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Abstract: Through the Lilly Open Innovation Drug Discovery program (OIDD), we discovered
five cationic bis(aryltriazol-4-yl)methyl)-6,7-dimethoxytetrahydroisoquinolinium derivatives that
effectively inhibit human nicotinamide N-methyltransferase. Compounds 4a, 4c, and 4f demon-
strated activity against hNNMT in enzymatic-based testing, with ICs values of 3.177 uM, 7.9 uM,
and 4.477 pM, respectively. In cell-based testing, 4c and 4f inhibited the enzyme in HEK293 cells
with an ICsj value of 2.81 uM and 1.97 uM. Compound 4m inhibited hNNMT in the enzymatic-
based assay by 98% at a concentration of 10 uM, with IC5p of 1.011 uM in the cell-based assay.
Through structure-activity relationship analysis, we found that the active compounds had electron-
withdrawing substituents at the 4-position of the phenyl-triazole, while compounds containing
bulky and electron-donating groups at the same position did not display any activity. The results of
docking studies using AutoDock 4.2 showed that all active compounds had similar binding patterns
at the NNMT active site. They occupied the nicotinamide binding site and about two-thirds of
the S-adenosyl-L-methionine site. However, the SAR and docking results of 4g contradicted the
compound’s inactivity. Nevertheless, the molecular docking studies provided insight into how the
ligands interact with the protein and explained the activity of our compounds.

Keywords:  bis(phenyl-triazolyl)-dimethoxytetrahydroisoquinolinium; hNNMT inhibitors;
S-adenosyl-L-methionine (SAM); nicotinamide (NA); SAR; resistant cancers; metabolic disorders

1. Introduction

Nicotinamide N-methyltransferase (NNMT) enzyme is crucial in detoxification and
energy metabolic pathways [1]. It is primarily expressed in the liver and, to a lesser
extent, in other organs and adipose tissue [2,3]. NNMT facilitates the transfer of a methyl
group from S-adenosyl-L-methionine (SAM), a methyl donor, to nicotinamide (NA), a
recipient, resulting in the production of S-adenosyl-L-homocysteine (SAH) and N-methyl-
nicotinamide (MNA), as illustrated in Scheme 1.

Additional roles of NNMT involve a range of disease status and physiological pro-
cesses, including Parkinson’s disease [4,5], numerous cancers [6-9] and metabolic disorders
(e.g., Type 2 diabetes) [10-12]. Studies in animals and humans have linked the increased
NNMT expression and activity in cancer cells with chemotherapy and radiation resistance
and increased tumour aggressiveness [13].

Growing evidence suggests that NNMT may serve as a potential biomarker for tumour
diagnosis and a new therapeutic target [13-15]. Downregulating or silencing NNMT
has been shown to increase the sensitivity of cancer cells to radiation therapy, decrease
tumorigenicity and induce apoptosis in cancer cells [16]. These findings provide critical
support for the role of NNMT in treatment resistance in cancer cells. Therefore, compounds
that can inhibit the activity of NNMT may have therapeutic value in cancer treatment. Only
a few known NNMT inhibitors have been reported in the literature [17-24].

AppliedChem 2023, 3, 509-525. https:/ /doi.org/10.3390/appliedchem3040032 https://www.mdpi.com/journal/appliedchem


https://doi.org/10.3390/appliedchem3040032
https://doi.org/10.3390/appliedchem3040032
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/appliedchem
https://www.mdpi.com
https://orcid.org/0000-0002-5665-0702
https://doi.org/10.3390/appliedchem3040032
https://www.mdpi.com/journal/appliedchem
https://www.mdpi.com/article/10.3390/appliedchem3040032?type=check_update&version=1

AppliedChem 2023, 3

510

NNMT N
N7 ONH, NH,
ﬁ 7N Lo

N

SAM H

Nicotinamide (NA)

HoN

N-methyl-nicotinamide (MNA)

NSy HO, 9

A

N=N

SA
H OH
3 CHs o) Nl&N HO, = o)
I}\/S\/\)J\ )\(k IL/S\/\)J\
o ® OH H,N N~ o OH
NH, N=N NH;

S-adenosyl-L-methionine (SAM) S-adenosyl-L-homocysteine (SAH)

Scheme 1. Methylation of NA by NNMT using SAM as the methyl donor to form MNA and SAH.

There is an opportunity to develop novel NNMT inhibitors into molecular probes for
mechanistic investigations and for developing therapeutic drugs for treating aggressive
cancers in combination or monotherapy. Interestingly, NNMT is also overexpressed in the
adipocyte cells of obese and diabetic mice, and overexpression of NNMT mRNA has been
found in humans living with insulin-resistant type-2 diabetes (T2D). Therefore, compounds
that can inhibit the activity of NNMT in the setting of metabolic pathways may have thera-
peutic utility in treating obesity and related chronic metabolic diseases [10,11,21]. Gao et al.
emphasised the significance of developing cell-active inhibitors for NNMT, highlighting the
need for research in this field [23]. In this publication, we report the inhibitory activity of our
synthesised cationic bis(aryltriazol-4-yl)methyl)-6,7-dimethoxytetrahydroisoquinolinium
compounds [25] against the human NNMT (hNNMT) enzyme as well as a molecular
docking study to help explain the structure-activity relationship (SAR) requirements.

