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1. Introduction
Our project aligned with FY14 PRMRP Topic Areas metabolic disease (including obesity,
obesity-associated metabolic disease, and type 2 diabetes) and osteoarthritis. Das et al. reported
that over one-third of US veterans and their post-adolescent dependents were clinically obese,
making obesity and obesity-linked comorbidities one of the top health issues faced by the DoD
healthcare system. Treating obesity-linked chronic diseases currently accounts for ~10% of
veteran's healthcare expenditures. Unfortunately, the vast majority of efforts to reduce obesity
through diet, exercise, and/or appetite suppression have not had long-term success, and bariatric
surgery carries many risks including death. In this project, we proposed a radical rethinking of
this problem to move away from failed efforts to reduce calorie input relative to calorie
expenditure in the hope that body fat (white adipose tissue) and excess body mass will decrease.
Instead, we developed and tested novel small molecule drugs that were predicted to directly
increase white adipose tissue energy expenditures, thus reducing body fat and total body mass.
To achieve this anti-obesity drug breakthrough, our project exploited recent observations that
down-regulation of the enzyme nicotinamide N-methyltransferase (NNMT) could shrink white
adipose tissue and produce significant weight loss in animal models, without the necessity of
reducing calorie intake. To validate the in vitro activity of novel NNMT inhibitors, we developed
the first assay capable of directly monitoring NNMT product formation and activity in real-time,
resulting in the enhanced capacity to collect accurate NNMT kinetic data. Using this assay, and
accessory tests, we validated a series of novel drug-like nanomolar NNMT inhibitors.
Importantly, these drug candidates showed attractive cellular permeability flux when tested in
membrane transport assays and in cells. Synthesis scale-up of the most promising drug
candidates was achieved. Proof-of-concept evaluations of individual drug candidates in mouse
models of diet-induced obesity were completed and showed that our NNMT inhibitors could
safely produce significant weight-loss in obese animals without changes in food intake. Work is
continuing, beyond the scope of this award, to determine the impact of NNMT inhibitors on
obesity-linked Type 2 diabetes.
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2. Keywords
metabolic disease
obesity and obesity-linked comorbidities
osteoarthritis
drug candidates
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3. Accomplishments
Major goals of the project
Task 1: In vitro testing of in silico hits
1.1.
Complete project hiring
Research scientists hired February 1, 2016 and February 15, 2016. Research technician
hired August 8, 2016.
1.2.

Order 70 small molecules for testing
Small molecules with good Vina “docking” (or virtual screening) scores were ordered for
testing. To date, ~40-50 commercially available compounds have been testing in NNMT
inhibition assays (see Figure 1). Based on initial results, novel analogs of a promising scaffold
hit were evaluated using virtual screening protocols, and ~20-30 best scoring compounds
synthesized and tested in NNMT inhibition assays. Drug-like nanomolar small molecule
inhibitors of NNMT have been validated (see Table 1-5; published and reproduced in Appendix
2). Tested compounds have been analyzed and 2-dimensional and 3-dimensional structureactivity relationships have been established.

Figure 1. IC50 curves for the representative potent small molecule NNMT inhibitors within four
different core scaffolds (A-D).
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Table 1. NNMT inhibitory activity of scaffold A compounds with single positional
substitutions
Compound R1
R2
R3
R4
R5
R6
R7
R8
Name

IC50 ± S.E.
(uM)

1a

H

H

H

H

H

H

H

12.1 ± 3.1

1b

H

H

H

H

H

H

H

27.5 ± 4.4

H
H

H
H

H
H

H
H

H
H

H
H

H
H

165.1 ± 298
>1000

1e

H

H

H

H

H

H

H

>1000

1f

H

H

H

H

H

H

H

>1000

1g

H

H

H

H

H

H

16.5 15.3 *

1h

H

H

H

H

H

H

6.3 ±1.1

1c
1d

Methoxy-ethyl

1i

H

H

H

H

H

H

2.6 ± 0.6

1j

H

H

H

H

H

H

23.8 ± 5.6

1k

H

H

H

H

H

H

>1000

1l

H

H

H

H

H

H

7.5 ± 2.2

1m

H

H

H

H

H

H

1n

H

H

H

H

H

H

11.3 ±
11.7(R)
0.9± 0.3

1o

H

H

H

H

H

H

5.7 ± 1.8

1p

H

H

H

H

H

H

13.1 ± 5.1

1q

H

H

H

H

H

H

52.4 ± 31

1r

H

H

H

H

H

H

468 ± 309?

1s

H

H

H

H

H

H

2.0± 0.5

1t

H

H

H

H

H

H

1u

H

H

H

H

H

709 +/- 179
680?
1.8 ± 0.5
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H

1v

H

H

H

H

H

H

48.7 ± 19.3

Table 2. NNMT inhibitory activity of scaffold A compounds with dual positional
substitutions
Compound R1
R2
R3
R4
R5
R6
R7
R8
Name

IC50 ± S.E.
(uM)

2a

H

2b

H

2c

H

H

H

H

H

>1000

H

H

H

H

H

9.8 ± 5.2

H

H

H

H

H

H

33.5 ± 9.9

2d

H

H

H

H

H

H

>1000

2e

H

H

H

H

H

H

>1000

2f

H

H

H

H

H

H

>1000

2g

H

H

H

H

H

H

NI

2h

H

H

H

H

H

H

3.1 ± 1.4

2i

H

H

H

H

H

H

40.6 ± 13

Table 3. NNMT inhibitory activity of scaffold A compounds with multi-positional
substitutions
Compound
R1
R2
R3
R4
R5
R6
R7
R8
Name

IC50 ± S.E.
(uM)

3a

H

3b

H

3c

H
H
H

H

H

H

H

1.1

H

H

H

3.6 ± 1.5

H

H

H

>1000

H

H

>1000

3d

H

H

H

3e

H

H

H

H

H

3f
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H

H

>1000??

H

>1000

3g

H

H

H

>1000

Table 4. NNMT inhibitory activity of compounds containing scaffold B
Compound
R1
R2
R3
R4
R5
R6
R7
Name

R8

IC50 ± S.E.
(uM)

4b

H

H

H

H

H

H

6.3 ±2.7

4c
H

H

H

H

H

H

29.4 ±6.4

4d

H

H

H

H

H

H

201.5±204

4e

H

H

H

H

H

H

NI??

4f

H

H

H

H

H

H

29.9 ± 9.1

4g

H

H

H

H

H

H

>1000??

4h

H

H

H

H

H

>1000??

H

Table 5. NNMT inhibitory activity of compounds containing scaffold C
Compound Name R1
R3
R4
R6
IC50 ± S.E.
(uM)
5a

H

H

5b
5c

16.7 ± 3.8
11.8 ± 3.0

H

H

>1000

Table 6. NNMT inhibitory activity of compounds containing scaffold D.
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Core/
Compound
Name

R1

R3

R6

R7

X

IC50 ±
S.E.
(uM)

6a

H

H

N

16.7 ± 6.4

6b

H

H

N

6c

H

H

N

82.4 ±
17.4
22.7 ± 7.7

H

N

>1000

H

S

>1000

H

S

>1000

6d
6e

-

6f

-

1.3.

H

Complete turbidity measurements in physiological buffer to determine solubility limits
Completed for each tested molecule.

1.4.

Complete methyltransferase kinetic assay on initial set of soluble compounds
As noted under item 1.2, NNMT inhibition assays have been completed for 60+
compounds. Drug-like nanomolar small molecule inhibitors of NNMT have been validated.
Tested compounds have been analyzed and 2-dimensional and 3-dimensional structure-activity
relationships have been established. This process is continuing as we utilize existing data and
improved predictive algorithms to design more effective small molecule inhibitors.
Milestone: Identify small molecule(s) NNMT inhibitor for subsequent cell culture study.
Achieved - small molecules for use as potential NNMT inhibitors in cell culture studies
were proposed in November 2015. Following additional testing and validation, additional small
molecule NNMT inhibitors were proposed in May, 2016 for testing in cell culture The list of
validated small molecule NNMT inhibitors appropriate for efficacy testing in adipocyte cell
culture system is undergoing continual refinement as new compounds are tested.
1.5.

Complete cell culture studies of 10 top-ranked compounds
Approximately 4 compounds have been tested to determine their effect on oxygen
consumption in adipocyte cell culture. These studies used the Oxygraph system to measure
oxygen flux, and collected data have suggested the tested compounds produce a phenotypic
effect. We have recently developed a LC/MS assay to directly measure NNMT activity in
cultured adipoctyes; once fully characterized, this assay will be used to characterize the
mechanistic activity of NNMT inhibitors in cell culture.
1.6.

Complete metabolic stability of 5 top-ranked compounds
Initial compounds were tested for metabolic stability using human and mouse
microsomes. Studies were performed by Cyprotex (Watertown, MA), a valued Contract
Research Organization, and completed December 3, 2015. We are currently refining our list of
the most promising small molecule NNMT inhibitors for use in additional metabolic stability
studies.
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Task 2: In vivo testing of in silico hits
2.1.
Local IRB/IACUC approval
IACUC protocol approval for treatment studies in diet-induced obesity (DIO) mouse
models was obtained May 15, 2016. IACUC approval is required for each additional unique
small molecule used to treat DIO mice.
Milestone: ACURO approval
Achieved – ACURO approval received on October 9, 2015.
2.2.

Complete PK study of 4 top-ranked compounds
Pharmacokinetic (PK) studies of small molecule compounds completed on December 3,
2015 and August 8, 2016 using the Cyprotex (Watertown, MA), a valued Contract Research
Organization. PK studies were performed in triplicate using mice, with compounds administered
by subcutaneous injection. Plasma samples were collected at 7 time points over a 24 hr period.
Test compounds were quantified by LC/MS and the time-dependent data used to calculate PK
parameters (e.g., half-life, Cmax).
2.3.

Complete NOAEL study of top-ranked compounds
Preliminary NOAEL studies completed for lead NNMT inhibitor 5-amino-1methylquinoline.
Milestone: Identify small molecule(s) NNMT inhibitor for in vivo obesity-reversal study.
Achieved – a novel small molecule validated NNMT inhibitor (~1 uM IC50) was selected
for proof-of-concept in vivo efficacy studies in DIO mice. Studies commenced January 2017,
following a 1-month acclimation period for the subject animals. Test compound has been
synthesize in amounts > 1 g for use in these studies.
2.4.

Complete diet-induced obesity-reversal study of top-ranked cmpds
Completed. Approximately 20 DIO mice were ordered and used in weight loss study.
Study results published and attached as Appendix 3.
Milestone achieved: Completed preliminary proof-of-concept study to validate NNMT inhibitor
as an anti-obesity lead.
Task 3: Synthesis of novel transition-state (ts) analogs
3.1.
Develop a multi-step synthesis of the novel transition-state inhibitor, which will be
synthesized via a 9-step process based on some prior literature precedent.
A synthesis route has been designed, and we are currently troubleshooting the initial steps
of this challenging reaction path.
3.2.

Design and synthesis of 6 unique analogs of SW-ts-0001
Delayed; resources have been focused on advancing the more promising anti-obesity
small molecule inhibitors described in Tasks 1-2.
3.3.
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Design and synthesis of additional 6 unique analogs of SW-ts-0001

Delayed; resources have been focused on advancing the more promising anti-obesity
small molecule inhibitors described in Tasks 1-2.
Milestone: Complete de novo synthesis of SW-ts-0001 and ts analogs.
~25% completed.
Task 4: In vitro testing of novel transition-state (ts) analogs
4.1
Turbidity measurements of ts analogs in physiological buffer
Delayed; resources have been focused on advancing the more promising anti-obesity
small molecule inhibitors described in Tasks 1-2.
4.2.

Complete methyltransferase kinetic assays of ts analogs
Delayed; resources have been focused on advancing the more promising anti-obesity
small molecule inhibitors described in Tasks 1-2.
4.3.

Complete cell culture studies of ts analogs
Delayed; resources have been focused on advancing the more promising anti-obesity
small molecule inhibitors described in Tasks 1-2.
Milestone: Identify ts analog NNMT inhibitor for s in vivo obesity-reversal study.
~20% completed.
Task 5: In vivo testing of novel transition state analogs
5.1.
Complete PK study of 2 top-ranked ts analogs
Delayed; resources were refocused to advance the more promising anti-obesity small
molecule inhibitors described in Tasks 1-2.
5.2.

Complete NOAEL study of 2 top-ranked ts analogs
Delayed; resources were refocused to advance the more promising anti-obesity small
molecule inhibitors described in Tasks 1-2.
5.3.

Complete diet-induced obesity-reversal study of top-ranked ts analog
Delayed; resources were refocused to advance the more promising anti-obesity small
molecule inhibitors described in Tasks 1-2.
Milestone: Complete proof-of-concept study to validate ts analog NNMT inhibitor as an antiobesity lead.
Delayed; resources were refocused to advance the more promising anti-obesity small
molecule inhibitors described in Tasks 1-2.
What was accomplished under these goals?
We discovered and developed novel first-in-class small molecule therapeutics that target
a new mechanism-of-action to combat obesity and obesity-linked type 2 diabetes (T2D). During
this project award period, we completed lead optimization and preliminary safety studies to
successfully translate our academic benchtop discoveries into promising and game-changing
drug candidates for obesity and T2D. Our compelling drug candidates promise to greatly
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improve the health and well-being of a vast majority of US Veterans, military service members,
and beneficiaries (as well as the general US population) impacted by obesity and chronic T2D.
What opportunities for training and professional development has the project provided?
Nothing to Report.
How were the results disseminated to communities of interest?
Three high-profile manuscripts were published (see Appendix), including significant
media reporting of the results obtained for our anti-obesity drug leads.
What do you plan to do during the next reporting period to accomplish the goals?
Nothing to Report.
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4. Impact
What was the impact on the development of the principal discipline(s) of the project?
With pivotal support from a FY14 Discovery Award, we discovered and developed novel
first-in-class small molecule therapeutics that target a new mechanism-of-action to combat
obesity and obesity-linked type 2 diabetes (T2D). During this project award period, we
completed lead optimization and preliminary safety studies to successfully translate our
academic benchtop discoveries into promising and game-changing drug candidates for obesity
and T2D. Our compelling drug candidates promise to greatly improve the health and well-being
of a vast majority of US Veterans, military service members, and beneficiaries (as well as the
general US population) impacted by obesity and chronic T2D.
All major milestones proposed in our high-risk, high-reward FY14 DA project were
successfully completed. These milestones provided a solid foundation for our ongoing T2D drug
development program, centered on potent and selective candidate inhibitors of nicotinamide Nmethyltransferase (NNMT) as a novel strategic target to combat obesity and T2D. Several
challenges (e.g., cell permeability) were encountered during the discovery and identification of
our lead series analogues, which were overcome by rigorous structure-based computational and
medicinal chemistry efforts. This strikingly resulted in detailed structure activity relationships for
our 1st-generation selective and potent small molecule inhibitors of NNMT (see Appendix 2).
Potent “hits” within the lead series were rapidly validated for mechanism-of-action in optimized
biochemical (see Appendix 1) and cellular assays, with a lead inhibitor successfully
demonstrating potent efficacy in a translationally-relevant diet-induced obese (DIO) mouse
model (see Appendix 3).
What was the impact on other disciplines?
The above promising outcomes in diet-induced obese mouse models suggest our drug
leads will have significant impact at improving comorbidities associated with chronic obesity,
most importantly Type 2 diabetes and non-alcoholic steatohepatitis (NASH).
What was the impact on technology transfer?
The important and successful outcomes from our FY14 Discovery Award project resulted
in 3 publications in high-impact internationally-recognized journals, as well as international
patent protection under Patent Cooperation Treaty (PCT) covering “composition of matter” and
“use” with no freedom to operate barriers.
What was the impact on society beyond science and technology?
The above promising outcomes have successfully positioned our drug leads to advance to
preclinical development and IND-enabling studies needed to secure US FDA approval for firstin-human clinical trials as new mechanism-of-action treatments to reduce obesity and reverse
Type 2 diabetes.
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5. Changes/Problems
Changes in approach and reasons for change
Resources were refocused to advance the more promising anti-obesity small molecule
inhibitors described in Tasks 1-2.
Actual or anticipated problems or delays and actions or plans to resolve them
Our research team increasingly focused its limited resources on efforts to rapidly
capitalize on the discoveries that were rapidly made in Aim 1; this refocusing of effort was made
in consultation with Project Officials. As such, work on synthesizing and testing transition-state
analogs as NNMT inhibitors (Aim 2) was deemed low-priority.
Changes that had a significant impact on expenditures
Nothing to Report.
Significant changes in use or care of human subjects, vertebrate animals, biohazards,
and/or select agents
Nothing to Report.
Significant changes in use or care of human subjects
Not applicable.
Significant changes in use or care of vertebrate animals
Nothing to Report.
Significant changes in use of biohazards and/or select agents
Not applicable.
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6. Products
Publications, conference papers, and presentations
Published manuscripts:
Neelakantan H, Vance V, Wang HY, McHardy SF, Watowich SJ. Non-coupled
fluorescent assay for direct real-time monitoring of nicotinamide N-methyltransferase activity.
Biochem. 56, 824, 2017.
Neelakantan H, Wang HY, Vance V, Hommel JD, McHardy SF, Watowich SJ.
Structure–activity relationship for small molecule inhibitors of nicotinamide Nmethyltransferase. J. Med. Chem. 60, 5015, 2017.
Neelakantan H, Vance V, Wetzel M, Wang HY, McHardy SF, Finnerty C, Hommel JD,
Watowich SJ. Selective and membrane permeable small molecule inhibitor of nicotinamide Nmethyltransferase reverses diet-induced obesity in mice. Biochemical Pharmacology 147, 141,
2018.
Journal publications
Neelakantan H, Vance V, Wang HY, McHardy SF, Watowich SJ. Non-coupled
fluorescent assay for direct real-time monitoring of nicotinamide N-methyltransferase activity.
Biochem. 56, 824, 2017.
Neelakantan H, Wang HY, Vance V, Hommel JD, McHardy SF, Watowich SJ.
Structure–activity relationship for small molecule inhibitors of nicotinamide Nmethyltransferase. J. Med. Chem. 60, 5015, 2017.
Neelakantan H, Vance V, Wetzel M, Wang HY, McHardy SF, Finnerty C, Hommel JD,
Watowich SJ. Selective and membrane permeable small molecule inhibitor of nicotinamide Nmethyltransferase reverses diet-induced obesity in mice. Biochemical Pharmacology 147, 141,
2018.
Books or other non-periodical, one-time publications
Nothing to Report.
Other publications, conference papers, and presentations
Nothing to Report.
Website(s) or other Internet site(s)
Nothing to Report.
Technologies or techniques
We have developed the first assay to utilize fluorescence spectroscopy to directly monitor
NNMT product formation and activity in real-time. This assay provides accurate kinetic data that
can be used to understand the molecular mechanistic details of the NNMT reaction. Our novel
assay offers a robust detection technology for use in SAM substrate competition assays for the
discovery and development of inhibitors of the large class of medically relevant SAM-dependent
methyltransferases. As such, this research is of interest to pharmaceutical and academic
researchers involved in drug discovery and enzyme structure-function studies. Additionally, we
identified small molecule NNMT inhibitors that promote weight loss in diet-induced obese
animals without concomitant changes in food intake. As such, this research is of interest to
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pharmaceutical companies developing therapeutics to treat obesity and obes0ty-related
comorbidities.
Inventions, patent applications, and/or licenses
An international patent protection was filed under Patent Cooperation Treaty (PCT)
covering “composition of matter” and “use” with no freedom to operate barriers. This patent
describes novel small molecule chemical entities that are to be used to inhibit the enzymatic
activity of human nicotinamide N-methyltransferase (NNMT; CAS registry # 9029-74-7; EC
2.1.1.1). NNMT has been implicated in a number of diseases, including osteoarthritis, metabolic
disorders (including, but not limited to, abnormal BMI, obesity, type 2 diabetes), cardiovascular
disease, cancer (including, but not limited to, colorectal, breast, kidney, digestive tract, prostrate,
esophageal, pancreatic, endometrial, thyroid, gallbladder), metastatic progression, Parkinson's
disease, kidney disease, and other neurovascular-related (e.g., migraine) and neurological
dysfunctions (e.g., epilepsy). The described small molecule chemical entities could be used to
treat and/or prevent some or all NNMT-associated diseases and/or their progression. These
entities would be administered to people who are at risk for developing or are afflicted with
NNMT-associated diseases.
Other Products
Nothing to Report.

