, 3H).
HPLC-MS (AJS-ES): Rt 0.86 min, m/z 204.2 [M-OSO2CF3].

3-Amino-2-methylisoquinolin-2-ium Iodide (4b). According to
general procedure A, the title compound was obtained as tan−orange
powder (40% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.36 (s, 1H),
7.93 (d, J = 8.4 Hz, 1H), 7.81 (d, J = 8.8 Hz, 1H), 7.75 (dd, J = 6.4, 0.8
Hz, 1H), 7.71 (br, 2H), 7.41 (ddd, J = 7.6, 7.6, 0.8 Hz, 1H), 7.34 (s,
1H), 4.03 (s, 3H). HPLC-MS (AJS-ES): Rt 1.25 min, m/z 159.1 [M-I].

4-Bromo-2-methylisoquinolin-2-ium Iodide (4c). According to
general procedure A, the title compound was obtained using excess
MeI (5 equiv) to isolate the product as tan−yellow powder (99%
yield). 1H NMR (400 MHz, DMSO-d6) δ 10.09 (m, 1H), 9.24 (s, 1H),
8.56 (d, J = 8.0 Hz, 1H), 8.43−8.33 (m, 2H), 8.17 (dd, J = 8.0, 8.0 Hz,
1H), 4.45 (d, J = 4.0 Hz, 3H). HPLC-MS (AJS-ES): Rt 0.63 min, m/z
222.0, 224.0 [M-I].

6-Amino-2-methylisoquinolin-2-ium Iodide (4d). According to
general procedure A, the title compound was obtained as tan powder
(68% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.21 (s, 1H), 8.14 (dd,
J = 6.8, 1.2 Hz, 1H), 8.00 (d, J = 8.8 Hz, 1H), 7.81 (d, J = 6.8 Hz, 1H),
7.35 (br, 2H), 7.27 (dd, J = 8.8, 2.0 Hz, 1H), 6.89 (d, J = 1.6 Hz, 1H),
4.16 (s, 3H). HPLC-MS (AJS-ES): Rt 0.78 min, m/z 159.1 [M-I].
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6-Bromo-2-methylisoquinolin-2-ium Iodide (4e). According to
general procedure A, the title compound was obtained using excess
MeI (5 equiv) to isolate the product as brown−gray powder (99%
yield). 1H NMR (400 MHz, DMSO-d6) δ 10.04 (s, 1H), 8.74 (d, J =
6.4 Hz, 1H), 8.69 (s, 1H), 8.49 (d, J = 6.4 Hz, 1H), 8.41 (d, J = 8.8 Hz,
1H), 8.21 (m, 1H), 4.45 (s, 3H). HPLC-MS (AJS-ES): Rt 1.25 min,
m/z 222.0, 224.0 [M-I].
7-Amino-2-methylisoquinolin-2-ium Iodide (4f). According to

general procedure A, the title compound was obtained as orange−
yellow powder (53% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.48
(s, 1H), 8.23 (d, J = 6.8 Hz, 1H), 8.20 (d, J = 6.8 Hz, 1H), 7.99 (d, J =
8.8 Hz, 1H), 7.55 (dd, J = 8.8, 2.4 Hz, 1H), 7.13 (d, J = 2.0 Hz, 1H),
6.52 (br, 2H), 4.34 (s, 3H). HPLC-MS (AJS-ES): Rt 0.78 min, m/z
159.1 [M-I].
Biology. Expression and Purification of Recombinant hNNMT.

Because previous studies had demonstrated that a triple mutant human
NNMT (tm-hNNMT; containing three site-directed mutations at
surface exposed residues well removed from the catalytic sites) and
wild-type NNMT had similar activities and kinetic parameters,24 the
tm-hNNMT enzyme was utilized in these current studies to facilitate
planned crystallographic analysis of inhibitor:NNMT complexes and
to enable direct comparison to previous kinetic studies. The tm-
hNNMT sequence was cloned into an isopropyl-β-D-1-thiogalactopyr-
anoside (IPTG)-inducible plasmid pJ401 expression vector was
purchased from DNA 2.0 (Menlo Park, CA). tm-hNNMT was
expressed in competent Escherichia coli BL21/DE3 cells and purified
using a nickel-based ion affinity chromatography procedure as
described in detail previously.33