2. Materials and Methods
2.1. Biological Assay

Compounds listed in Table 1 (in Section 3.1) underwent screening through the Lilly
OIDD program [26] to target hNNMT. The screening process involved primary and sec-
ondary assays using a workflow, as shown in Figure S1 of the Supplementary Information.

2.1.1. Primary Assays

hNNMT enzymatic modulation LC/MS assay single point (SP) (% Inhibition) concen-
tration and hNNMT enzymatic modulation LC/MS assay curve respond concentration-
response curve (CRC) (ICsg) were carried out by OIDD (Lilly Research Laboratories, Eli Lilly
and Company, Indianapolis, IN, USA) [26] using a known method developed by van Haren
et al. [27]. During the primary assays, the compounds were tested at a concentration of
10 uM using the ANNMT enzymatic modulation assay [27]. Ultra-High Performance (UHP)
Hydrophilic Liquid Interaction Chromatography (HILIC) with Quadrupole Time-Of-Flight
Mass Spectrometry (QTOF-MS) system was utilised to measure NNMT activity. A mass
spectrometric-based detection system was effectively utilised to identify and measure MNA
and SAH by-products. An internal standard d3-MNA and a positive control Sinefungin
were used. The accuracy and precision of the MNA analysis were established within a
range of 0.31-100 uM for both within and between run measurements. The calibration
curve’s linearity, sample recovery and detection limit were also confirmed.

2.1.2. Secondary Assays

Compounds 4a, 4c, 4f and 4m underwent hNNMT inhibitor cell-based assay in
HEK293 (ATCC-CRL-1573) human hepatoma cell line. The assay was carried out by
OIDD (Lilly Research Laboratories, Eli Lilly and Company, Indianapolis, IN, USA) using
the method described in the paper by Roberti et al. [28] or Yoshida et al. [24] SAM (Sigma
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#A7007, St. Louis, MO, USA) and 5 mM NAM (Fluka #72340, Charlotte, North Carolina,
NC, USA) or NA-d4 (CDN Isotopes #D-3457) were used as substrates. LC-MS was used
to monitor the concentrations of SAM, NA, SAH, and MNA or MNA-d4. Compounds 4a,
4c, and 4f underwent a cell viability assay conducted by OIDD. The data were determined
via the percentage cell growth inhibition of basal-HEK293 cells (hNNMT-overexpressing
HEK293 cells).

2.1.3. Biological Data

With their permission, the biological data used here were generated and made avail-
able through Lilly’s Open Innovation Drug Discovery (OIDD) Program. The OIDD team
performed the Analytical Method Validation and Data Analysis, and the provided data are
considered statistically valid.

2.2. Molecular Docking Study
2.2.1. Ligands Preparation

To prepare for docking studies, the compounds 4a—n, MvH45, and MS2734 were
constructed and optimised using Semi-Empirical (AM1) calculations from the setup menu
in Spartan 10 (Wavefunction, Inc., Irvine, CA, USA). Once completed, all files were saved in
mol2 format. These compounds were then further prepared using the “Preparing a Ligand
for AutoDock” steps found in the “Using AutoDock 4 and Vina with AutoDockTools: A
tutorial”—in AutoDock 4.2 with AutoDockTools (ADT, The Scripps Research Institute, San
Diego, CA, USA) Version 1.5.7 interface [29]. Finally, each compound was saved in PDBQT
format for AutoDock study.

2.2.2. Protein Structure Preparation

The hNNMT crystal structure was obtained in a complex with MS2734 (PDB ID:
6CHH) [19] from the RCSB Protein Data Bank. Before the docking studies, the original
inhibitor MS2734 was removed, along with water molecules. Any missing hydrogen atoms
were added, and the protein was saved in the pdb file format using Discovery Studio (DS)
Visualizer v21.1.0.20298 software (Dassault Systemes BIOVIA: San Diego, CA, USA, 2020).
The protein was further prepared in AutoDock 4.2 using the suggested steps for “Preparing
the Macromolecule” [29-31]. First, polar-H atoms were added, followed by the addition
of Kollman charges. Then, all non-polar hydrogen atoms were merged, and the “AD4
type” forcefield was assigned to atoms in the protein using the ADT “Edit” tool. This
optimisation process corrected structural, atomic, and bond length anomalies and charge
irregularities. The optimisation step was crucial in ensuring a stable conformation before
saving the structure in PDBQT format for docking study.