Page 17

7. Participants & Other Collaborating Organizations
What individuals have worked on the project?
Name:
Stanley Watowich
Project Role:
PI
Researcher Identifier ORCID ID: 0000-0002-1660-1818
(e.g. ORCID ID):
Nearest person
3
month worked:
Contribution to
Project coordination and director; data analysis; computational SAR;
Project:
assay design and development; inhibitor design
Funding Support:
DoD and UTMB
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Name:
Project Role:
Researcher Identifier
(e.g. ORCID ID):
Nearest person
month worked:
Contribution to
Project:
Funding Support:

Stanton McHardy
PI of subcontract to University of Texas San Antonio

Name:
Project Role:
Researcher Identifier
(e.g. ORCID ID):
Nearest person
month worked:
Contribution to
Project:
Funding Support:

Harshini Neelakantan
Research scientist

Name:
Project Role:
Researcher Identifier
(e.g. ORCID ID):
Nearest person
month worked:
Contribution to
Project:
Funding Support:

Hua-Yu Wang
Research scientist

Name:

Virginia Vance

1
Supervises all aspects of chemical synthesis related to this project
UTSA

12
Designs, develops, optimizes, and performs biochemical and cell-based
assays, and animal studies

3
Performs chemical synthesis of novel inhibitors; quality control and
validation of commercial reagents
UTSA

Project Role:
Research technician
Researcher Identifier
(e.g. ORCID ID):
Nearest person
12
month worked:
Contribution to
Optimizes and performs biochemical and cell-based assays
Project:
Funding Support:
Has there been a change in the active other support of the PD/PI(s) or senior/key personnel
since the last reporting period?
Nothing to Report.
What other organizations were involved as partners?
Nothing to Report.
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8. Special Reporting Requirements
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9. Appendices
Published manuscripts attached.
Appendix 1: Neelakantan H, Vance V, Wang HY, McHardy SF, Watowich SJ. Non-coupled
fluorescent assay for direct real-time monitoring of nicotinamide N-methyltransferase activity.
Biochem. 56, 824, 2017.
Appendix 2: Neelakantan H, Wang HY, Vance V, Hommel JD, McHardy SF, Watowich SJ.
Structure–activity relationship for small molecule inhibitors of nicotinamide Nmethyltransferase. J. Med. Chem. 60, 5015, 2017.
Appendix 3: Neelakantan H, Vance V, Wetzel M, Wang HY, McHardy SF, Finnerty C, Hommel
JD, Watowich SJ. Selective and membrane permeable small molecule inhibitor of nicotinamide
N-methyltransferase reverses diet-induced obesity in mice. Biochemical Pharmacology 147, 141,
2018.
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Appendix 1: Neelakantan H, Vance V, Wang HY, McHardy SF, Watowich SJ. Non-coupled
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ABSTRACT: Nicotinamide N-methyltransferase (NNMT) is an important biotransforming
enzyme that catalyzes the transfer of a labile methyl group from the ubiquitous cofactor S-5′adenosyl-L-methionine (SAM) to endogenous and exogenous small molecules to form
methylated end products. NNMT has been implicated in a number of chronic disease
conditions, including metabolic disorders, cardiovascular disease, cancer, osteoarthritis, kidney
disease, and Parkinson’s disease. We have developed a novel noncoupled ﬂuorescence-based
methyltransferase assay that allows direct ultrasensitive real-time detection of the NNMT
reaction product 1-methylquinolinium. This is the ﬁrst assay reported to date to utilize
ﬂuorescence spectroscopy to directly monitor NNMT product formation and activity in real time. This assay provided accurate
kinetic data that allowed detailed comparative analysis of the NNMT reaction mechanism and kinetic parameters. A reaction
model based on a random bireactant mechanism produced global curve ﬁts that were most consistent with steady-state initial
velocity data collected across an array of substrate concentrations. On the basis of the reaction mechanism, each substrate could
independently bind to the NNMT apoenzyme; however, both substrates bound to the complementary binary complexes with an
aﬃnity ∼20-fold stronger compared to their binding to the apoenzyme. This reaction mechanism implies either substrateinduced conformational changes or bireactant intermolecular interactions may stabilize the binding of the substrate to the binary
complex and formation of the ternary complex. Importantly, this assay could rapidly generate concentration response curves for
known NNMT inhibitors, suggesting its applicability for high-throughput screening of chemical libraries to identify novel NNMT
inhibitors. Furthermore, our novel assay potentially oﬀers a robust detection technology for use in SAM substrate competition
assays for the discovery and development of SAM-dependent methyltransferase inhibitors.

M

disease conditions, making it an interesting and viable
therapeutic target for drug development.10,15−24 However,
rapid discovery of NNMT-targeted small molecule inhibitors
has been hampered by a lack of suitable real-time quantitative
assays that can aid in the biochemical and kinetic characterization of both enzyme activity and the inhibitor’s mechanism
of action.
Existing NNMT assays monitor enzyme activity by direct or
indirect detection of reaction products and the byproduct SAH.
For example, radiometric assays utilize 3H- and 13C-radiolabeled
SAM to capture and directly quantify the transfer of the
radiolabeled methyl group to the substrates,9,12 and ﬂuorometric assays indirectly measure ﬂuorescent signals generated
from coupled chemical reactions.9,25 As reported in more
recent studies, NNMT activity is monitored via measurement
of absorbance of HPLC-separated reaction species,26 independently or coupled to mass spectrometry.27 Similar direct
product detection methods (radiometric, radioisotope ﬁlter
binding, scintillation proximity assay, antimethylation antibody
binding ﬂuoroimmuno assays, and aptamer/riboswitch) and

ethyltransferases (MTs) make up a broad family of
enzymes that catalyze the methylation of various
substrates, including proteins, nucleic acids (e.g., DNA and
RNA), and endogenous small molecules (e.g., intracellular
metabolites), using the cofactor S-5′-adenosyl-L-methionine
(SAM) as a universal methyl donor.1−7 Nicotinamide Nmethyltransferase (NNMT) is an intracellular cytosolic small
molecule methyltransferase enzyme that catalyzes the transfer
of a labile methyl group from SAM to nicotinamide (NA),
pyridine, and structurally analogous compounds, converting
these substrates to S-5′-adenosyl-homocysteine (SAH), 1methylnicotinamide (1-MNA), and other methylated end
products, respectively.8,9 Thus, NNMT directly regulates the
detoxiﬁcation of endogenous metabolites and exogenous
xenobiotic products. In addition, intracellular levels of SAM
and NA are regulated by NNMT, contributing to the balance of
metabolite turnover in the methionine−homocysteine cycle
and the nicotinamide adenine dinucleotide (NAD+) synthesis
pathways critical to cellular energy expenditure.10 Expression
levels of NNMT are predominant and most well characterized
in the liver.11−13 However, NNMT is also present in the
adipose tissue, kidney, brain, lung, heart, and muscle.8,14 There
is a growing body of literature that corroborates an enhancement of NNMT expression and activity in a number of chronic
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series of enzyme-coupled SAH detection colorimetric assays are
used to probe the activity of many disease-linked MTs where
the catalytic product readouts are single-point, indirect, slow
with multiple steps, labor intensive, insensitive, and/or
incorporate radioactive materials.28−37 These assays can be
challenging and expensive to adapt for high-throughput
screening of large chemical libraries to identify MT inhibitors.33
To date, there appears to be only one assay (for catechol Omethyltransferase) described to directly detect methyltransferase product ﬂuorescence,38,39 and no current detection method
provides direct, continuous, real-time, and sensitive monitoring
of NNMT product formation. Herein, we describe a sensitive
noncoupled ﬂuorescence-based assay that monitors NNMT
kinetic activity. Importantly, our ﬂuorescent assay provides
direct, continuous, and quantitative readout of the NNMT
reaction, thus allowing detailed characterization of the NNMT
reaction, inhibition constants, and the inhibitor’s mechanism of
action. To the best of our knowledge, this is the ﬁrst assay that
allows direct real-time spectroscopic monitoring of NNMT
product formation. This assay relies upon the NNMT selective
substrate quinoline12 that is methylated by SAM to form the
product 1-methylquinolinium (1-MQ) with characteristic
ﬂuorescent properties. Direct real-time ﬂuorescent readout of
1-MQ was used to deﬁne the NNMT reaction kinetic
parameters (e.g., Kd,SAM, Kd,substrate, and kcat) and mechanism
(e.g., product inhibition, sequential bimolecular binding, or
random-order substrate binding) in contrast to most MT
activity assays noted earlier for which complete kinetic
characterization has been rather challenging.30

lysis buﬀer [20 mM Tris (pH 7.9), 0.5 M NaCl, 5 mM
imidazole, 10% glycerol, 1 mM DTT (dithiothreitol), and 1
mM PMSF (phenylmethanesulfonyl ﬂuoride)], and the lysis
mixture was sonicated on ice. Cell lysates were centrifuged at 4
°C and 15000 rpm for 30 min. The soluble fraction was loaded
onto a nickel aﬃnity column formed from nickel sepharose
beads (GE Biosciences) pre-equilibrated with lysis buﬀer. The
column was washed with lysis buﬀer (5 mM imidazole in lysis
buﬀer) and increasing concentrations of NaCl (from 0.5 to 1
M) followed by increasing concentrations of imidazole (from 5
to 20 mM, in lysis buﬀer) to remove contaminating proteins.
Bound human NNMT was eluted from the column with lysis
buﬀer and 150 mM imidazole, 200 mM salt, and 5% glycerol in
1 mL aliquots. Collected fractions were run on sodium dodecyl
sulfate−polyacrylamide gel electrophoresis (SDS−PAGE) and
Coomassie stained to verify purity and dialyzed into storage
buﬀer [25 mM Tris (pH 8.6), 20% glycerol, 100 mM NaCl, and
1 mM DTT]. The pooled protein dialysate concentration was
determined by UV spectroscopy, and the pooled protein
dialysate was portioned into 100 μL aliquots (ﬁnal stock
concentration of 25 μM), ﬂash-frozen in liquid nitrogen, and
stored at −80 °C for future use. Approximately 5 mg of puriﬁed
NNMT was generated per liter of bacterial culture, and the
identity of the protein was conﬁrmed by separation via SDS−
PAGE followed by Western blotting using an anti-NNMT
primary antibody (ab119758, Abcam; 1:2000 dilution).
Steady-State Kinetic Assays for NNMT Activity.
Reactions were performed at room temperature (25 °C) in
buﬀer consisting of 5 mM Tris (pH 8.6) and 1 mM DTT.
Immediately prior to the initiation of each set of reactions,
freshly thawed NNMT was added to reaction buﬀers at a ﬁnal
concentration of 100 nM. Initial velocities were measured for
independent reactions using varying quinoline concentrations
(25, 100, 200, 400, 600, and 800 μM) at diﬀerent ﬁxed
concentrations of SAM (4, 8, 12, 20, 80, and 120 μM). Separate
reactions were performed in individual wells of a 96-well plate,
and all reactions were initiated by addition of SAM substrate.
Because global ﬁts of enzyme kinetic data can be sensitive to
small diﬀerences in reaction concentrations, master stocks were
used to minimize the number of titration steps required to
prepare each individual reaction, thereby reducing potential
diﬀerences in initial reaction concentrations due to pipetting
errors. Following addition of NNMT and substrates, reaction
progress was immediately monitored using a Micromax 96-well
plate reader integrated into a double-monochromator Fluorolog-3 spectroﬂuorometer (Horiba Jobin Yvon, Edison, NJ),
and reaction data were collected approximately every minute
for 10 min. The production of 1-MQ reaction product in each
well was monitored by recording ﬂuorescence emission
intensities at 405 nm [excitation wavelength (λex) of 330 nm]
with detector excitation and emission slit widths positioned at 4
nm. To compensate for potential ﬂuctuations in instrument
sensitivity between diﬀerent experiments and across days,
calibration curve data ([1-MQ] vs ﬂuorescence intensity) were
collected in parallel for each experiment and used to construct
progress curves speciﬁc to each experiment.
NNMT Inhibition Assays. NNMT reactions were
performed at room temperature in 96-well plates as described
above, using reaction buﬀer containing 5 mM Tris (pH 8.6), 1
mM DTT, and 10 μM SAM. Immediately prior to the initiation
of the reactions, 100 nM freshly thawed NNMT was added and
the reactions were initiated by adding 100 μM quinoline
substrate. Substrate concentrations were chosen such that they

■

EXPERIMENTAL PROCEDURES
Chemicals and Reagents. Chemicals for the enzyme
activity assays, including the cosubstrates quinoline and SAM,
the NNMT inhibitors 1-MNA and SAH, and 1-MQ for
calibration curves, were obtained from established commercial
vendors. SAM, SAH, quinoline, and 1-MQ were obtained from
Sigma-Aldrich (St. Louis, MO), and 1-MNA chloride was
obtained from the Cayman Chemical Co. (Ann Arbor, MI). All
compounds were reconstituted in doubly distilled water at the
required concentrations. The identities of quinoline, 1-MQ, and
1-MNA were validated in house using nuclear magnetic
resonance and mass spectroscopy, and purities of the
compounds were conﬁrmed to be >95% (conducted in the
Center for Innovative Drug Discoveries at the University of
Texas at San Antonio).
Expression and Puriﬁcation of Recombinant Human
NNMT. A codon-optimized plasmid [isopropyl β-D-1-thiogalactopyranoside (IPTG)-inducible plasmid pJ401] corresponding to His-tagged human NNMT40 was produced by DNA 2.0
(Menlo Park, CA). The recombinant human NNMT protein
was expressed and puriﬁed to homogeneity by using protocols
adapted and modiﬁed from ref 40. Brieﬂy, the expression vector
was used to transform chemically competent Escherichia coli
BL21 (DE3) cells. The BL21 transformants were plated on an
LB agar plate with kanamycin (KAN) (30 μg/mL) and
incubated overnight at 37 °C, which was used to inoculate 1 L
of medium along with magnesium and calcium chloride (0.5
mM each) for protein overexpression. The culture was placed
in a shaker at 37 °C until the OD600 reached 0.7−0.8 (∼2−3 h)
before induction with 0.5 mM IPTG and incubated for an
additional 3 h. Cells were harvested by centrifugation at 10 °C
and 4000 rpm for 20 min and removal of the supernatant. For
puriﬁcation, harvested cells were ﬁrst resuspended in chilled
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Fluorescent Assay Development. NNMT was observed
to methylate several substrates analogous to pyridines,
including quinoline, similar to earlier reports.9,27 1-MQ was
strongly ﬂuorescent with an emission maximum of 405 nm.
The ﬂuorescence excitation spectra (λem = 405 nm) of
quinoline (Q) and 1-MQ were appreciably diﬀerent; 1-MQ
showed a large excitation peak between 280 and 350 nm,
whereas quinoline showed little appreciable excitation at
wavelengths longer than 320 nm (Figure 1). The diﬀerential

were substantially below the saturating concentrations that
produced the maximal initial reaction velocity yet were high
enough to permit the noninhibited (control) reaction to
produce 1-MQ signiﬁcantly above background detection limits
during the ﬁrst 5 min of the reaction. Well-studied MT/NNMT
inhibitors SAM41 and 1-MNA8 were added as inhibitors to each
reaction mixture at half-log dilutions to generate concentration−response data that uniformly spanned a logarithmic
scale. Fluorescence intensities were recorded, and data from the
ﬁrst 3 min (linear range of progress curves) of all reactions were
used to calculate initial velocities at each inhibitor concentration.
Data Analysis. Fluorescence data obtained were transferred
to GraphPad Prism (version 7.0b; GraphPad Software, La Jolla,
CA), which was used to perform linear regression analysis of
replicate data to generate calibration curves and initial velocity
measurements for all reactions. Initial velocities were measured
for the linear portion of each reaction progress curve (initial 3−
5 min) and under conditions where the total amount of
product formed was less than <10% of the limiting substrate.
The calculated steady-state initial velocity measurements and
associated error estimates were used in Prism to generate
individual Michaelis−Menten curves and kinetic parameters
(i.e., Km,substrate and Vmax) for reaction data sets where one
substrate concentration was ﬁxed and the second substrate was
varied as described above. The analysis of competing reaction
models was performed using the DynaFit software package
(BioKin, Watertown, MA). Each reaction model was automatically converted to a series of coupled ordinary diﬀerential
equations (ODEs) under the assumption of rapid equilibrium,
and nonlinear regression methods were used to calculate ODE
parameters (corresponding to steady-state kinetic variables)
that produced the best global ﬁt of all kinetic data. Goodnessof-ﬁt R2 statistics provided a measure of the curve ﬁt quality,
and the computed Akaike Information Criterion was used as
the statistical measure to discriminate between competing
models of the NNMT reaction mechanism.
Progress curve data (1-MQ ﬂuorescence intensity vs time)
for replicate dose−response experiments (ﬁxed substrate and
enzyme concentrations, half-log dilutions of inhibitor concentration) for each inhibitor were transferred to Prism and
analyzed using the least-squares linear regression that was used
to convert replicate kinetic data from the ﬁrst 3 min of the
reaction to initial velocity measurements. Initial velocities were
then normalized (0−100%), and a single-parameter (Hill slope
of −1) dose−response model [normalized velocity = 100/(1 +
[inhibitor]/IC50)] was ﬁt to the data using least-squares
nonlinear regression to calculate IC50 values and associated
error estimates and to generate dose−response curves.