NNMT Activity Assay: HPLC Instrumentation and Chromato-
graphic Conditions. An HPLC-UV method for the detection of
NNMT catalyzed product 1-MNA was developed by modifying a
previously reported protocol.26 A Shimatzu 10AVP HPLC System
(Shimatzu, Kyoto, Japan) with manual sample injector was used to run
the HPLC-UV method with mobile phase comprising of 10 mM 1-
heptanesulfonate, 20 mM potassium phosphate monobasic [pH 3.1],
4% methanol, and 3% acetonitrile. Chromatographic separation was
achieved on a Platinum EPS C18 100 Å 3 μm (length, 53 mm; internal
diameter, 7 mm; maximum pressure, 5000 PSIG) analytical column
(Alltech Associates, Inc., Deerfield, IL) at ambient temperature with a
flow rate of the mobile phase maintained at 1 mL/min. Sample
injection volume was 100 μL with a run time of 20 min per sample.
1-MNA Calibration Curve and NNMT Activity Assay. To establish

a linear curve for the detection of 1-MNA peak, 10−0.3125 μM/100
μL half-fold serially diluted samples of 1-MNA were prepared in
reaction buffer containing 1 mM Tris [pH 8.6], 1 mM DTT, 10%
TCA, 4% methanol, and water. Similarly, samples of substrate NCA
(100 μM), methyl donor SAM (5 μM), and SAH (5 μM) were run
individually in reaction buffer (1 mM Tris [pH 8.6], 1 mM DTT, 10%
TCA, 4% methanol, and water) to identify elution times and define
substrate, cofactor, and product peaks. 1-MNA, NCA, SAM, and SAH
peaks were detected using a wavelength of 265 nm. To determine
NNMT activity, 5 μL of 10 mM NCA (in water) and 2.5 μL of 1 mM
SAM (in water) were added/500 μL of reaction buffer. The reaction
was initiated by adding 4 μL of 25 μM stock purified NNMT protein
(final concentration of NNMT in the reaction was 200 nM) and
incubated on a heat block at 37 °C for 6 min, following which the
reaction was terminated by the addition of a mixture of 10% TCA and
4% methanol, vortexing for 5 s, and centrifuging at 14000g for 2 min to
precipitate the protein. Peak area and peak height for 1-MNA were
determined by running 100 μL of the supernatant using the
chromatographic conditions described above. Reactions were run in
the absence of NNMT as control samples in each experiment.
NNMT IC50 Curves for Inhibitors. NNMT reaction products were

analyzed by HPLC as described above and used to construct inhibition
curves for 1-MQ, 1-MQ analogues, 2-methylisoquinolinium, 2-
methylisoquinolinium analogues, and analogues containing pyridi-
nium, benzimidazolium, and benzothiazolium cores. Compounds were
initially tested for NNMT inhibition activity at 100 μM or 1 mM
concentration (compounds with no activity at 100 μM were tested at 1
mM concentration). Compounds with >50% inhibitory activity at 1

mM were advanced to comprehensive concentration−response
analysis (concentration range of 10 nM−1 mM/100 μL reaction).
Otherwise, IC50 values are reported as either >1000 μM or no
observable inhibition (NI). Data were normalized and reported as %
NNMT activity against concentrations tested (μM). IC50 values were
determined by three parameter nonlinear regression [inhibitor conc vs
normalized % NNMT activity] fitted by least-squares method
(Graphpad Prism 7.0, GraphPad Software Inc., La Jolla, CA). For
compounds with IC50 values lower than 20 μM and/or R2 values for
the curve fit <0.8, data sets were run in duplicates or triplicates and
averaged for analyses.

Molecular Docking. Quinolinium, isoquinolinium, pyridinium,
benzimidazolium, and benzothiazolium analogues were docked to
substrate-binding site of NNMT [PDB 3ROD, monomer chain A]24

using the AutoDock Vina program.35 AutoDockTOols (ADT) was
used to add polar hydrogen atoms to the NNMT structure and
parametrize the resultant structure using Autodock4 default atom
types. Three-dimensional conformations for each small molecule
structure was produced in MarvinSketch, converted to Mol2 format,
and parametrized with ADT to establish rotatable bonds and atom
types. The Vina program was used to calculate the lowest scoring
pose/conformation for each analogue bound to NNMT, using a search
box (24 × 24 × 24) centered within the nicotinamide binding pocket
(search space centered at −29, −20, 4 Å) and an “exhaustiveness”
parameter of 20. During docking calculations, the protein structure
was fixed as determined from the crystal structure while docked
ligands had conformational flexibility around identified rotatable
bonds. Analogue conformations with the lowest (i.e., most negative)
Vina docking scores corresponded to the bound inhibitor
conformation with most favorable interactions within the substrate-
binding site of the NNMT protein. A linear analysis using Pearson’s
correlation was performed between calculated Vina docking scores and
the logarithm of experimentally determined IC50 [log(IC50)] for the
respective compounds (Graphpad Prism 7.0, GraphPad Software Inc.,
La Jolla, CA).

The predicted orientations and conformations generated from the
Vina docking for analogues with the lowest IC50 values within each
scaffold series were analyzed using the AutoDock Tools (ADT)
molecular graphics program. The structure of ligands docked to
NNMT (PDB 3ROD) were also used in LigPlot+36 and Maestro 11
(Schrodinger LLC, New York, NY)37 to analyze hydrogen bonding
patterns and intermolecular interactions within 4 Å distance between
residues in the NNMT substrate-binding pocket and the inhibitor
analogues. The NCA substrate site in NNMT/inhibitor contact
diagrams was used to describe and develop the initial SAR parameters
for this system.
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