Figure 1. Comparative ﬂuorescence excitation spectra for 10 μM
solutions of 1-methylquinolinium (1-MQ, top curve) and quinoline
(Q, bottom curve). Fluorescence emission intensities (counts per
seconds) were recorded at a λem of 405 nm.

excitation proﬁle between 1-MQ and quinoline in reaction
buﬀer (Table 1) suggested that a spectroﬂuoroscopic approach
Table 1. Relative Fluorescence of 1-Methylquinolinium (1MQ) and Quinoline (Q)a
λem (nm)

Fl1‑MQ/FlQ

310
320
330
340

405
405
405
405

15
20
25
25

a

Fluorescence intensity measurements were performed in 96-well
plates using 10 μM solutions of compound and a buﬀer of 5 mM Tris
(pH 8.6) and 1 mM DTT. The excitation and emission wavelengths at
which a maximal diﬀerence in signal was observed (i.e., λex = 330 nm;
λex = 405 nm) in the instrument conﬁguration were chosen for the
ﬂorescence assay.

might be used to directly observe NNMT reaction progress.
The ﬂuorescence intensity for 1-MQ at 405 nm was
signiﬁcantly greater than that of either quinoline in reaction
buﬀer or reaction buﬀer alone, indicating ﬂuorescence detection
of the 1-MQ reaction product could be used to directly monitor
NNMT activity. Importantly, in 96-well plates, the ﬂuorescence
signal (λex = 330 nm; λem = 405 nm) of 1-MQ in NNMT
reaction buﬀer was linearly correlated (R2 = 1) with 1-MQ
concentration over several orders of magnitude with a detection
limit of 100 nM in 5 mM Tris (pH 8.6) reaction buﬀer (Figure
2A). The ﬂuorescent signal was invariant with quinoline
concentration (Figure 2B); the ﬂuorescent signals from
quinoline in reaction buﬀer and reaction buﬀer alone were
similar (data not shown). Figure 2A (inset) highlights the linear
correlation between the ﬂuorescence signal and 1-MQ
concentration over the concentration range most relevant to
the measurement of initial product formation velocities for
NNMT reactions. The 1-MQ detection limit could be lowered
to ∼40 nM when the reaction buﬀer contained 1 mM Tris
(data not shown). Moreover, the slope of the 1-MQ calibration

■

RESULTS AND DISCUSSION
Protein Activity. Approximately 5 mg of puriﬁed NNMT
was generated per liter of bacterial culture. The activity of
newly puriﬁed protein was conﬁrmed using well-established and
endogenous cosubstrates, nicotinamide (NA; ﬁnal concentration of 100 μM) and S-adenosylmethione (SAM; ﬁnal
concentration of 10 μM), and monitoring 1-methylnicotinamide (1-MNA) and S-adenosylhomocysteine (SAH) product
formation in an HPLC-based absorbance assay as described
previously.40 Aliquots of NNMT stored at −80 °C for at least 6
months did not show an appreciable change in enzymatic
activity relative to that of freshly puriﬁed protein (data not
shown).
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Figure 2. Fluorescent signals for 1-MQ and quinoline (λex = 330 nm; λem = 405 nm). (A) Representative calibration curve showing the linear
response (R2 = 1) between 1-MQ concentrations and the ﬂuorescent signal. The inset shows data points for the lower 1-MQ concentrations. The
slope and y-intercept values (±the standard error) of the linear regression curve were 3642 ± 4.9 and 576 ± 46.7, respectively. (B) Representative
curve showing the ﬂuorescent signal over the range of quinoline concentrations typically used in NNMT assays. The slope of the linear regression
curve was not signiﬁcantly diﬀerent from zero. The buﬀer included 5 mM Tris (pH 8.6) and 1 mM DTT. Data points and errors bars (which in all
cases are similar in size to the data point symbol) represent averages and standard deviations from nine replicate experiments. Figures and linear
regression generated with GraphPad Prism.

curve was essentially unchanged when 800 μM quinoline and/
or 120 μM SAM was included in the reaction buﬀer (data not
shown), suggesting that the substrates in a reaction mixture do
not interfere with the signal generated from the NNMT
reaction.
The molecular mechanism and the values of the kinetic
parameters associated with the NNMT reaction can be
determined from accurate initial rate enzyme kinetics measured
at varied SAM and quinoline substrate concentrations, with the
assumption that the reaction achieves a rapid substrate binding
equilibrium. Progress curves of 1-MQ product formation as a
function of time could be reproducibly measured from NNMT
reactions performed in 96-well plates. As expected for enzyme
kinetic studies, the collected progress curves were hyperbolic,
with an initial rapid linear reaction rate ([1-MQ] s−1) followed
by progressively slower reaction rates until the 1-MQ
concentration plateaued. The enzyme concentration in the
NNMT reaction was adjusted to allow multiple ﬂuorescent
measurements to be simultaneously recorded from several
dozen reaction wells during the initial linear velocity phase of
the reaction. Using a NNMT concentration of 100 nM for the
kinetic reactions, the velocities of product formation were
highly linear during the ﬁrst 3−5 min of the reaction for all
tested SAM substrate concentrations (Figure 3). Moreover,
most reactions converted <1% of the limiting substrate to
product during the initial linear velocity phase, and even
reactions using the lowest tested initial SAM concentrations
converted <8% of the starting substrate to product during the
initial linear velocity phase. Linear regression analysis of the
time-dependent kinetic data was used to calculate initial
reaction velocities for SAM substrate concentrations ranging
from 4 to 120 μM and quinoline substrate concentrations
ranging from 25 to 800 μM; goodness-of-ﬁt R2 values for the
linear regression analysis ranged from 0.93 for the lowest tested
substrate concentrations (4 μM SAM and 25 μM quinoline) to
>0.99 for the majority of tested substrate concentrations. Over
the tested concentration ranges, initial velocity measurements
had error estimates of ∼10−5 μM s−1. The relative error in the
initial velocity measurements ranged from 0.3 to 19%, with
lower relative errors associated with the higher initial velocities
that occurred at high substrate concentrations. The average and
median relative errors observed with several dozen velocity
measurements were 4.8 and 4.0%, respectively. Taken together,
this noncoupled ﬂuorescent assay provides a direct, continuous,
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Figure 3. Real-time progress curves for representative NNMT
reactions showing linear response data used to calculate initial reaction
velocities (vo). Fluorescence intensities (λex = 330 nm; λem = 405 nm)
from 1-MQ product generation were continuously recorded and
converted to molar concentrations using simultaneously measured
calibration curve data. For these representative reactions, assay
conditions included 5 mM Tris (pH 8.6), 1 mM DTT, 80 μM
SAM, and 100 nM NNMT, with quinoline concentrations ranging
from 25 to 800 μM. Error bars represent standard deviations from
three experiments. Linear regression analysis for the representative
curves had a goodness-of-ﬁt R2 of >0.9988.

sensitive, and quantitative readout of the NNMT reaction
allowing kinetic characterization of the NNMT reaction
mechanism (discussed in the section below). Progress curves
for 1-MQ product formation are rapidly obtained (<10 min) at
ambient temperature, allowing for immediate generation of
IC50 curves for NNMT inhibitors (see the section below) and
the determination of inhibitor kinetic parameters and the
mechanism of action. These features make our assay a valuable
alternative to the previously published NNMT-coupled
chemical assay that, although sensitive, required long chemical
reaction times and extreme reaction conditions, making it
unsuitable for real-time detection and HTS.25
NNMT Kinetic Assay and Reaction Mechanism. Initial
velocities were measured for reaction conditions with a ﬁxed
NNMT concentration and a comprehensive matrix of substrate
concentrations (SAM concentrations of 4, 8, 12, 20, 80, and
120 μM; quinoline concentrations of 25, 100, 200, 400, 600,
and 800 μM). Initial velocity data sets consisting of a single
SAM concentration and a range of quinoline concentrations
were plotted in conventional Michaelis−Menten format (initial
velocity of 1-MQ product formation vs [Q]), and independent
two-parameter steady-state Michaelis−Menten curves [vo =
D
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Figure 4. Michaelis−Menten plots for NNMT kinetic data. Data sets represent initial velocities (average value; n = 3) measured over a range of
quinoline concentrations and at ﬁxed SAM concentrations. (A) Data sets for reactions performed at several SAM concentrations were independently
ﬁt to single-substrate Michaelis−Menten curves [vo = vmax,app[Q]/(Km,app + [Q])]. Goodness-of-ﬁt R2 values were 0.996, 0.991, 0.997, 0.983, 0.997,
and 0.994 for curves corresponding to 120, 80, 20, 12, 8, and 4 μM SAM, respectively. (B) Double-reciprocal plot for kinetic reactions performed
over a range of quinoline concentrations, where each line corresponds to a ﬁxed SAM reaction concentration. Linear regression R2 values were >0.99
for all ﬁtted lines. (C) Global ﬁt (nonlinear regression analysis sum of squares = 1.3 × 10−7) of all kinetic data measurements using a random
bireactant reaction mechanism. (D) Schematic of the random bireactant reaction mechanism that produces the global curve ﬁts shown in panel C.
(E) Optimal global ﬁt (nonlinear regression analysis sum of squares = 3.2 × 10−7) of all kinetic data using an ordered (SAM ﬁrst) bireactant reaction
mechanism. (F) Schematic of the ordered (SAM ﬁrst) bireactant reaction mechanism that produces the global curve ﬁts shown in panel E. (G)
Schematic of a random bireactant reaction mechanism with a kinetically blocked binding step that would similarly produce the global curve ﬁts
shown in panel C. Curves in panels A−C and E correspond to reactions with 120 μM (red curve), 80 μM (blue curve), 20 μM (green curve), 12 μM
(orange curve), 8 μM (magenta curve), and 4 μM SAM (cyan curve). Error bars represent standard deviations (n = 3). Chemical reaction schematics
prepared with ChemDraw (version 13.0).

vmax,app[Q]/(Km,app + [Q])] were ﬁt to each data set with a
goodness-of-ﬁt R2 of >0.98 (Figure 4A). Similarly, the collected
data could be transposed, and individual steady-state
Michaelis−Menten curves could be accurately ﬁt to data sets
consisting of a ﬁxed quinoline concentration and a range of
SAM concentrations. All curves asymptotically approached a
maximal initial velocity at high substrate concentration, with no
apparent substrate inhibition42 observed over the tested
reaction conditions. The lack of observed substrate inhibition
is in contrast to results reported using HPLC and mass
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spectrometry to separate and characterize the NNMT reaction
products.27
Historically, steady-state kinetic studies of two substrate (or
bireactant) enzymes have been analyzed using reciprocal plots
(e.g., Lineweaver−Burk43) that linearized the Michaelis−
Menten equation (see ref 44 and references therein). This
approach was popularized by Cleland45,46 as providing a
graphical diagnostic to discriminate between conventional
“ping-pong” and “sequential” reaction mechanisms that could
be reduced to a closed-form analytical solution. Following this
E
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Table 2. Kinetic Parameters Derived for Competing NNMT Reaction Mechanisms
mechanism
random
random
random
ordered
ordered

bireactant
bireactant (ﬁxed [NNMT])
bireactant with a constant Kd,substrate
(SAM ﬁrst) bireactant
(Q ﬁrst) bireactant

AICa
0.997
0.003
0.0
0.0
0.0

Kd,SAM (μM)b

Kd,Q (μM)b

Kd2,SAM (μM)b

Kd2,Q (μM)b

±
±
±
±

842.0 ± 233.7
848.9 ± 299.0
92.2 ± 11.0
−

2.1 ± 0.4
2.0 ± 0.5
5.7 ± 0.6
−
no convergence

39.2
41.5
92.2
27.3

45.1
39.9
5.7
82.9

8.8
9.3
0.6
18.8

±
±
±
±

5.4
6.7
11.0
5.8

kcat (s−1)b
0.024
0.023
0.026
0.022

±
±
±
±

0.0005
0.0005
0.001
0.0005

a
Akaike Information Criterion. bReaction parameters ± the standard error estimates were calculated within the Dynaﬁt program using nonlinear
regression to provide the best ﬁt to the experimental data.

our extensive set of initial velocity data, and thus, its associated
kinetic parameters likely do not accurately reﬂect details of the
NNMT molecular mechanism. Instead, the NNMT mechanism
was best described as a random bireactant reaction model with
nonequivalent binding constants (Table 2 and Figure 4C,D).
This model, which is likely generally applicable for all NNMT
xenobiotic reactants, implies that SAM or quinoline can initially
bind to the NNMT apoenzyme, although the quinoline binding
constant is ∼20-fold higher than the SAM binding constant.
Both SAM and quinoline have an ∼20-fold improved binding
aﬃnity for the binary complex compared to their binding
aﬃnities for the apoenzyme, suggesting that either (1) the
binding of the ﬁrst substrate perturbs the adjacent second
substrate binding site to make it more favorable for coreactant
binding or (2) the ﬁrst bound substrate provides favorable
intermolecular interactions of 7.4 kJ mol−1 (1.77 kcal mol−1)
that stabilize the binding of the second substrate.
The kinetic parameters for the random bireactant reaction
model with nonequivalent binding constants (reaction scheme
in Figure 4D) could be reﬁned to produce a slightly improved
ﬁt to the kinetic data by accounting for potential diﬀerences in
NNMT concentrations in the diﬀerent reaction data sets that
might arise from small titration errors. Treating the NNMT
concentration as a potentially adjustable parameter between
independent reactions did not change the reaction model that
was selected as producing the best ﬁt of the kinetic data;
however, adjusting by ∼5% the enzyme concentration
associated with two SAM data sets (80 and 20 μM SAM)
produced optimal global curve ﬁts of the kinetic data as judged
by Akaike weights and sum-of-squares statistics (Table 2 and
Figure 4C). The accuracy of the optimal global curve ﬁts was
essentially identical to that of the curve ﬁts generated when
Michaelis−Menten equations were independently ﬁt to each
separate data set (compare panels A and C of Figure 4);
however, the global ﬁts required fewer parameters and resulted
in single values for all kinetic parameters. Moreover, the kinetic
parameters calculated for these optimal global curve ﬁts and the
global ﬁts calculated when the NNMT concentration was not
treated as an adjustable parameter (compare “random
bireactant” and “random bireactant ﬁxed [NNMT]” models
in Table 2) were within the calculated error of each other.
Upon evaluation of enzyme catalytic mechanisms, it is
important to remember that a detailed analysis of kinetic data
can identify models that are consistent with, or at odds with,
experimental data. Such analysis can eliminate a proposed
reaction model from consideration as being responsible for an
enzyme’s mechanism of action, but as noted in studies dating
back to that of Lineweaver and Burk,43 this analysis cannot
prove that a particular model correctly describes the enzyme’s
reaction mechanism. The random bireactant reaction model
with nonequivalent binding constants is most consistent with
all currently available initial velocity data, although this model

historical convention, initial velocity data sets consisting of a
single SAM concentration and a range of quinoline
concentrations were converted to double-reciprocal plots
(Figure 4B), where each data set ﬁt to a linear equation with
high accuracy (linear regression R2 > 0.99). The lines
corresponding to constant SAM concentrations in the
double-reciprocal plot intersect at a single point, indicating a
bireactant (also termed sequential) reaction mechanism in
which NNMT forms a ternary complex with SAM and
quinoline substrates, followed by the methyl transfer reaction
that forms a transient complex of NNMT and the SAH and 1MQ products. Because the constant SAM data sets did not
form a series of parallel lines in the double-reciprocal plot, it is
unlikely that NNMT operates via a “ping-pong” reaction
mechanism.
The use of reciprocal plots to analyze bireactant kinetic data
has largely been superseded by more accurate and robust
nonlinear regression methods that calculate kinetic parameters
by ﬁtting ordinary diﬀerential equations corresponding to
potential reaction mechanisms to all available initial velocity
data.47−49 Moreover, modern global ﬁtting methods can
provide a rigorous statistical basis for discriminating between
alternative reaction mechanisms (e.g., random bireactant and
ordered bireactant).50,51 A number of NNMT bireactant
molecular models were constructed and simultaneously ﬁt to
all kinetic data using nonlinear regression analysis with a rapid
equilibrium approximation (Table 2). Akaike model discrimination, performed within the Dynaﬁt suite, consistently
selected a random bireactant reaction model with nonequivalent binding constants (Figure 4C,D) as the model that
provided the best ﬁt of the initial velocity data. In this
comparative analysis, competing models (listed in Table 2) that
did not provide good global ﬁts of the initial velocity data
included ordered bireactant models (also termed ordered
sequential models) in which either SAM (Figure 4E,F) or
quinoline was required to ﬁrst bind NNMT and random
bireactant models with constant substrate binding constants
(e.g., Kd,Q = Kd2,Q, and Kd,SAM = Kd2,SAM).
It is interesting to note that the nonoptimal model termed
“random bi-reactant with constant Kd,substrate” produced binding
constants [Kd,Q = Kd2,Q = 92.2 μM, and Kd,SAM = Kd2,SAM = 5.7
μM (Table 2)] that were largely equivalent to the Km
parameters (Km,NA = 105 μM, and Km,SAM = 5 μM) determined
in earlier enzyme kinetic studies40 with an equivalent NNMT
construct (triple-mutant hNNMT) and NA and SAM
substrates. Furthermore, the binding constants generated by
the nonoptimal model were diﬀerent from Km parameters
(Km,Q = 609 μM, and Km,SAM = 8.5 μM) determined in a recent
enzyme kinetic study27 with a human wild-type NNMT
construct. However, the rigorous kinetic analysis performed
in our current study suggested that the “random bireactant with
constant Kd,substrate” model did not provide the best global ﬁt of
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Figure 5. Model structure of the quinoline substrate bound to the NNMT nicotinamide (NA) substrate binding site. (A) Ribbon representation of
NNMT with NA (green molecule) and SAH (teal molecule) as bound in the X-ray cocrystal structure (PDB entry 3ROD40). The bound
conformation of quinoline (orange molecule) is predicted to overlap with the NA substrate, with the methyl-accepting nitrogen atoms positioned in
essentially equivalent positions. (B) Surface representation for NNMT highlighting the deep internal cavity that encloses the NA, quinoline, and
SAM binding sites. The arrow indicates where the internal cavity opens to the bulk solvent surrounding NNMT. Figures produced with AutoDock
Tools.53

IC50 studies to determine if NNMT reaction products could
function as inhibitors (Figure 6). These studies serve as a

may require modiﬁcation as additional experimental data are
collected. For example, the random bireactant reaction model
assumes NNMT, substrate−NNMT binary species, and the
ternary complex satisfy a closed thermodynamic cycle with
equilibrium binding constants linked as Kd,QKd2,SAM =
Kd,SAMKd2,Q (reaction scheme in Figure 4D). However,
nonlinear regression analysis of initial velocity kinetic data
with a steady-state approximation cannot discriminate between
models in which a slow rate constant for the binding step
essentially prevents the formation of one of the steady-state
species. For example, a random bireactant reaction model that
proposes binding of quinoline to the NNMT·SAM binary
complex is a kinetically disallowed event (reaction scheme in
Figure 4G) that would ﬁt the initial velocity data in the exact
same manner as the random bireactant reaction model shown
in Figure 4D. This is an intriguing model, because molecular
docking studies predict that quinoline (and all NNMT
xenobiotic substrates) would bind NNMT in an orientation
similar to that of nicotinamide (Figure 5A), with the N1 atom
of the methyl accepting the substrate directed toward the
reactive methyl moiety of SAM. In this orientation, quinoline is
positioned at the terminus of a narrow closed tunnel that holds
both SAM and the xenobiotic substrate (Figure 5B). Binding of
SAM to the NNMT apoenzyme could eﬀectively occlude this
tunnel and conceivably prevent (or dramatically slow)
quinoline from reaching its binding site. Subsequent studies
will further reﬁne the molecular binding events and rate
constants associated with the NNMT reaction mechanism.
Inhibition Studies. The described real-time direct NNMT
ﬂuorescent assay can be utilized for robust high-throughput
screening to identify small molecule inhibitors of NNMT and
any SAM-dependent methyltransferase. In addition, this assay
can facilitate detailed characterization of NNMT inhibitors,
either through rigorous kinetic inhibition studies to determine
an inhibitor’s mechanism of action and binding aﬃnity (Ki) or
via IC50 studies to rapidly establish a compound’s relative
inhibitory potential. These applications will be expanded upon
in future studies. However, as a proof of concept, we completed
Page 29

Figure 6. Normalized response curves (Hill slope of −1) for NNMT
inhibitors (SAH, solid red curve; 1-MNA, dashed blue curve). Data
points represent the average and standard deviation of normalized
initial reaction velocities measured from replicate (n = 3) experiments.
For both compounds, the goodness-of-ﬁt R2 between the ﬁtted curves
and data was 0.98.

foundation for developing small molecule NNMT inhibitors
and for investigating product inhibition as a component of the
NNMT reaction mechanism. Both SAH and 1-MNA (the
presumed major physiological NNMT reaction product)
strongly inhibited NNMT, with IC50 values of 5.5 ± 0.5 and
9.0 ± 0.6 μM, respectively, calculated from dose−response
curves. The IC50 (SAH) value determined in this assay was
comparable to the low micromolar value recently reported by
van Harren,27 although an IC50 value of 1-MNA was not
reported. Importantly, in our ﬂuorescent assay, the data of
measured NNMT initial velocity versus inhibitor concentration
could be accurately ﬁt (R2 = 0.98) by a standard dose−response
inhibition curve (Hill slope of −1) that displayed well-deﬁned
plateaus at both high and low inhibitor concentrations. These
ﬁts generated highly reproducible IC50 measurements with
errors of <10%. The low micromolar inhibitory activity
determined for SAH and 1-MNA suggests that physiological
G
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mide N-methyltransferase; PMSF, phenylmethanesulfonyl
ﬂuoride; Q, quinoline; SAH, S-5′-adenosylhomocysteine;
SAM, S-5′-adenosyl-L-methionine.

concentrations of NNMT reaction products may modulate in
vivo NNMT activity.

■

■

CONCLUSION
We describe a rapid, direct, ultrasensitive, convenient, costeﬀective, noncoupled, and real-time analytical assay for
monitoring NNMT activity based on the ﬂuorescence properties of a NNMT reaction product. This assay can generate
accurate steady-state and pre-steady-state kinetic data that help
delineate the detailed reaction mechanism and kinetic
parameters associated with NNMT-mediated catalysis. As
demonstrated in our current studies, NNMT appears to
operate through a random bireactant reaction mechanism,
where each substrate can independently bind the apoenzyme.
Signiﬁcantly, the kinetic data allow detailed analysis that further
showed both substrates bound their complementary binary
complexes with an aﬃnity ∼20-fold stronger compared to their
binding to the apoenzyme. Future broad-ranging kinetic studies
with this assay will greatly facilitate our mechanistic understanding of NNMT and related methyltransferases. Importantly, this assay can be directly used for the discovery,
development, and characterization of NNMT inhibitors with
the potential to fully understand the mechanism of action and
inhibition constants via detailed kinetic inhibition studies. In
addition, this NNMT ﬂuorescent assay could be adapted to
anchor a SAM substrate competition assay52 to permit the
identiﬁcation of inhibitors of other SAM-dependent methyltransferases. Given the expanding role of NNMT and other
methyltransferases as molecular targets for the development of
therapeutics to combat numerous diseases, our robust 96-well
plate format ﬂuorescence-based assay will likely be of great
utility for academic and pharmaceutical researchers and can be
further miniaturized for eﬃcient and eﬀective high-throughput
screening. However, intrinsic assay limitations in the detection
of inhibitors with overlapping excitation wavelengths as 1-MQ
and the parallel use of orthogonal assays to minimize detection
of false positives will need to be carefully considered.
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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], methylated 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
© 2017 American Chemical Society
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linked to the production of neurotoxins such as Nmethylpyridinium 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−homocysteine 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
Received: March 15, 2017
Published: May 26, 2017
5015

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

Journal of Medicinal Chemistry

Article

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.

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 HPLCbased 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 N1substituted 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 ∼4fold 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-

■

RESULTS AND DISCUSSION
Chemistry. The general approach to prepare the N1methylated quinolinium and N2-methylated isoquinolinium
salts was carried out as shown in Scheme 1. Commercially
Scheme 1. General Method for Synthesis of N-Methylated
Quinolinium and Isoquinolinium Analoguesa

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

a

available and/or synthesized quinoline and isoquinoline with
various substitution patterns were treated with iodomethane
(MeI) in 2-propanol (IPA) or methyl triﬂuoromethanesulfonate (MeOTf) in toluene to give the corresponding analogues
in good yields. Full details on the synthesis of the substituted
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Table 1. NNMT Inhibitory Activity of 1-Methylquinolinium Scaﬀold Compounds with Single Positional Substitutions

a

IC50 values are represented at mean ± SD of duplicate or more measurements. bCompounds synthesized in-house.

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., C7oxo-dihydroquinolinium analogue), losing the charge on the
N1 atom and signiﬁcantly diminishing the overall binding
within the NNMT substrate-binding site. Similarly, replacement 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 N1substituted 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 1MQ (1a) and analogues with bulky substituents (1w−z)
showed very poor inhibition (IC50 > 1000 μM). These data

Figure 1. Normalized response curve for NNMT inhibitor 1k (5amino-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.

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
5017
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Table 2. NNMT Inhibitory Activity of 1-Methylquinolinium Scaﬀold Compounds with Dual Positional Substitutionsc

IC50 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.

a

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

a

IC50 values are represented at mean ± SD of duplicate or more measurements. bCompounds synthesized in-house.

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 inhibition 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

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
5018

Page 36

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

Journal of Medicinal Chemistry

Article

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

a

IC50 values are represented at mean ± SD of duplicate or more measurements. bCompounds synthesized in-house.

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 C6ﬂuoro substitution positively impacts quinolinium inhibitory
activity. Substitution of the C6-ﬂuoro of analogue 3a to a C6triﬂuoromethyl 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-trimethylanalogue 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 1MQ 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 dipoletype interactions within the NNMT substrate-binding site.
However, additional analogues with positional ﬂuoro substitutions 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

relatively bulky C2-oxopropyl at the N1 position (2d) did not
additively impair activity; instead, the IC50 value for 2d was ∼2fold 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 C3amino 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 CF 3
substituents were tested using several 1-MQ analogues; CF3
substituent (2k; Table 2) placed at C5-position within the 1MQ 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 containing 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 monomethyl 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).
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Table 5. NNMT Inhibitory Activity of Compounds Containing Pyridinium Scaﬀold

IC50 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.

a

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

a

IC50 values are represented at mean ± SD of duplicate or more measurements.

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 intermolecular interactions between NNMT and N1-MQ and N2methyl isoquinolinium analogues, respectively (refer to
Molecular Docking discussion below).
Inhibitory Activities of 1-Methylpyridinium Analogues. 1-Methylnicotinamide (1-MNA; 5a) is the endogenous 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 C6positions (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,

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 isoquinolinium 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 C3amino 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 C45020
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Table 7. Related Structural Analogues with Poor NNMT Inhibitory Activity

IC50 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.

a

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/quinolone 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 substitutions, 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

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/Benzothiazoliums 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/benzothiazolium) 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 1MQ 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
5021
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exceptional N1-methylquinolium ligands and analogues containing other chemical scaﬀolds (e.g., N2-methyl isoquinolinium, 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 distribution 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. 1methylquinolinium (1a) was used to establish a prototypical
structure for 1-MQ analogues bound to the NNMT substratebinding 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).

together, Vina docking scores and inhibitor potencies were
modestly correlative for many analogues containing the N1methyl 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

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 1methylquinolinium (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
5022
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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

structures of the endogenous substrate NCA and docked 1MNA, 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 N1containing 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 quinolinium 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-trimethyl5-carboxamidepyridinium, 5b), benzimidazolium scaﬀold
(1,2,3-trimethyl-1H-3,1-benzimidazol-3-ium, 6a), and N2methyl isoquinolinium scaﬀold (3-amine-2-methylisoquinolinim, 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 hydrophobic 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 ∼10fold 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

Figure 4. SAR summary for analogues containing the quinolinium
scaﬀold (information abstracted from Tables 1−3).

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 C6position 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 benzimidazolium/benzothiazolium, resulted in the rapid development of structure−activity relationships (SARs) for NNMT
inhibitors demonstrating >1000-fold range of activity. Computer-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 identiﬁcation 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
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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 NAlkylation 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 NAlkylation 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). According 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 (AJSES): 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

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, pyridinium, 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 doubledistilled 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:
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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). HPLCMS (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, DMSOd6) 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 [MOSO2CF3].
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, DMSOd6) 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, DMSOd6) 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 Triﬂuoromethanesulfonate (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 Triﬂuoromethanesulfonate (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].

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). According 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). According 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 Triﬂuoromethanesulfonate (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 Triﬂuoromethanesulfonate (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].
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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 tmhNNMT sequence was cloned into an isopropyl-β-D-1-thiogalactopyranoside (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 Chromatographic 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 1heptanesulfonate, 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, 2methylisoquinolinium analogues, and analogues containing pyridinium, 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 substratebinding 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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Section 1. Experimental procedures

N-methylquinolin-3-amine (9). To a 250 mL pressure vessel was added 3-amino-quinoline 8 (1
g, 6.94 mmol) and triethyl orthoformate (7.0 mL), followed by addition of TFA (79 mg, 0.69
mmol). The reaction vessel was sealed and heated to 125 ºC for 12 h. The reaction mixture was
then concentrated under reduced pressure, and the residue was re-dissolved in EtOH (10 mL),
followed by addition of NaBH4 (1.44 g, 38.2 mmol). The mixture was stirred at rt overnight.
H2O (10 mL) was added to the reaction and extracted with CH2Cl2 (15 mL x3). The combined
CH2Cl2 extracts were washed with brine and dried over Na2SO4. The crude material was filtered
and concentrated under reduced pressure, and purified by Biotage flash chromatography
(gradient elution, 0-50% EtOAc in hexanes) to obtain the title compound 9 as orange solid (701
mg, 4.43 mmol, 64% yield). 1H NMR (400 MHz, DMSO-d6) δ 8.41 (d, J = 2.8 Hz, 1H), 7.74 (d,
J = 8.0 Hz, 1H), 7.63 (d, J = 8.0 Hz, 1H), 7.36 (dd, J = 8.0, 6.8 Hz, 1H), 7.28 (dd, J = 7.6, 7.6
Hz, 1H), 6.93 (d, J = 2.4 Hz, 1H), 6.29 (d, J = 4.4 Hz, 1H), 2.75 (d, J = 5.2 Hz, 3H); HPLC-MS
(AJS-ES): Rt 1.87 min, m/z 159.1 [M+H].

N-phenylquinolin-3-amine (10). To a mixture of 3-amino-quinoline 8 (500 mg, 3.47 mmol) and
4 Å Molecular Sieve in anhydrous CH2Cl2 (18 mL) was added phenylboronic acid (1.27 g, 10.4
mmol), TEA (1.05 g, 10.4 mmol) and Cu(OAc)2 (1.58 g, 8.67 mmol). The resulting mixture was
stirred at rt for 36 h. The reaction was quenched with 5% NH3 (aq) (20 mL) and extracted with
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EtOAc (20 mL x3). The combined EtOAc extracts were washed with brine and dried over
Na2SO4. The crude material was filtered and concentrated under reduced pressure, and purified
by Biotage flash chromatography (gradient elution, 0-60% EtOAc in hexanes) to obtain the title
compound 10 as yellow solid (755 mg, 3.43 mmol, 98% yield). 1H NMR (400 MHz, DMSO-d6)
δ 8.71 (d, J = 2.8 Hz, 1H), 8.04 (d, J = 1.2 Hz, 1H), 7.89 – 7.76 (m, 3H), 7.47 (m, 1H), 7.41 –
7.24 (m, 4H), 6.95 (dd, J = 7.2, 7.2 Hz, 1H); HPLC-MS (AJS-ES): Rt 3.12 min, m/z 221.1
[M+H].

NO 2
F

CHO
11

N

a
F

CO 2Et
12

N

b-d
F

NH 2
13

N

Method A

I
F

NH 2
2j

Reagents and conditions: (a) SnCl2‚•2H2O, ethyl 3,3-diethoxypropionate, EtOH, 90 ºC, 24 h, 69%;
(b) 3N NaOH, MeOH, rt, 2 h, 99%; (c) DPPA, Et 3N, toluene, rt, 30 min then tert-BuOH, reflux, 12 h;
(d) TFA/CH2Cl 2, rt, 3 h, 23% over two steps;

Ethyl 6-fluoroquinoline-3-carboxylate (12). The 2,4-unsubstituted quinoline-3-ester was
prepared by following the literature procedure.1 To a 250 mL pressure vessel was added 5-fluoro2-nitro-benzaldehyde 11 (3 g, 17.7 mmol) and EtOH (88 mL), followed by addition of
SnCl2•2H2O (16 g, 70.9 mmol) and ethyl 3,3-diethoxypropionate (8.4 g, 44.3 mmol). The
reaction vessel was sealed and heated to 90 ºC for 24 h. The reaction mixture was concentrated
under reduced pressure, and the residue was diluted with EtOAc (50 mL) and washed with
saturated NaHCO3 solution (20 mL). The resulting emulsion was filtered through Celite and
washed with EtOAc until complete recovery of the product (monitored by TLC; 20% EtOAc in
hexanes). The combined filtrate was washed with brine and dried over Na2SO4. The crude
material was filtered and concentrated under reduced pressure, and purified by Biotage flash
1

Venkatesan, H.; Hocutt, F. M.; Jones, T. K.; Rabinowitz, M. H. A one-step synthesis of 2,4unsubstituted quinoline-3-carboxylic acid esters from o-nitrobenzaldehydes. J. Org. Chem. 2010,
75, 3488-3491.
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chromatography (gradient elution, 0-30% EtOAc in hexanes) to obtain the title compound 12 as
yellow solid (2.68 g, 12.2 mmol, 69% yield). 1H NMR was in accordance with the literature data
reported by Venkatesan et al. 1H NMR (400 MHz, CDCl3) δ 9.41 (d, J = 2.0 Hz, 1H), 8.79 (d, J =
1.6 Hz, 1H), 8.17 (dd, J = 9.2, 5.2 Hz, 1H), 7.60 (ddd, J = 7.6, 7.6, 2.8 Hz, 1H), 7.55 (dd, J = 8.4,
2.8 Hz, 1H), 4.48 (q, J = 6.8 Hz, 2H), 1.46 (t, J = 7.2 Hz, 3H).

6-fluoroquinolin-3-amine (13). Ethyl 6-fluoroquinoline-3-carboxylate 12 (2.68 g, 12.2 mmol)
was dissolved in methanol (120 mL) and added 3N NaOH (aq) (6.1 mL, 18.3 mmol). The
reaction was stirred at rt for 2 h and monitored by LC/MS. Upon reaction completion, 1N HCl
(aq) was carefully added to the reaction mixture until pH<6. The reaction mixture was
concentrated under reduced pressure, and the slurry was diluted with H2O (50 mL). The
precipitate was isolated by vacuum filtration and washed repeatedly with H2O. Any residual
amount of H2O was further removed by azerotropic distillation with toluene and by high-vacuum
overnight to obtain the title compound acid 12a as pale yellow-orange solid (2.33 g, 12.1 mmol,
99% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.33 (d, J = 1.6 Hz, 1H), 8.86 (s, 1H), 8.11 (dd, J
= 9.2, 5.2 Hz, 1H), 7.93 (dd, J = 9.2, 2.4 Hz, 1H), 7.74 (ddd, J = 8.8, 8.8, 2.8 Hz, 1H); HPLCMS (AJS-ES): Rt 2.04 min, m/z 192.0 [M+H].
To a suspension of 6-fluoroquinoline-3-carboxylic acid 12a (2.33 g, 12.1 mmol) in anhydrous
toluene (120 mL) was added triethylamine (1.89 g, 14.6 mmol), followed by addition of DPPA
(4.03 g, 14.6 mmol). The reaction mixture was stirred at rt for 30 min and added tert-butanol
(3.61 g, 48.8 mmol), and the resulting mixture was heated to reflux for 12 h. Noted that LC/MS
showed both NH-Boc intermediate and the title amine product. The mixture was concentrated
under reduced pressure and purified by Biotage flash chromatography (gradient elution, 0-50%
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EtOAc in hexanes) to obtain the NH-Boc intermediate as white solid (170 mg, 0.65 mmol) and
switched the gradient to 0-20% MeOH in CH2Cl2 to obtain the title compound 13 as pale orange
solid (350 mg, 2.16 mmol, 18% yield). The NH-Boc intermediate (170 mg, 0.65 mmol) was
dissolved in CH2Cl2 (2.5 mL) and added TFA/CH2Cl2 (v:v/1:1, 2.5 mL) and stirred at rt for 3 h.
The mixture was concentrated under reduced pressure and neutralized by 3M NH3/MeOH
solutions, and purified by Biotage flash chromatography (gradient elution, 0-5% 3M NH3/MeOH
in CH2Cl2) to recover the title compound 13 (98 mg, 0.60 mmol, 93% yield; 23% yield over two
steps). 1H NMR (400 MHz, DMSO-d6) δ 8.39 (d, J = 2.4 Hz, 1H), 7.78 (d, J = 9.2, 5.6 Hz, 1H),
7.37 (d, J = 10.0, 2.0 Hz, 1H), 7.16 (dddd, J = 8.8, 8.8, 2.0, 2.0 Hz, 1H), 7.09 (d, J = 2.0 Hz, 1H),
5.82 (br, 2H); HPLC-MS (AJS-ES): Rt 1.79 min, m/z 163.1 [M+H].

N

O
N

a

b,c

N

Cl

N

d,e

NO 2
quinoline

14

NH 2

Method A

N

I

NH 2

15

16

NH 2
NH 2

2m

Reagents and conditions: (a) mCPBA, CH 2Cl2, 0 ºC to rt, 12 h, 99%; (b) tert-butyl nitrite, MeCN, 100 ºC,
24 h; (c) POCl 3, 95 ºC, 12 h, 44% over two steps; (d) NH 3 (7N in MeOH), 90 ºC, 12 h, 90%; (e) Pd/C, H 2,
MeOH/THF, rt, 12 h, 96%

Quinoline-1-oxide (14). To a solution of quinoline (5g, 38.7 mmol) in anhydrous CH2Cl2 (120
mL) was added mCPBA in several portion over 1 h at 0 ºC. The reaction mixture was left stirring
for 12 h without replenishing the ice-bath. The mixture was washed with 1M NaOH aqueous
solution and extracted with IPA/CHCl3 (v:v 1:4) until complete recovery of the desired product
(monitored by TLC; 5% MeOH in CH2Cl2). The combined organic layer was washed with brine
and dried over Na2SO4. The crude material was filtered and concentrated under reduced pressure,
and purified by Biotage flash chromatography (gradient elution, 0-8% MeOH in CH2Cl2) to
obtain the quinoline-1-oxide 14 as pale yellow gel (5.60 g, 38.6 mmol, 99% yield). 1H NMR
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(400 MHz, DMSO-d6) δ 8.59 (d, J = 6.4 Hz, 1H), 8.53 (d, J = 8.8 Hz, 1H), 8.09 (d, J = 7.6 Hz,
1H), 7.94 (d, J = 8.4 Hz, 1H), 7.82 (dd, J = 8.4, 7.2 Hz, 1H), 7.73 (dd, J = 8.4, 7.2 Hz, 1H), 7.48
(dd, J = 8.0, 6.0 Hz, 1H); HPLC-MS (AJS-ES): Rt 1.47 min, m/z 146.1 [M+H].

2-Chloro-3-nitroquinoline (15). The intermediate 15 was prepared by following the literature
procedure reported by Zhao et al.2 Quinoline-1-oxide 14 (4 g, 27.5 mmol) was dissolved in
acetonitrile (140 mL) and added tert-butyl nitrite (14 g, 135.8 mmol). The resulting mixture was
heated at 100 ºC for 24 h in a pressure-vessel. Yellow precipitate was formed upon cooling to
ambient temperature and triturated with Et2O (100 mL). The precipitate was collected through
filtration and was used directly for the following step without further purification. 3nitroquinoline 1-oxide (2.2 g, 11.5 mmol) was heated for 12 h in neat POCl3 (20 mL) in a
pressure-sealed vessel. The reaction was cooled to 0 ºC and quenched with 10% aqueous
ammonia solution until pH>8. The mixture was extracted with EtOAc (2x 50 mL), and the
combined organic layer was washed with brine and dried over Na2SO4. The crude material was
filtered and concentrated under reduced pressure, and purified by Biotage flash chromatography
(gradient elution, 0-20% EtOAc in hexanes) to obtain 2-chloro-3-nitroquinoline 15 as orangeyellow solid (2.4 g, 11.5 mmol, 99% yield). 1H NMR (400 MHz, CDCl3) δ 8.74 (s, 1H), 8.13 (d,
J = 8.0 Hz, 1H), 7.98 (d, J = 8.4 Hz, 1H), 7.95 (ddd, J = 7.6, 7.6, 1.2 Hz, 1H), 7.74 (ddd, J = 7.4,
7.4, 1.2 Hz, 1H).

Quinoline-2,3-diamine (16). A mixture of 2-chloro-3-nitroquinoline 15 (2.4 g, 11.5 mmol) in
NH3 (40 mL, 7N solution in MeOH) was heated to 100 ºC for 24 h in a pressure-sealed vessel.
2

Zhao, J. L., P.; Xia, C.; Li, F. Metal-free regioselective C-3 nitration of quinolone N-oxides
with tert-butyl nitrite. RSC Advances 2015, 5, 32835-32838.
S8
Page 54

Orange color precipitate was formed upon cooling to ambient temperature and triturated with
Et2O (100 mL). The precipitate was collected through filtration and was used directly for the
following step without further purification. 3-Nitroquinolin-2-amine 15a (1.96 g, 10.3 mmol,
90%); 1H NMR (400 MHz, CDCl3) δ 8.99 (s, 1H), 7.77–7.71 (m, 2H), 7.65 (d, J = 8.4 Hz, 1H),
7.34 (dd, J = 7.2, 7.2 Hz, 1H), 6.64 (br, 2H).

3-Nitroquinolin-2-amine 15a (1.26 g, 6.68 mmol) was dissolved in MeOH/THF (v:v, 1:1, 66 mL)
and added Pd/C (10% on activated carbon, 710 mg). The reaction mixture was degassed and repurged with H2 via a hydrogen-filled balloon, and this process was repeated three times. The
mixture was left stirring under hydrogen-filled balloon for 12 h. The mixture was filtered through
a celite pad and washed repeatedly with MeOH until complete recovery of the desired product
(monitored by TLC; 10% MeOH in CH2Cl2). The filtrate was concentrated under reduced
pressure to give the title compound 16, which was used directly for the following step without
further purification. Quinolin-2,3-diamine 16 (1.02 g, 6.41 mmol, 96% crude yield); 1H NMR
(400 MHz, CDCl3) δ 7.65 (d, J = 8.0 Hz, 1H), 7.51 (d, J = 8.0 Hz, 1H), 7.40 (dd, J = 8.0, 7.2 Hz,
1H), 7.24 (d, J = 7.2 Hz, 1H), 7.20 (s, 1H), 4.78 (br, 2H), 3.57 (br, 2H); HPLC-MS (AJS-ES): Rt
1.35 min, m/z 160.1 [M+H].

NH 2
R
17c-h

a

H
N
R

b
O

18c-h

N
R
19c-h

Method B

N
R

OTf
3c-3h

Method C: (a) acetylacetone, 150 ºC microwave, 1 h; (b) conc. H 2SO 4, rt, 12 h, 77-92% over two steps

General Procedure C: Combes quinoline synthesis using the literature procedure reported
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by Evans et al.3 A mixture of appropriate methylated or fluorinated aniline derivative 17c-h (1
equiv) and acetylacetone (1.1 equiv) was heated to 150 ºC for 1 h in a microwave reactor. The
reaction mixture was then partitioned between H2O (100 mL) and CH2Cl2 (100 mL), and the
aqueous layer was extracted with CH2Cl2 (100 mL x2). The combined CH2Cl2 extracts were
washed with brine and dried over Na2SO4. The crude material was filtered and concentrated
under reduced pressure to give the anilide intermediate 18c-h and was used for the subsequent
step without further purification. Anilide intermediate 18c-h (1 equiv) was dissolved in
concentrated sulfuric acid (40 mL or overall concentration at 1M) and stirred at rt for 12 h. The
reaction mixture was transferred to a Erlenmeyer flask containing ice-cold water (100 mL) and
carefully added NaOH pallet in portions until pH>9. The mixture was extracted with CH2Cl2
(100 mL x2). The combined CH2Cl2 extracts were washed with brine and dried over Na2SO4.
The crude material was filtered and concentrated under reduced pressure, and purified by
Biotage flash chromatography to obtain the quinoline intermediates 19c-h.

2,4,8-trimethylquinoline (19c). According to general procedure C, the crude material was
purified by Biotage flash chromatography (gradient elution, 0-10% EtOAc in hexanes) to obtain
the title compound as pale yellow solid (5.7 g, 33.3 mmol, 88% yield). 1H NMR (400 MHz,
DMSO-d6) δ 7.85 (d, J = 8.4 Hz, 1H), 7.55 (d, J = 7.0 Hz, 1H), 7.41 (dd, J = 7.6, 7.6 Hz, 1H),
7.25 (s, 1H), 2.69 (s, 3H), 2.61 (s, 6H); HPLC-MS (AJS-ES): Rt 2.75 min, m/z 172.1 [M+H].

2,4,5,8-tetramethylquinoline (19d). According to general procedure C, the crude material was
purified by Biotage flash chromatography (gradient elution, 0-15% EtOAc in hexanes) to obtain
3

Evans, P. H., P.; Grigg, R.; Nurnabi, M.; Hinsley, J.; Sridharan, V.; Suganthan, S.; Korn, S.;
Collard, S.; Muir, J. E. 8-Methylquinoline palladacycles: stable and efficient catalysts for carboncarbon bond formation. Tetrahedron 2005, 61, 9696-9704.
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the title compound as orange solid (6.5 g, 35.1 mmol, 92% yield). 1H NMR (400 MHz, DMSOd6) δ 7.37 (d, J = 6.8 Hz, 1H), 7.17 (s, 1H), 7.15 (d, J = 8.4 Hz, 1H), 2.83 (s, 3H), 2.80 (s, 3H),
2.61 (s, 3H), 2.57 (s, 3H); HPLC-MS (AJS-ES): Rt 2.83 min, m/z 186.1 [M+H].

2,4,6,8-tetramethylquinoline (19e). According to general procedure C, the crude material was
purified by Biotage flash chromatography (gradient elution, 0-15% EtOAc in hexanes) to obtain
the title compound as pale orange solid (3.27 g, 17.6 mmol, 78% yield). 1H NMR (400 MHz,
DMSO-d6) δ 7.61 (s, 1H), 7.39 (s, 1H), 7.20 (s, 1H), 2.64 (s, 3H), 2.58 (s, 6H), 2.44 (s, 3H);
HPLC-MS (AJS-ES): Rt 3.04 min, m/z 186.1 [M+H].

2,4,7,8-tetramethylquinoline (19f). According to general procedure C, the crude material was
purified by Biotage flash chromatography (gradient elution, 0-15% EtOAc in hexanes) to obtain
the title compound as pale orange solid (845 mg, 4.56 mmol, 93% yield). 1H NMR (400 MHz,
CDCl3) δ 7.70 (d, J = 8.4 Hz, 1H), 7.31 (d, J = 8.3 Hz, 1H), 7.05 (s, 1H), 2.78 (s, 3H), 2.70 (s,
3H), 2.62 (s, 3H), 2.50 (s, 3H); HPLC-MS (AJS-ES): Rt 2.54 min, m/z 186.1 [M+H].

5-fluoro-2,4,8-trimethylquinoline (19g). According to general procedure C, the crude material
was purified by Biotage flash chromatography (gradient elution, 0-12% EtOAc in hexanes) to
obtain the title compound as yellow solid (4.8 g, 25.4 mmol, 77% yield). 1H NMR (400 MHz,
DMSO-d6) δ 7.50 (dd, J = 6.8, 6.8 Hz, 1H), 7.28 (s, 1H), 7.18 (dd, J = 12.4, 7.6 Hz, 1H), 2.73 (d,
J = 6.8 Hz, 3H), 2.61 (s, 6H); HPLC-MS (AJS-ES): Rt 5.10 min, m/z 190.1 [M+H].

7-fluoro-2,4,8-trimethylquinoline (19h). According to general procedure C, the crude material
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was purified by Biotage flash chromatography (gradient elution, 0-12% EtOAc in hexanes) to
obtain the title compound as yellow solid (5.2 g, 27.5 mmol, 79% yield). 1H NMR (400 MHz,
DMSO-d6) δ 7.92 (m, 1H), 7.40 (dd, J = 9.6, 6.8 Hz, 1H), 7.24 (s, 1H), 2.61 (s, 6H), 2.57 (s, 3H);
HPLC-MS (AJS-ES): Rt 3.91 min, m/z 190.1 [M+H].
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7.32
7.31
7.31
7.26
7.24
6.97
6.95
6.93
2.97

1.03

1.03
1.02
1.05
1.04
1.01

1.00

2.75
2.74

7.75
7.73
7.64
7.62
7.36
7.28
6.93
6.93
6.30
6.28

8.42
8.41
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1.02
0.96
1.01

0.97

1.00
8.86
8.13
8.12
8.11
8.09
7.95
7.94
7.92
7.92
7.76
7.75
7.74
7.73
7.72
7.71

9.33
9.33

4.51
4.49
4.48
4.46

1.48
1.46
1.45
3.17

8.17
8.16
8.15
7.62
7.62
7.60
7.60
7.60
7.59
7.58
7.57
7.56
7.56
7.54
7.53
7.26

8.79
8.79

9.41
9.41

2.17

1.06
1.02

1.04

1.03

1.00

S30
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1.03
1.03
1.03
1.04
1.04

1.00
1.02

8.60
8.58
8.54
8.52
8.10
8.08
7.95
7.93
7.84
7.82
7.80
7.75
7.73
7.71
7.49
7.48
7.47
7.46
2.01

1.03
1.03
1.02
0.95

1.00

7.79
7.78
7.77
7.38
7.36
7.35
7.16
7.16
7.09
7.08
5.82

8.39
8.39

S31

Page 77
8.99

7.77
7.75
7.73
7.66
7.64
7.34
6.63

1.00

1.87
1.01
0.96

2.01

1.02
0.97
1.10
1.07

1.00

8.74
8.14
8.12
7.99
7.97
7.97
7.96
7.95
7.95
7.94
7.93
7.93
7.76
7.75
7.74
7.72
7.72

S32
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3.02
5.59

1.00
1.01
1.02
0.97

2.69
2.61

7.86
7.84
7.55
7.54
7.43
7.41
7.39
7.25

4.78

3.57

2.10

2.08

1.00
1.01
1.04
1.05
0.98

7.66
7.64
7.52
7.50
7.42
7.40
7.39
7.24
7.23
7.20
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3.00
6.01
3.00

1.00
0.99
1.00

2.64
2.58
2.44

7.61
7.39
7.20

2.60
3.29
2.77
3.02

1.00
1.94

2.83
2.80
2.61
2.57

7.38
7.36
7.17
7.16
7.14
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2.83
5.59

1.00
0.92
1.07

2.74
2.72
2.61

7.52
7.50
7.49
7.28
7.20
7.18
7.17
7.15

2.79
2.75
2.84
2.76

1.00
1.03
0.98

2.78
2.70
2.62
2.50

7.71
7.69
7.32
7.30
7.05

2.61
2.60
2.57

7.42
7.40
7.38
7.24
1.03
1.01

5.42
2.77

7.92
1.00

Section 4. Representative examples of HPLC analysis for compound purity
Compound ID: 1h
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Compound ID: 3c

Compound ID: 3e
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Compound ID: 3f

Compound ID: 4e
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Table S1. Analogs purchased from commercial vendors
List of commercial vendors: Sigma-Aldrich (St. Louis, MO); Chembride Corporation (San Diego,
CA); ChemDiv (San Diego, CA); Specs (Hopkinton, RI); Cayman Chemical (Ann Arbor, MI);
Pfaltz&Bauer (Waterbury, CT)
ID

Vendor

Catalog No.

ID

Vendor

Catalog No.

1aa

Sigma-Aldrich

S706817

2a

Chemdiv

0099-0209

1g

Sigma-Aldrich

R254789

2b

Specs

AC-907/25005210

1i

Sigma-Aldrich

S395153

2c

Chembridge

CB5107625

1n

Specs

AC-907/25005147

2d

Chembridge

5102042

1p

Chembridge

5102000

2e

Specs

AT-051/43422621

1s

Chemdiv

0599-0777

2f

Chembridge

5102007

1t

Sigma-Aldrich

R461709

2g

Specs

AT-051/43422517

1u

Pfaltz&Bauer

M20475

2h

Chembridge

5102043

1v

Chembridge

5510892

2i

Chembridge

5101989

1wb

Sigma-Aldrich

S633127

3a

Chemdiv

0691-0006

1x

Chemdiv

0086-0040

3b

Chemdiv

0691-0005

1y

Chemdiv

0986-0271

4a

Sigma-Aldrich

S619213

1z

Chemdiv

4644-0485

5a

Cayman

16604

5b

Specs

AC-907/25004951

5c

Specs

AP-263/40213615

6a

Chembridge

5119869

6b

Chembridge

5657969

6c

Chembridge

5119863

6d

Chembridge

5119941

6e

Chembridge

5107843

6f

Chembridge

5107881

7a

Sigma-Aldrich

R247324

7b

Sigma-Aldrich

S582204

7c

Chembridge

5244600

7d

Chembridge

4003435

7e

Chemdiv

4644-0485

7f

Sigma-Aldrich

S363863

7g

Chembridge

4004623

7h

Chembridge

5663920

7i

Sigma-Aldrich

755508

a

The counter ion has been corrected from methyl sulfate to iodide.

b

The structure 1w shown on Sigma-Aldrich website was incorrect and the corrected structure

was confirmed with Sigma-Aldrich quality control team. Note: 1 Chembridge and 2 Specs
compounds were identified with incorrect structures and not included in the study.
S38
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Table S2. N-methyl analogs and associated Vina docking scores
Analog
Vina score
Analog
IC50 (uM)
IC50 (uM)
12.1 ± 3.1
-7.1
>1000
1a
2l
21.0 ± 2.1
-6.5
2.8 ± 0.5
1b
2m
6.3 ± 1.1
-6.8
15.9 ± 7.9
1c
2n
2.9 ± 0.7
-7.3
>1000
1d
2o
6.9 ± 3.0
-6.9
115 ± 41
1e
3c
9.9 ± 3.4
-6.2
>1000
1f
3d
23.8 ± 5.6
-6.2
>1000
1g
3e
a
>1000
-6.6
>1000
1h
3f
7.5 ± 2.2
-7.4
94.6 ± 76.3
1i
3g
11.4 ± 2.1
-7.2
109 ± 59
1j
3h
1.2 ± 0.1
-7.4
14.9 ± 6.1
1k
4a
4.6 ± 0.4
-7.8
6.3 ± 2.7
1l
4b
5.7 ± 1.8
-6.6
30.3 ± 7.0
1m
4c
a
13.1 ± 5.1
-6.3
29.9 ± 9.1
1n
4d
34.4 ± 9.6
-7.0
506± 199
1o
4e
a
120 ± 50
-6.2
39.4 ± 18.0
1p
4f
2.6 ± 0.5
-6.7
9.0 ± 0.6
1q
5a
12.0 ± 4.5
-6.4
11.8 ± 3.0
1r
5b
1.8 ± 0.5
-7.5
16.7 ± 6.4
1t
6a
1.2 ± 0.2
-6.8
82.4 ± 17.4
2j
6b
87.0 ± 26.1
-6.8
>1000
2k
6d
a

Docked structure was not positioned within nicotinamide binding pocket.
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Vina score
-6.0
-6.6
-5.3
-6.0a
-5.3a
-5.0a
-4.5a
-3.9a
-4.5
-4.8
-7.6a
-7.5a
-7.2
-7.2
-7.9a
-7.3a
-6.6
-7.2
-6.1
-6.5
-5.0

Appendix 3: Neelakantan H, Vance V, Wetzel M, Wang HY, McHardy SF, Finnerty C, Hommel
JD, Watowich SJ. Selective and membrane permeable small molecule inhibitor of nicotinamide
N-methyltransferase reverses diet-induced obesity in mice. Biochemical Pharmacology 147, 141,
2018.
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a b s t r a c t
There is a critical need for new mechanism-of-action drugs that reduce the burden of obesity and associated chronic metabolic comorbidities. A potentially novel target to treat obesity and type 2 diabetes is
nicotinamide-N-methyltransferase (NNMT), a cytosolic enzyme with newly identified roles in cellular
metabolism and energy homeostasis. To validate NNMT as an anti-obesity drug target, we investigated
the permeability, selectivity, mechanistic, and physiological properties of a series of small molecule
NNMT inhibitors. Membrane permeability of NNMT inhibitors was characterized using parallel artificial
membrane permeability and Caco-2 cell assays. Selectivity was tested against structurally-related
methyltransferases and nicotinamide adenine dinucleotide (NAD+) salvage pathway enzymes. Effects
of NNMT inhibitors on lipogenesis and intracellular levels of metabolites, including NNMT reaction product 1-methylnicotianamide (1-MNA) were evaluated in cultured adipocytes. Effects of a potent NNMT
inhibitor on obesity measures and plasma lipid were assessed in diet-induced obese mice fed a highfat diet. Methylquinolinium scaffolds with primary amine substitutions displayed high permeability from
passive and active transport across membranes. Importantly, methylquinolinium analogues displayed
high selectivity, not inhibiting related SAM-dependent methyltransferases or enzymes in the NAD+ salvage pathway. NNMT inhibitors reduced intracellular 1-MNA, increased intracellular NAD+ and S-(50 adenosyl)-L-methionine (SAM), and suppressed lipogenesis in adipocytes. Treatment of diet-induced
obese mice systemically with a potent NNMT inhibitor significantly reduced body weight and white adipose mass, decreased adipocyte size, and lowered plasma total cholesterol levels. Notably, administration
of NNMT inhibitors did not impact total food intake nor produce any observable adverse effects. These
results support development of small molecule NNMT inhibitors as therapeutics to reverse dietinduced obesity and validate NNMT as a viable target to treat obesity and related metabolic conditions.
Increased flux of key cellular energy regulators, including NAD+ and SAM, may potentially define the therapeutic mechanism-of-action of NNMT inhibitors.
Ó 2017 Elsevier Inc. All rights reserved.

1. Introduction
Obesity is a major public health problem around the world
that is linked to severe comorbid disease conditions, physical
impairment, high mortality rates, and compromised quality of life

⇑ Corresponding author.
E-mail address: watowich@xray.utmb.edu (S.J. Watowich).
https://doi.org/10.1016/j.bcp.2017.11.007
0006-2952/Ó 2017 Elsevier Inc. All rights reserved.
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[1–4]. Obesity is characterized by the buildup of excessive body fat
and extreme dysregulation in whole-body energy expenditure,
glucose, hormone, and lipid homeostasis that typically present as
adverse metabolic disorders [4,5]. Additionally, the physiological,
metabolic, and psychological changes that accompany obesity are
major factors in the development of type 2 diabetes (T2D), cardiovascular disease (CVD) (e.g., coronary heart disease, dyslipidemia,
hypertension) [6,7], stroke, inflammation, non-alcoholic fatty
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liver disease (NAFLD), non-alcoholic steatohepatitis (NASH),
osteoarthritis, sleep apnea, and several obesity-linked cancers
(e.g., colorectal, breast, kidney, prostate) [6,8]. Lifestyle modifications including diet and exercise may help reverse obesity and
improve chronic disease biomarkers (e.g., T2D) [9], but are largely
ineffective in achieving sustained weight loss and glycemic control
[10]. Pharmacological treatments for obesity exist, but unfortunately most approved anti-obesity drugs have only modest efficacy
and/or produce severe adverse effects (e.g., cardiovascular risks,
central nervous system effects). Thus, there is a critical need for
more effective pharmacological interventions that improve longterm management of obesity and its comorbidities [11].
Recently, nicotinamide-N-methyltransferase (NNMT) has
emerged as a novel mechanism-of-action target in the adipose tissue to treat obesity and associated T2D [12–15]. NNMT is a cytosolic enzyme with a newly identified role in modulating cellular
energy homeostasis by jointly regulating nicotinamide (NA) and
S-(50 -adenosyl)-L-methionine (SAM) flux within the critical intracellular nicotinamide adenine dinucleotide (NAD+) salvage pathway and methionine cycle, respectively [15]. NNMT expression is
upregulated in the white adipose tissue (WAT) of obese and diabetic mice [12] and has significantly higher activity in the WAT
compared to its activity in the brown adipose tissue, liver, and
lungs of diet-induced obese mice [16]. Furthermore, plasma levels
of the NNMT reaction product 1-methylnicotinamide (1-MNA) correlate with adipose NNMT expression, individuals’ body mass
index (BMI), and waist circumference, suggesting the target to be
clinically relevant [13,14]. Importantly, mice fed a high-fat diet
and treated with antisense oligonucleotides (ASOs) that reduced
adipose NNMT expression were protected from diet-induced obesity (DIO) and showed reduced adiposity compared to control animals [12].
Using structure-guided design and binding calculations, we
recently generated potent small molecule NNMT inhibitors around
a methylquinolinium (MQ)-scaffold [17]. In the present study, we
extend these findings to show that the small molecule NNMT inhibitors are highly membrane-permeable, selective inhibitors, which
reduce intracellular 1-MNA levels and prevent lipogenesis in vitro.
These amenable properties demonstrated for the small molecules
led us to conduct a proof-of-concept in vivo study in dietinduced obese mice to test the hypothesis that the most potent
inhibitor when administered systemically, would reverse obesity
by causing substantial loss of body weight and adiposity without
causing any observable adverse effects.
2. Materials and methods
2.1. Chemicals
NNMT inhibitors and standards for LC/MS/MS studies were purchased from established commercial suppliers or synthesized inhouse by established synthetic schemes as described previously
[17]. SAM, NA, 1-MQ, 1,8-diMQ, NAD+, and 6-chloro nicotinamide
(6-CN) were obtained from Sigma-Aldrich (St. Louis, MO, USA). 1MNA and S-(50 -adenosyl)-L-methionine (SAH) were obtained from
Cayman Chemical Company (Ann Arbor, MI, USA).
2.2. Parallel artificial membrane permeability assay (PAMPA)
Passive membrane transport properties were measured using a
96-well pre-coated PAMPA plate system with membrane pore size
0.4 mm (GentestTM, Corning; Bedford, MA, USA). Briefly, 1 mM stock
solution of each compound was prepared in deionized water,
diluted to a final concentration of 400 lM in PBS (Sigma Aldrich;
St. Louis, MO), and placed in the plate bottom well (donor well).
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After 4 h of incubation at room temperature, the sample concentration in the donor and acceptor wells were measured using a UV–
Vis spectrophotometer (Beckman, DU640) set at the wavelength
corresponding to the maximum absorption of each compound.
Compound concentration in the donor and acceptor wells were calculated from calibration curves spanning 400 to 3.125 lM. Samples were tested in triplicates in three separate experiments.
2.3. Bi-directional permeability assay with Caco-2 cells
Compounds were tested in a Caco-2 cell bi-directional permeability assay using an established contract research organization
(Cyprotex; Watertown, MA, USA). Briefly, Caco-2 cells were seeded
in 96-well plates and allowed to grow in culture media for three
weeks, feeding at 2-day intervals. To ensure a well-defined Caco2 cell monolayer prior to initiation of experiments, aliquots of
the cell buffers were analyzed by fluorescence to determine the
transport of the impermeable dye Lucifer yellow. For apical to
basolateral (A ? B) and basolateral to apical (B ? A) permeability,
compounds were added at 10 lM concentration to the apical (A)
side and basolateral (B) side, respectively, and the corresponding
amount of permeation was determined by measuring compound
concentration on the B or A side. The A-side buffer contained
100 lM Lucifer yellow dye, in transport buffer (1.98 g/L glucose
in 10 mM HEPES, 1x Hank’s balanced salt solution, pH 7.4), and
the B-side buffer was transport buffer at pH 7.4. Caco-2 cells were
incubated with these buffers for 2 h, and the receiver side buffer
was removed for analysis by LC/MS/MS (using bucetin as an analytical internal standard). Data were expressed as permeability
(Papp) calculated using the following formula:

Papp ¼

dQ =dt
;
c0 A

where

dQ =dt; rate of permeation
C0, initial concentration of compound
A, area of monolayer (0.11 cm2)
Efflux Ratio (Re) was calculated using the formula:

Re ¼

PappðB ! AÞ
PappðA ! BÞ

2.4. MTT cell viability assay
3T3-L1 pre-adipocytes cells (catalog CL-173, American Type
Culture Collection; Manassas, VA, USA) were seeded at a density
of 2  103 cells per well in 96-well plates, cultured with standard
culture media [DMEM, 4.5 g/L glucose, L-glutamine, sodium pyruvate (Mediatech Inc.; Tewksbury, MA, USA), 10% FBS (Sigma
Aldrich; St. Louis, MO, USA), 1% antibiotic-antimycotic solution
(Mediatech Inc.; Tewksbury, MA, USA)], and grown for 48 h until
>90% confluent. Cells were treated for 24 h with 0.1–600 lM
NNMT inhibitors in cell culture media. A 24 h time point was chosen based on a previous report of using this time period for transfecting or treating 3T3-L1 cells with NNMT anti-sense
oligonucleotides or a small molecule NNMT product inhibitor (1MNA), respectively, for phenotypic measures [12]. MTT (3-(4,5-di
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (ATCC;
Manassas, VA, USA) was added to each well and assayed according
to the manufacturer’s instructions. Absorbance corresponding to
the amount of formazan dye produced by treated cells was normalized to that produced by control (untreated) cells to calculate%
viable cells in the treated samples.
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2.5. Differentiation of 3T3-L1 pre-adipocytes
3T3-L1 pre-adipocytes cells were cultured with standard culture media (DMEM, 4.5 g/L glucose, L-glutamine, sodium pyruvate,
10% FBS, 1% antibiotic-antimycotic solution) and grown for 48 h
before initiating differentiation using the manufacturer’s suggested protocol and modified from previously published work
[18]. Briefly, standard culture medium was supplemented with
scheduled addition of adipogenic agents [3-isobutyl-1methyl xanthine (IBMX), Sigma Aldrich; MO, USA), dexamethasone (Sigma
Aldrich; MO, USA), insulin (Gibco Life Technologies Inc.; Grand
Island, NY, USA)] over 10 days to promote differentiation of 3T3L1 fibroblasts into adipocytes; a combination of 1 mM IBMX, 1
lM dexamethasone, and 10 lg/ml of insulin in media was added
to fully confluent 3T3-L1 fibroblasts for three days (days 0–3) to
initiate differentiation. At day 3, the medium was replaced with
culture media supplemented with insulin (10 lg/ml). After day 6,
cells were maintained in culture media until described experiments were begun (days 8–10).
2.6. Quantitative measurement of NNMT reaction product 1-MNA in
cultured cells
Cellular 1-MNA concentrations were determined using an ultrasensitive high-resolution AB Sciex 6500 Q-trap mass spectrometer
coupled to an Agilent 1260 ultra-high pressure liquid chromatography (LC/MS/MS) system. Using multiple reaction monitoring
(MRM) positive ion mode, the 1-MNA NNMT reaction product
was quantified from peak area ratios using AB Sciex Analyst and
MultiQuant 2.1 software and the parent precursor and Q3 masses
set to m/z 137.1 and 94.1, respectively. Fragment ions at m/z of
92.1 and 77.9 were additionally used for the detection and confirmation of 1-MNA, respectively. Processing of undifferentiated 3T3L1 pre-adipocytes (day 0) and differentiated adipocytes (day 10)
were optimized for recovery and reproducibility of 1-MNA levels
across cultured batches of 3T3-L1 cells (passages 7–8) and the
1-MNA levels were compared between the pre-adipocytes and adipocytes. To determine the effect of NNMT inhibitor on NNMT activity in the pre-adipocytes and differentiated adipocytes (8  104
cells/well seeded prior to beginning differentiation), cells were
treated with 30 lM inhibitor for 24 h. Similarly, to compare the
relative effects of multiple NNMT inhibitors on NNMT activity in
cultured adipocytes, differentiated adipocytes in 6-well plates
were treated with 10 lM test compound for 24 h. Following treatment, medium was replaced with 80% (v/v) methanol (cooled to
80 °C) containing 500 nmol 6-chloronicotinamide (6-CN) as an
internal standard (IS) to extract cellular metabolites. Adherent cells
were scrapped, then centrifuged at 4 °C and 13,000g for 15 min,
and the resulting supernatants processed using established protocols [19]. Intracellular levels of 1-MNA and as well as the IS were
determined from LC/MS/MS peak areas. Data were subsequently
normalized to the IS peak area and transformed as % control values
for cross-sample comparisons. The above procedure was repeated
with inhibitor concentrations spanning 0.3–60 lM for 5-amino1MQ to determine the effective concentration (EC50) required to
inhibit 50% NNMT activity in cultured adipocytes. Choice of inhibitor concentrations and time period was chosen based on the
results of the MTT studies.
2.7. Quantitative measurement of selected metabolites in cultured cells
The relative levels of selected metabolites (NA, SAM, SAH,
NAD+) regulated by cellular energy expenditure pathways associated with NNMT were simultaneously detected using LC/MS/MS
and MRM ratios. Sample processing was performed as described
above. Parent precursor masses of 124.0, 399.3, 385.1, and 665.1
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Da and Q3 masses set to m/z 80.0, 250.1, 136.0, and 136.0 were
used for the quantitation of NA, SAM, SAH, and NAD+, respectively.
2.8. Selectivity of NNMT inhibitors
Test compounds were screened in biochemical assays for activity against three structurally similar methyltransferases, including
catechol-O-methyltransferase
(COMT),
DNA
(cytosine-5)methyltransferase 1 (DNMT1), and protein arginine methyltransferase 3 (PRMT3). Additional biochemical assays were used to test
the ability of compounds to inhibit nicotinamide phosphoribosyl
transferase (NAMPT) and NAD+-dependent protein deacetylase sirtuin 1 (SIRT1), two enzymes in the NAD+ biosynthesis/salvage
pathway. All assays were performed by Reaction Biology Corporation (RBC; Malvern, PA, USA) and complete assay details are noted
below. For each test compound, IC50 values were calculated from
dose-response curves established with 10 concentrations of a
half-log dilution series. For each assay, established enzyme specific
inhibitors were included as positive controls for enzyme function
and assay reproducibility. IC50 values were determined by nonlinear least-squares fitting of a 4-parameter dose-response curve
to collected data points (Graphpad Prism 7.0; La Jolla, CA, USA).
2.8.1. DNMT1 activity assay
A radiometric assay was performed by RBC using 100 lM–5 nM
SAH as an inhibitor positive control. The analogues, 1,8-diMQ and
5-amino-1MQ were tested at concentrations from 200 lM to 10
nM and 600 lM to 10 nM, respectively. Reactions were performed
with 0.001 mg/ml DNA substrate Poly(dI-dC), 1 lM radiolabelled
S-adenosyl-L-[methyl-3H] methionine (SAM) co-substrate, and
recombinant human DNMT1 enzyme. Activity was monitored via
quantification of radiolabeled reaction product DNA 5[methyl-3H]-cytosine.
2.8.2. PRMT3 activity assay
A radiometric assay was performed by RBC using 100 lM–5 nM
SAH as an inhibitor positive control. The analogues, 1,8-diMQ and
5-amino-1MQ were tested at concentrations from 200 lM to 10
nM and 600 lM to 10 nM, respectively. Reactions were performed
with 5 lM histone H3 (histone L-arginine) substrate, 1 lM radiolabeled S-adenosyl-L-[methyl-3H] methionine (SAM) co-substrate,
and recombinant human PRMT3 enzyme. Activity was monitored
via quantification of radiolabeled reaction product histone
[methyl-3H]-L-arginine.
2.8.3. 3, COMT activity assay
A radiometric assay was performed by RBC using 1 lM–50 pM
tolcapone as an inhibitor positive control. The analogues, 1,8diMQ and 5-amino-1MQ were tested at concentrations from 200
lM to 10 nM and 600 lM to 10 nM, respectively. Reactions were
performed with 0.5 lM catechol substrate COMT-S01, 1 lM radiolabelled S-adenosyl-L-[methyl-3H] methionine (SAM) co-substrate,
and recombinant human COMT enzyme. Activity was monitored
via quantification of methylated catechol reaction product (guaiacol [methyl-3H]).
2.8.4. NAMPT activity assay
A fluorometric assay was performed by RBC using 1 lM–50 pM
FK866 as an inhibitor positive control. The analogue 5-amino-1MQ
was tested at concentrations from 600 lM to 30 nM. Reactions
were performed with 2 lM nicotinamide and 30 lM phosphoribosyl pyrophosphate (PRPP) in the presence of 1 mM ATP and recombinant human NAMPT enzyme. Activity was monitored using
fluorescence detection and quantification of the nicotinamide
mononucleotide (NMN) reaction product.
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2.8.5. SIRT-1 activity assay
A fluorometric assay was performed by RBC using 100 lM–5
nM suramin sodium as an inhibitor positive control. The analogue
5-amino-1MQ was tested at concentrations from 600 lM to 30 nM.
Reactions were performed with 50 lM RHKKAc, a fluorogenic peptide substrate from p53 residues 379 to 382, 500 lM NAD+ cosubstrate, and recombinant human SIRT-1 (NAD+-dependent)
enzyme. Activity was monitored by the formation of a fluorescent
product (coumarin) generated by a two-step coupled reaction that
involved deacetylation of substrate by SIRT-1 followed by secondary release of the fluorophore.
2.9. Efficacy of NNMT inhibitor 5-amino-1MQ in diet-induced obese
(DIO) mice
17-Week old, male DIO C57Bl/6 mice that have been fed highfat diet (HFD) for 11 weeks (starting at week 6) were purchased
from Jackson Labs (Jackson Laboratory; Bar Harbour, ME, USA).
Mice were initially group housed (three/cage) and allowed to acclimate to the colony environment maintained at a constant temperature (21–23 °C) and humidity (40–50%) on a 12-h light–dark cycle
(lights on 0600–1800 h). Upon arrival, mice were continued to be
fed HFD (Open Source Diets formula D12451 from Research Diets
Inc.; New Brunswick, NJ, USA), containing 45% energy from fat.
Water was available ad libitum. All experiments were carried out
in accordance with the Guide for the Care and Use of Laboratory Animals [20] and with approval from the Institutional Animal Care and
Use Committee at the University of Texas Medical Branch. Following acclimation for seven days, mice were single-housed and maintained on HFD for 4 additional weeks. Mice were intermittently
handled, with body weights and food intake (hopper weights)
measured 2–3 times per week. After being fed HFD for a total of
16 weeks (an appropriate rodent model of DIO and comparable
to human obesity [21]) and reaching pre-arrival body weights
(38 g), mice were randomized into balanced control and treatment cohorts (n = 9/cohort), with similar group average body
weight and standard deviation. Mice in the vehicle cohort received
three subcutaneous (SC) saline (1 ml/kg) injections/day (0930,
1330, 1730 h) and mice in the treatment cohort received three
SC injections of the NNMT inhibitor 5-amino-1MQ at a dose of
20 mg/kg/injection for a total dose of 34 mg/kg/day of the parent
compound (calculated according to free weight) for 11 days. The
dose chosen was based on an initial dose escalation study (ranging
from 10 mg/kg/day to a total dose of 150 mg/kg/day) in DIO mice
(n = 2); a total dose of 60 mg/kg/day was well tolerated with no
observable adverse effects. Body weight and food intake were measured every other day. On day 12, mice were subjected to a 4 h fast
period, then deeply anesthetized using isoflurane and trunk blood
was collected by decapitation. Plasma was separated from every
sample and the samples were submitted to Texas A&M Veterinary
Medical Diagnostic Laboratory (TVMDL; College Station, TX, USA)
for plasma lipid-panel measurements (total cholesterol and
triglycerides). Triglycerides values were not included for analysis
since the measurements were confounded by sample hemolysis
that interfered with the triglyceride reagent in the assay. Epididymal fat pads (epididymal white adipose tissue; EWAT) were
excised from every mouse, weighed, and fixed in 10% buffered formalin for further processing.
2.10. Histological analysis
Formalin-fixed EWAT samples were paraffin embedded, sectioned (4 lM), and stained with hematoxylin and eosin (H&E).
Images were obtained at 20 magnification using a light microscope (Leica DM LB) and digitally photographed for automated
image analysis. Images were analyzed using the ‘‘Adiposoft”
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plug-in software in ImageJ (NIH) [22]. Briefly, images were converted to 8-bit images and scaled to 0.366 mm per pixel (corresponding to 20 magnification on the Leica microscope).
Minimum and maximum diameter parameters were assigned to
identify appropriate cells for the automated adipocyte area calculations, and cells along the boundary of the images were excluded
from analyses. Three to five images/sample were analyzed, with
automated analysis confirmed by visual inspection. Images corresponding to each sample were averaged to obtain the mean adipocyte area (lm2) per sample and combined to calculate group mean
values for control (vehicle-treated EWAT samples) and treatment
(NNMT inhibitor-treated EWAT samples) cohorts.
2.11. Effect of NNMT inhibitor on adipocyte differentiation quantitated
with oil red O staining
3T3-L1 cells were cultured in 60 mm diameter dishes (8.4  104
cells/dish) and treated with NNMT inhibitor dissolved in culture
media with/without adipogenic factors (1 mM IBMX, 1 lM dexamethasone, 10 lg/ml of insulin) during each of the scheduled medium changes during the differentiation process (described above).
On day 9 post-differentiation, cells were subjected to quantitative
oil red O (Thermo Fisher Scientific; Waltham, MA, USA) staining as
adapted and modified from published protocols [12]. Briefly, cells
were washed twice with PBS, fixed with 10% formalin for 30 min
at room temperature, and stained with oil red O working solution
(0.2% oil red O in 99% isopropanol) for 30 min. Cells were then
washed five times or with sterile water until unincorporated oil
red O stain was completely removed. Images of oil red O staining
in control and inhibitor-treated cells were digitally photographed
using a light microscope (Olympus BX41; Tokyo, Japan). After
image capture, 2-propanol (3.5 mL) was added to each dish for
10 min to dissolve the oil red O stain and absorbance was quantified in a plate reader set at 492 nm wavelength. To ensure the
absorbance from oil red O staining was within the linear detection
range of the plate reader, a calibration curve was established for oil
red O staining in adipocytes using a previously described protocol
[23].
2.12. Statistical analysis
Statistical analysis for two-group comparisons was conducted
using unpaired Student’s t-test. A one-way analysis of variance
(ANOVA) with Dunnett’s posthoc test was used to compare multiple groups (different inhibitor treatments or concentration effects
in cellular assessments) to controls. Daily NNMT inhibitor effects
on body weight measures in DIO mice was analyzed using a
repeated measures two-way ANOVA with Sidak’s multiple comparison posthoc test. All statistical analyses were performed using
Graphpad Prism 7.0 with an experiment-wise error rate of a = 0.05.
3. Results
3.1. NNMT inhibitors display high membrane permeability
Compounds spanning 100-fold IC50 values for NNMT inhibition were selected on the basis of positional substitutions around
the N-methylated quinolinium scaffold [17] to obtain an estimate
of drug-like oral absorption/bioavailability properties and guide
the choice of inhibitors for in vitro and in vivo phenotypic studies.
Tables 1 and 2 summarize passive membrane diffusion and active
transport membrane permeability, respectively, for select small
molecule NNMT inhibitors for which structure activity relationships had been previously developed [17]. 1-MNA, a product inhibitor of NNMT [12,24,25] exhibited no passive permeability
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Table 1
NNMT inhibitor permeability from passive transport across membranes as measured using PAMPA.
Name
c

Quinoline (highly permeable)
1-Methylnicotinamide (1-MNA)
1-Methylquinolinium (1-MQ)
1,8-DiMQ
1,2,4,8-TetraMQ
5-Amino-1MQ
3-Amino-6-fluoro-1MQ
7-Amino-1MQ
2,3-Diamine-1MQ

IC50 (lM)a

Flux (cm/s)

Permeability Classificationb

ND
9.0
12.1
1.8
109.2
1.2
1.2
2.6
2.8

33.9E-06
0
0
8.63702E-07
6.98184E-07
3.01472E-06
1.07832E-06
2.05476E-06
3.89795E-06

High permeability
No permeability
No permeability
Low permeability
Low permeability
High permeability
Moderate permeability
High permeability
High permeability

ND: Not determined; Quinoline is an NNMT substrate [25].
a
IC50 values from our published SAR study [17].
b
BCS, Biopharmaceutics Classification System.
c
High membrane-permeable comparator compound[51]

Table 2
Active transport across cell membranes and drug efflux ratios for NNMT inhibitors determined using Caco-2 assay.
Name

Mean A ? B Papp 106 cm/s

Mean B ? A Papp 106 cm/s

Efflux Ratio
(Re)

Classification

Ranitidinea
Talinolola
Warfarina
1,8-DiMQ
5-Amino-1MQ
7-Amino-1MQ
2,3-Diamine-1MQ

0.192
23.5
0.0701
BLQ
34.2
26.0
5.27

1.44
15.7
5.01
1.78
45.2
39.6
21.2

11.9
0.673
73.2
NC
1.33
1.52
4.03

Low permeability (control)
High permeability (control)
High efflux (control)
Low permeability
High permeability (no efflux)
High permeability (no efflux)
Moderate permeability
(moderate efflux)

BLQ: No peak detected in receiver side sample for A ? B transport.
NC: not calculable.
a
Standard controls used in the assay based on permeability classifications.

(Table 1). Similarly, the quinolinium containing parent analogue 1MQ also lacked passive diffusion properties (Table 1), suggesting
that the lipophilicity and drug-like permeability properties of analogues within the methylquinolinium series had to be improved
via chemical modification. To this end, we synthesized a number
of per-methylated quinolinium analogues [17] guided by in silico
calculation of partition coefficient (c log P) [26]. Addition of
hydrophobic methyl group substitutions around the quinolinium
scaffold (previously shown to negatively impact NNMT inhibitory
activity) [17] only slightly improved membrane permeability via
passive transport as indicated by the low, but non-zero, permeability values for 1,8-diMQ and 1,2,4,8-tetraMQ (Table 1). In contrast,
positional polar amine substitutions around the quinolinium core
not only improved NNMT inhibition as noted previously [17], but
also enabled favorable passive and active transport across membranes (Tables 1 and 2). Specifically, 5-amino-1MQ and 7-amino1MQ exhibited high passive and active transport across membrane,
with no detectable efflux observed in the Caco-2 cell assay. In contrast, the 2,3-diamino substitution in the 1MQ scaffold (2,3diamino-1MQ) displayed high passive permeability (Table 1), but
moderate bi-directional active transport with moderate efflux ratio
(Table 2). Consistent with the PAMPA measurements, the 1,8-diMQ
analogue exhibited very low bi-directional transport in the Caco-2
cell assay (Table 2).

at concentrations ranging from 100 to 300 lM. All three compounds displayed 40% cytotoxicity at the highest concentration
tested (P < .001, 600 lM-treated cells vs. control untreated cells).
3.3. Differentiated 3T3-L1 adipocytes provide a relevant cell-based
system to validate NNMT inhibitor mechanism-of-action
To determine if differentiated 3T3-L1 adipocytes could be utilized as a cell-based system for mechanism-of-action and phenotypic characterization of NNMT inhibitors, we measured the

3.2. Effects of NNMT inhibitors on 3T3-L1 cell viability
The cytotoxic effects of three membrane-permeable NNMT
inhibitors, 5-amino-1MQ, 7-amino-1MQ, and 2,3-diamino-1MQ
were evaluated in 3T3-L1 pre-adipocytes. Treatment of cells with
10 lM 5-amino-1MQ or 7-amino-1MQ and 300 lM 2,3-diamino1MQ for a 24 h period did not impact cell viability (Fig. 1). 5Amino-1MQ and 7-amino-1MQ produced modest cytotoxicity relative to untreated cells (P < .01, treated vs. control untreated cells)
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Fig. 1. Effect of NNMT inhibitors on 3T3-L1 cell viability. Data represent average
viability of 3T3-L1 cells normalized to untreated (control) cells at different
concentrations of 5-amino-1MQ (open bar), 7-amino-1MQ (closed bar), and 2,3diamino-1MQ (hatched bar) (n = 3–6); error bars represent standard error of the
mean (SEM). Treatment of 3T3-L1 pre-adipocytes with NNMT inhibitors for 24 h did
not impact cell viability up to a concentration of 100 lM. P > .05, not significant vs.
untreated 3T3-L1 cells (0 lM). **P < .01; ***P < .001 vs. untreated 3T3-L1 cells (0 lM)
analyzed by a one-way ANOVA with Dunnett’s posthoc.
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expression levels of NNMT and used LC/MS/MS to assess the levels
of NNMT reaction product 1-MNA in fully differentiated adipocytes
(day 9–10 post-differentiation) and undifferentiated preadipocytes (day 0). NNMT protein expression was found to be
37-fold higher in the adipocytes (day 9) vs pre-adipocyte (P <
.0001, Fig. 2A). Similarly, 1-MNA levels normalized to total cellular
protein were 7.5-fold higher in adipocytes compared to preadipocytes (P < .05, pre-adipocytes vs. adipocytes, Fig. 2B), suggesting relatively higher activity of the NNMT enzyme in the fully differentiated adipocytes. NNMT inhibition using 5-amino-1MQ (30
lM concentration) in both the pre-adipocytes (P < .01, treated
pre-adipocytes vs. untreated controls) and the adipocytes (P < .05,
treated adipocytes vs. untreated controls) resulted in significant
reduction in the intracellular levels of 1-MNA (Fig. 2C).
3.4. NNMT inhibitors decrease production of 1-MNA in differentiated
adipocytes
The relative effectiveness of NNMT inhibitors to lower 1-MNA
levels in the differentiated adipocytes were compared at a single
concentration of 10 lM (concentration well below the cytotoxic
concentration range for NNMT inhibitors). Treatment of adipocytes
with membrane-permeable NNMT inhibitors for 24 h resulted in a
significant reduction in cellular 1-MNA levels, relative to the levels

of 1-MNA in untreated control adipocytes (F(5,6) = 42.64, P < .0001)
(Fig. 2D). Dunnett’s posthoc tests revealed that all membranepermeable NNMT inhibitors tested significantly decreased 1-MNA
levels in the adipocytes relative to control (5-amino-1MQ,
P < .001; 3-amino-6-fluoro-1MQ, P < .01; and 2,3-diamino-1MQ,
P < .05 vs. control untreated adipocytes, respectively). In contrast,
the poorly membrane-permeable NNMT inhibitor 1,2,4,8-tetraMQ
did not significantly decrease intracellular 1-MNA levels compared
to untreated controls (P > .05, n.s.). 5-amino-1MQ, an analogue
from our initial series of NNMT inhibitors with low IC50 value
(IC50 = 1 lM [17]), and high cell membrane permeability
(Table 2), produced the greatest reduction of intracellular 1-MNA
levels at a concentration of 10 lM among tested inhibitors
(Fig. 2D). Based on these results, we monitored changes in
intracellular 1-MNA in response to 24 h treatment with varied 5amino-1MQ concentrations. 5-amino-1MQ showed concentrationdependent inhibition of NNMT in fully differentiated adipocytes
that could be fit to a 3-parameter sigmoidal dose-response curve
with a calculated EC50 = 2.3 ± 1.1 lM (Fig. 2E, 2F; goodness-of-fit
R2 = 0.94). At inhibitor concentrations ranging from 10 to 60 lM,
the relative intracellular 1-MNA levels stabilized at 40% the level
observed for untreated adipocytes; concentrations greater than 60
lM were not tested due to known cytotoxic effects in 3T3-L1 cells
(see Fig. 1).

Fig. 2. Relative NNMT protein expression and reaction product 1-MNA levels in the pre-adipocytes vs adipocytes, and the mechanistic validation of NNMT inhibitors in
adipocytes. Expression levels of NNMT (normalized to b-actin) in pre-adipocytes (Day 0) and fully differentiated adipocytes (Day 9) (a). Relative levels of 1-MNA in the preadipocytes (closed bar) and differentiated adipocytes (checkered bar) per lg of total cellular protein (b). Effects of 5-amino-1MQ (30 lM) (open bar) treatment for 24 h on the
intracellular levels of the NNMT reaction product 1-MNA in pre-adipocytes (closed bar) and differentiated adipocytes (checkered bar) (c). Relative effect of NNMT inhibitors
on the intracellular levels of 1-MNA in the adipocytes (inhibition of 1-MNA compared at 10 lM concentration of each inhibitor treated for 24 h) (d). Chemical structure and
activity of NNMT inhibitor 5-amino-1MQ. IC50 for the lead inhibitor 5-amino-1MQ value was determined using a biochemical assay [17] and EC50 was determined from data
in Fig. 3F (e). Dose-response curve showing intracellular 1-MNA levels in adipocytes following treatment with varied 5-amino-1MQ concentrations (f). Data points represent
average 1-MNA levels normalized to an internal standard and transformed to % control values ± SD (n = 2 replicates per data point). The goodness-of-fit R2 between fitted
curves and data was 0.94. #P < .05 vs. control pre-adipocytes; *P < .05; **P < .01; ***P < .001 vs. control adipocytes; ^P < .01, vs. 5-amino-1MQ (10 lM)-treated adipocytes
analyzed by Student’s t-test or a one-way ANOVA with Dunnett’s posthoc where appropriate.
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3.5. NNMT inhibition increases intracellular concentrations of NAD+
and SAM in differentiated adipocytes

3.6. NNMT inhibitors are selective and do not impact related
methyltransferases or enzymes in the NAD+ salvage pathway

Fig. 3A outlines the major elements of the mammalian NAD+
salvage pathway using NA as the starting substrate [27]. Since
the NNMT inhibitor 5-amino-1MQ significantly reduced intracellular 1-MNA concentrations (Fig. 2B and C), we hypothesized that
NNMT inhibition in adipocytes would increase intracellular concentrations of the co-substrates NA and SAM and shunt more NA
into the NAD+ salvage cycle. A one-way ANOVA revealed an almost
significant main effect of NNMT inhibitor treatment on intracellular NAD+ levels (F(5,6) = 4.131, P = 0.0568) (Fig. 3B); treatment of the
adipocytes with the NNMT inhibitor 5-amino-1MQ resulted in a
concentration-dependent increase in the NAD+ levels with concentrations in the range of 1–60 lM resulting in 1.2–1.6-fold
increase in NAD+ levels relative to control adipocytes. Dunnett’s
posttests revealed a significant increase in NAD+ levels at the 10
lM inhibitor concentration (P < .05 vs. control; Fig. 3B). Similarly,
a one-way ANOVA revealed a significant main effect of NNMT inhibition on intracellular SAM levels (F(5.5) = 7.35, P = 0.0236) in the
adipocytes (Fig. 3B). Dunnett’s posttests revealed a significant
increase in the intracellular SAM levels at the higher inhibitor concentration relative to control adipocytes (30 lM, P < .05; 60 lM, P
= 0.06). However, no statistically significant main effect of NNMT
inhibitor treatment were observed for the intracellular levels of
NA (F(5,6) = 1.031, P > .05) and (F(5,6) = 0.334, P > .05) SAH (Fig. 3B).

The selectivity of NNMT inhibitors was confirmed by testing
against a panel of structurally similar methyltransferases and
two enzymes in the NAD+ salvage pathway (NAMPT and SIRT1;
Fig. 3). Concentrations of 1,8-diMQ and 5-amino-1MQ ranging
from 10 nM to 200 or 600 lM, respectively, did not inhibit DNMT1
or PRMT3 (Fig. 4A and B). Sigmoidal dose-response curves and reliable estimates of IC50 values based on non-linear least-squares fitting to the available data could not be obtained since no significant
inhibition of DNMT1 and PRMT3 was observed at the tested NNMT
inhibitor concentrations (Table 3). Additionally, 1,8-diMQ and 5amino-1MQ showed little inhibition of COMT at maximal tested
concentrations of 200 lM (20% inhibition) and 600 lM (10% inhibition), respectively, although no clear trend of concentrationdependent inhibition was observed. As was noted for DNMT1
and PRMT3, sigmoidal dose-response curves and reliable estimates
of IC50 values could not be obtained since no significant inhibition
was observed at the tested NNMT inhibitor concentrations.
5-Amino-1MQ did not inhibit NAMPT up to a tested concentration of 100 lM; reliable data could not be obtained at 5-amino1MQ concentrations above 100 lM due to inference with the
NAMPT assay readout signal (Fig. 4D, Table 3). However, when
the assay was repeated with 5-amino-6-fluoro-1MQ, an analogue
of 5-amino-1MQ that did not interfere with the NAMPT assay, no

Fig. 3. Effects of NNMT inhibitor on intracellular levels of NAD+ salvage pathways and methionine cycle metabolites. Schematic illustration of pathways regulated by NNMT,
including the NAD+ biosynthesis salvage pathway starting from NA as a precursor that feeds into energy metabolism, methionine cycle that regulates intracellular SAM
concentrations and thus cellular epigenetic modifications and polyamine flux, and clearance of NA by conversion to 1-MNA and excretory products. Pathway enzyme
abbreviations include NMNAT (nicotinamide mononucleotide adenylyltransferase), NAMPT (nicotinamide phosphoribosyltransferase), MTase (SAM-dependent methyltransferases), PARPs (poly-ADP-ribose polymerases), and CD38 (cluster of differentiation 38/cyclic ADP ribose hydrolase) (a). Effects of the NNMT inhibitor 5-amino-1MQ on
intracellular levels of NAD+, NA, SAM, and SAH metabolites in differentiated adipocytes treated with concentrations 0.3–60 lM for 24 h (b). Data represent mean metabolite
levels measured by LC/MS/MS in 5-amino-1MQ-treated adipocytes (open bar) normalized to control untreated adipocyte (closed bar) levels in biological duplicates (±SD). *P
< .05 vs. control untreated adipocytes determined by one-way ANOVAs followed by Dunnett’s posttest comparisons.
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Fig. 4. Normalized response curves for NNMT inhibitors (5-amino-1MQ, open triangle; 1,8-diMQ, open square) against similar methyltransferase enzymes DNMT1 (a),
PRMT3 (b), and COMT (c). Normalized response curves for NNMT inhibitor 5-amino-1MQ tested against NAD+ salvage pathway enzymes NAMPT (d) and SIRT1 (e). Data points
represent normalized enzyme activity in the respective experiments using 10 concentrations of established enzyme-specific (positive control) and NNMT inhibitors in a 3fold dilution series. The goodness-of-fit for the positive control inhibitors across all experiments and for 5-amino-1MQ against SIRT1 activity was >0.95. All other data points
could not be used to generate reliable fitted curves and estimates of IC50 values.

Table 3
Activity for NNMT inhibitors against related methyltransferases and enzymes in the NAD+ salvage pathway.
Enzyme

DNA (cytosine-5)-methyltransferase 1
Protein arginine methyltransferase 3
Catechol-O-methyltransferase
Nicotinamide phosphoribosyl transferase
NAD+-dependent protein deacetylase sirtuin 1

IC50 (lM)
Positive control

1,8-diMQ

5-Amino-1MQ

0.28 ± 0.03 (SAH)
6.6 ± 1.2 (SAH)
0.0009 ± 0.0001 (Tolcapone)
0.0038 ± 0.0001 (FK866)
4.3 ± 0.6 (Suramin)

NI
NC
NC
ND
ND

NI
NC
NC
>100a
NC

NI: no inhibition.
NC: not calculable.
ND: not determined.
a
Concentrations above 100 lM could not be tested due to inference in the assay readout signal.

inhibition of NAMPT was observed with analogue concentrations
between 30 and 600 lM (data not shown).
5-Amino-1MQ did not inhibit SIRT1 concentrations ranging
from 10 nM to 300 lM, and minor reduction in SIRT1 activity
was observed with 600 lM 5-amino-1MQ (Fig. 4E). However, sigmoidal dose-response curves and reliable estimates (i.e., R2 > 0.8)
of IC50 values could not be obtained since no significant inhibition
was observed with the tested concentrations of 5-amino-1MQ.
Taken together, these results suggest high selectivity of the small
molecule 5-amino-1MQ analogue at pharmacologically relevant
concentrations to NNMT-inhibition.
3.7. NNMT inhibitor caused weight loss and reduced adipose tissue
mass in DIO mice
Since in vitro studies showed 5-amino-1MQ to have high cell
permeability, enzyme selectivity, and cell culture efficacy, a subchronic (11-day) proof-of-concept in vivo study was conducted to
test the effect of NNMT inhibition on obesity in HFD fed mice.
Three times daily systemic (SC) treatment of DIO mice with
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20 mg/kg of 5-amino-1MQ produced a progressive loss of body
weight over the treatment period compared to controls (Fig. 5A).
A repeated-measures two-way ANOVA revealed a significant main
effect of the factors treatment (F(1,16) = 12.47, P = 0.0028), time
(days) (F(5,80) = 4.437, P = 0.0012), and a significant treatment x
time interaction (F(5,80) = 10.89, P < .0001). Sidak’s multiple comparison posttests revealed significant differences in body weight
between control and treated DIO mice on days 6 (P < .01), 9 (P <
.0001), and 11 (P < .0001) (Fig. 5A). At the end of the 11-day treatment period, control DIO mice showed a cumulative weight gain of
0.6 ± 0.4 g (1.4% weight gain from baseline measures), while DIO
mice treated with the NNMT inhibitor showed a weight loss of 2.0
± 0.6 g (5.1% weight loss from baseline measures) (Fig. 5A). Food
intake remained the same between the groups suggesting the
weight loss effect is primarily related to altered metabolism (i.e.,
increased energy expenditure) (F(1,16) = 1.101, P > .05; Fig. 5B);
total cumulative food intake in control and treated DIO mice was
28.1 ± 1.2 g and 26.2 ± 1.4 g, respectively (Fig. 5B, inset). Additionally, treatment of DIO mice with the NNMT inhibitor resulted in a
substantial 35% decrease (P < .001) in the mass (Fig. 5C) and size
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Fig. 5. Effects of saline or NNMT inhibitor (5-amino-1MQ, 20 mg/kg, t.i.d.) administered SC over a 11-day period in DIO mice on body weight changes from baseline (a),
average food intake (g/day) and cumulative food intake across 11-days [inset] (b), epididymal fat-pad weight (c), size of the EWAT (representative images) (d), adipocyte size
(lm2) determined in mean number of 20.7 ± 1.8 (DIO, saline) and 28.6 ± 2.3 adipocytes (DIO, 5-amino-1MQ) (e), representative H&E stained images of saline- and 5-amino1MQ-treated DIO EWAT tissue (scale bar = 200 lm) (f), and total plasma cholesterol levels following a 4-h fasting period (mg/gL) (g). All data points represent the mean
values in n = 9 mice/group ± SEM. *P < .05; **P < .01, ***P < .0001 vs. saline-treated DIO analyzed by unpaired Student’s t-test or a repeated measures two-way ANOVA with
multiple comparisons posthoc tests where applicable.

(Fig. 5D) of the EWAT compared with the control DIO mice. Consistent with these results, histological analysis of the EWAT from
treated DIO mice had >30% decrease in adipocyte size (P < .05;
Fig. 5E and 5F) and >40% decrease in adipocyte volume (data not
shown) compared to control DIO mice. Plasma lipid-profile measurements showed that the total cholesterol levels were 30%
lower in treated DIO mice relative to control DIO mice (P < .05;
Fig. 5G). Total cholesterol levels at the end of our study in the control DIO mice were comparable to cholesterol levels reported by
the vendor for age-matched DIO mice. In contrast, cholesterol
levels in the NNMT inhibitor-treated DIO mice were similar to

cholesterol levels reported by the vendor for age-matched normal
chow-fed C57Bl/6 mice (www.jax.org/jax-mice-and-services/findand-order-jax-mice/most-popular-jax-mice-strains/dio-b6).
3.8. NNMT inhibition suppresses lipogenesis in 3T3-L1 cells
In order to determine the effect of NNMT inhibition on adipocyte differentiation and lipogenesis, lipid accumulation was determined in adipocytes following treatment of 3T3-L1 cells with the
NNMT inhibitor in media containing adipogenic factors. Treatment
with 5-amino-1MQ produced concentration-dependent inhibition

Fig. 6. Effects of 5-amino-1MQ on lipogenesis in differentiating 3T3-L1 cells. Representative images of culture plates (top panels) and microscopic images (20x magnification;
scale bar = 50 lm; bottom panels) following oil red O staining of lipid droplets in the control untreated and 5-amino-1MQ (15, 30, and 60 lM)-treated adipocytes (treatment
continued throughout the period of differentiation) (a). Lipid accumulation determined by quantification of oil red O staining in 5-amino-1MQ (15, 30, and 60 lM)-treated
adipocytes; data points represent average normalized (% untreated control) values (±SEM) in treated adipocyte samples (n = 2 replicates per experiment; experiment
performed 3 times) (b). Viability of 3T3-L1 cells treated with 5-amino-1MQ (0.1–60 lM); data points represent average normalized (% untreated control) values (± SEM) in
treated 3T3-L1 samples (n = 3 replicates per experiment; experiment performed 3 times). ***P = 0.0001 vs. untreated adipocytes (0 lM); *P < .01 vs. untreated 3T3-L1 cells
analyzed by a one-way ANOVA with Dunnett’s posthoc tests (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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of lipid accumulation in differentiating pre-adipocytes (F(3,19) =
39.26, P < .0001; Fig. 6A and B). Concentrations of 30 lM and 60
lM 5-amino-1MQ reduced lipogenesis by 50% and 70%, respectively, compared to control untreated adipocytes (P = 0.0001;
Fig. 6B). 3T3-L1 cell viability was only slightly reduced at the highest tested concentration of 5-amino-1MQ compared to untreated
cell viability (P < .05; Fig. 6C).

4. Discussion
Pharmacological treatment of obesity using target-based
approaches to either decrease food intake or increase energy
expenditure has been a major area of research in recent years
[11]. Here, we demonstrated a novel pharmacological approach
using small molecule inhibitors of NNMT, a target enzyme with a
newly identified role in energy metabolism [15], as a potential
intervention to prevent adipogenesis and reverse diet-induced
obesity. We rationally developed the first series of highly
membrane-permeable and selective small molecule inhibitors of
NNMT with pronounced efficacy in reducing the levels of the
NNMT reaction product 1-MNA in adipocytes. NNMT structureactivity relationships and physical chemical property-based analysis (e.g., logP) guided the synthesis of these membrane-permeable
amino-substituted quinolinium analogues, which were validated
with the PAMPA and Caco-2 cell-based empirical results, suggesting high oral absorption and bioavailability for these compounds
[28]. Mechanisms of active-transport that mediate the intracellular
uptake of these small molecules remain to be studied. However,
organic cation transporters (OCTs) [29] may likely play role in
the active transport of our charged quinolinium-containing quaternary amine NNMT inhibitors across cell membranes since OCTs
have been shown to facilitate cellular uptake of several organic
cationic drugs (e.g., metformin) [30,31].
Importantly, quinolinium-based NNMT inhibitors showed
exceptional selectivity for NNMT with no apparent activity against
either closely-related (i.e., tertiary structure rmsd <3 Å sequence
identity >15% relative to NNMT) human methyltransferases (e.g.,
COMT) or functionally distinct SAM-dependent DNA (e.g., DNMT1)
and protein (e.g., PRMT3) methyltransferases with primary and
tertiary structures highly similar to NNMT. Additionally, analogues
containing the quinolinium scaffold lacked inhibitory activity
against enzymes in the NAD+ salvage pathway that bind
nicotinamide-containing substrate, including NAMPT [27,32] and
the NAD+-dependent SIRT1 enzyme, which deacetylates NAD+ to
produce NA, a product inhibitor of SIRT1 [33]. These results suggest
that quinolinium-based NNMT inhibitors achieve selectivity by
specifically interacting with the NA-binding pocket of NNMT
[17], unlike several known non-selective methyltransferase inhibitors that interact with the SAM-binding pocket, which is highly
conserved among SAM-dependent methyltransferases [34,35].
Membrane-permeable NNMT inhibitors reduced intracellular 1MNA levels in a concentration-dependent manner and at pharmacologically relevant concentrations that did not impact cell viability, suggesting these small molecules interact directly with NNMT
in cells. Given that NNMT has been reported to be a primary metabolic enzyme [36] and a major clearance pathway for intracellular
NA [15], it is likely that these small molecules are directly and
selectively inhibiting the conversion of NA to 1-MNA. We found
that intracellular 1-MNA and NNMT protein expression levels were
substantially higher in the fully differentiated adipocytes compared to the undifferentiated pre-adipocytes, which is consistent
with the differentiation-dependent enhancement in NNMT mRNA
levels and enzymatic activity reported previously in the 3T3-L1 cell
lines [37]. The higher levels of 1-MNA and NNMT in adipocytes
compared to pre-adipocytes may partially account for our observa-
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tions that increasing concentrations (10–60 lM) of NNMT inhibitor
did not completely eliminate 1-MNA in adipocytes, but did fully
suppress 1-MNA accumulation in undifferentiated preadipocytes. In addition, the observed differential 1-MNA steadystate levels following NNMT inhibition may reflect differential
transcriptional regulation of cellular metabolic pathways across
the various stages of 3T3-L1 differentiation [38]; for example, aldehyde oxidase (AOX)-mediated degradation of 1-MNA may be more
pronounced in pre-adipocytes compared to adipocytes, thereby
synergistically reducing 1-MNA levels to a greater extent in preadipocytes compared to adipocytes. Further studies will examine
differentiation-specific differences in the metabolic pathways that
directly impact the clearance and/or shunting of NA into the NAD+
salvage pathway.
Our observation that intracellular NA concentrations did not
increase following NNMT inhibition extends previous studies that
showed NA concentrations were largely unaffected following
NNMT knockdown with either adenovirus [39] or anti-sense
oligonucleotides (ASOs) [12]. It is possible that significant accumulation of NA in adipocytes (and other tissues) is prevented by rapid
conversion of NA to NMN and subsequent NAD+ synthesis or transport to the extracellular environment [27]. Importantly, NNMT
inhibition potentiated the absolute intracellular concentrations of
NAD+ and SAM, without altering the levels of NA and SAH in the adipocytes. These co-factors are critical regulators of cellular energy
metabolism, polyamine flux, epigenetic remodeling, and SIRT1
activity in the NAD+ salvage pathway [12,27,40]. The increased
levels of SAM and NAD+ we observed in cultured adipocytes following NNMT inhibition are consistent with the upregulation of SAM
and NAD+ observed in the WAT of DIO mice treated with NNMT
ASO, which correlated with increased cellular energy expenditure,
reduced adiposity, and protection against diet-induced obesity
[12]. In the present study, systemic treatment of DIO mice with a
small molecule NNMT inhibitor caused significant loss of body
weight and WAT mass, reduction in adipocyte size, and corresponding improvements in the plasma lipid profile (i.e., decreased circulating cholesterol levels). Notably, NNMT inhibition did not impact
food intake in the DIO mice nor produce any overt signs of toxicity
or adverse behavioral effects at the pharmacologically effective
dose. Together, our observations that a small molecule NNMT inhibitor can increase NAD+ and SAM concentrations in differentiated
adipocytes and reduce adiposity in DIO mice, suggest that treatment with an NNMT inhibitor effectively reverses obesity via modulation of the NAD+ salvage and SAM-mediated (e.g., polyamine
flux) pathways to regulate energy expenditure in the adipose tissue.
A number of studies support NAD+ regeneration as a therapeutic strategy to benefit patients with obesity [27]. For examples, natural NAD+ precursor activators such as nicotinamide riboside (NR)
administered via dietary supplements to high-fat fed mice protected against diet-induced obesity, increased energy metabolism,
and improved insulin sensitivity [41]; some of these effects were
shown to be mediated by NAD+-dependent SIRT1 activation [42].
Similarly, systemic administration of NMN improved glucose tolerance and diet- and age-related insulin resistant conditions [43,44].
However, dietary supplemental NAD+ precursors (e.g., NR, NMN)
require chronic administration and/or very high pharmacological
doses to achieve physiologically beneficial enhancements in the
NAD+ levels, which potentially limit use in humans [27]. It could
be predicted that combined administration of sub-maximal doses
of dietary supplements and NNMT inhibitors that function as activators of NAD+ might produce synergistic improvements in dietinduced obesity, and reduce adverse effects associated with
chronic high-dose administration of dietary supplemental NAD+
precursors. Studies testing the efficacy of NNMT inhibition on
diet-induced obesity, both alone and combined with dietary
agents, are currently in progress.
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The present study demonstrated that NNMT inhibitor administered during adipocyte differentiation blocked the accumulation of
lipid droplets, suggesting suppressed lipogenesis and programmed
development of mature adipocytes from pre-adipocyte 3T3-L1 precursor cells (i.e., ‘‘adipogenesis”). Since 24 h of treatment of adipocytes with an NNMT inhibitor increased intracellular levels of SAM
and NAD+, it is likely that prolonged exposures to NNMT inhibitor
during differentiation may have resulted in significantly enhanced
intracellular flux of SAM and NAD+. Increased absolute concentrations of intracellular NAD+ links with activation of NAD+dependent histone deacetylases (e.g., sirtuins) that also mediate
epigenetic regulation of gene expression [40] and adipocyte physiology [45]. Similarly, increased intracellular concentrations of
SAM, a universal substrate for SAM-dependent histone methyltransferases, could have profound influence on cellular epigenetic
modifications, including transcriptional regulation and the expression of genes that regulate adipogenesis and/or thermogenesis promoting browning of adipocytes (e.g., PPARc, PRDM16, UCP1, Wnt)
[46–48]. NNMT protein expression is relatively lower in the murine brown adipose tissue (BAT) compared to the WAT [37] and
nnmt (a WAT-selective gene [49,50]) gene expression has been
reported to be lower in the BAT of HFD fed mice compared to normal chow-fed mice [49]. Furthermore, NNMT activity is significantly higher in the white fat compared to brown adipose tissue
and the other organs (e.g., liver, lungs) in DIO mice [16]. Hence,
treatment with an NNMT inhibitor in DIO mice may less likely
impact BAT or other tissue NNMT activity, but could be speculated
to modulate thermogenic/adipogenic genes in the WAT. Future
studies will validate in vivo modulation of WAT NAD+/SAM and
delineate NAD+- and SAM-mediated epigenetic mechanisms that
may underlie gene regulation in the presence of NNMT inhibitors.
The current study provides conclusive evidence for the use of
small molecule, ‘‘drug-like” NNMT inhibitors as a viable therapeutic approach to manage diet-induced obesity and related metabolic
comorbidities. Our novel NNMT inhibitors display excellent physical chemical properties (e.g., membrane permeability), selectivity,
and cellular inhibitory activity against NNMT, concomitantly
enhancing the levels of the co-factors SAM and NAD+ that independently regulate cellular energy metabolism and epigenetic modifications. Importantly, treatment of DIO mice with our NNMT
inhibitors did not impact food intake, but produced marked reductions in body weight, WAT mass, adipocyte size, and cholesterol
levels with negligible toxicity or observable adverse effects. Future
studies will be focused on optimizing the MQ-scaffold lead series
to generate more potent NNMT inhibitors with significantly
improved ‘‘drug-like” ADME profile. Orally bioavailable lead candidates will be tested in a comprehensive dose-ranging study to confirm efficacy on obesity and co-morbid endpoints.
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