2.2.3. Preparing Grid Parameters

The grid parameter file was set up for hANNMT (6CHH) and ligand using the recom-
mended steps [29-31] in AutoDock 4.2. The active site was chosen as the grid box with
50 x 50 x 50 points in x, y, and z dimensions and a grid box spacing of 0.375 A. The grid
box was centred at the binding coordinate of MS2734, where the x, y, and z centres were
set at —8.417, —29.18, and 22.908, respectively. The grid output parameters were saved in a
gpf file, which was utilised to run AutoGrid and generate grid glg and map files.

2.2.4. Preparing Docking Parameters

The docking studies were set up following the recommended steps in AutoDock
4.2 [29-31]. The macromolecule for docking was selected as “Set Rigid Filename”. The
search parameters for docking were set as Genetic Algorithm (GA) with the maximum
number of evaluations set to “long” (25,000,000), 10 GA runs, and the remaining parameters
were used as defaults. The docking output was saved as a dpf file and then used to run
AutoDock. Upon successful completion of the AutoDock run, a results log (dlg file) was
generated.
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2.2.5. AutoDock Results Analysis

The results of ten genetic algorithm runs (in a dgl file) were analysed and ranked
using the Analyze tool in ADT based on binding energy, clustering, and root-mean-square-
deviation (rmsd) [29-31]. The conformation with the best energy ranking was chosen for
further analysis of its protein-ligand interactions and other docking scores. In addition, DS
Visualizer software was used to closely analyse the interactions between the inhibitors and
the hANNMT binding site.

3. Results and Discussion
3.1. Synthesis of Inhibitors

We previously reported the synthesis of cationic bis(aryltriazol-4-yl)methyl)-6,7-
dimethoxytetrahydroisoquinolinium derivatives 4 (Scheme 1) as antibacterial agents [25]
using the nitrogen atom of dimethoxytetrahydroisoquinoline 1 to attach the terminal alkyne
to produce compound 2. We focused on changing R? structurally, with the introduction
of R? achieved through the triazole ring formation in the final reaction step between the
aromatic azide 3 and alkyne 2. Using Cu-catalyzed azide-alkyne cycloaddition [32,33], we
could incorporate various substituted aromatic rings by forming the triazole ring to obtain
compounds, as illustrated in Scheme 2 and Table 1.
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Scheme 2. Synthesis of cationic bis(aryltriazol-4-yl)methyl)-6,7-dimethoxytetrahydroisoquinolinium
4 2 [25]. @ Reagents and conditions: (a) Propargyl bromide (3 eq.), KCOj3 (4 eq.), CH3CN, rt, 3 h;
(b) aromatic azide 3 (2 eq.), sodium ascorbate (1 eq.), CuSO4.5H,0 (0.2 eq.), HyO: i-PrOH (1:1), rt, 24 h.

Table 1. Compounds 4a—n.

Compound R! R?
4a H H
4b H 4-tert-butyl
4c H 4-CF;
4d H 4-Ph
4e H 4-Cl
4f H 4-CN
4g H 4-NO,
4h H 4-CON(CH3),
4i H 4-CH=CH-Ph
4j 3-F 4-OCH,Ph
4k 2-F 4-OCH,Ph
41 H 4-CH,OPh
4m H 3-CH,OPh
4n H 4-CH,SPh
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3.2. Compounds Cheminformatic Evaluation Using OIDD in Silico Screening

The Lilly Open Innovation Drug Discovery (OIDD, Lilly Research Laboratories, Eli
Lilly and Company, Indianapolis, USA) [26] program was an initiative by Lilly that en-
couraged collaboration with researchers globally. This program enabled scientists to use
Eli Lilly’s resources to screen new molecules while retaining intellectual property control.
Compounds 4a-n in Table 1 were first submitted for a cheminformatic evaluation using
the OIDD platform [26]. They were selected for their novelty and drug-like properties
based on cheminformatic evaluation. The submitted molecular structures were analysed
using filters to select compounds with strong druggable features and eliminate any that
may interfere with biological assays during screening. These filters included MW, cLogP,
solubility, toxicity, and other physicochemical properties. After undergoing cheminformatic
evaluation, the molecules were subject to a substance check and compared with known
drugs from both Lilly and PubChem collections. This was done to ensure that only novel
compounds were selected. Once the selection was made, the molecules listed in Table 1
were sent to Lilly for a high throughput screening study against key therapeutic targets in
the OIDD program. Among the tested targets, our compounds showed inhibitory activity
against hANNMT.

3.3. Biological Activities Novel NNMT Inhibitors

Compounds listed in Table 1 underwent screening through the Lilly OIDD pro-
gram [26] to target ANNMT. The screening process involved primary and secondary assays
using a workflow, as shown in Figure S1 of the Supplementary information. The primary
assays screened the compounds at a single point (SP) concentration to determine their
percentage inhibition (%). Compounds with greater than 50% inhibition were selected
for ANNMT enzymatic modulation assay concentration-response curve (CRC, ICs) assay.
Compounds with good ICsy values were then tested in secondary assays, which involved
determining their inhibitory activity against ANNMT in a cell-based assay and their toxicity
in a cell viability assay.

During the primary assays, compounds were tested at a concentration of 10 pM
using an hNNMT enzymatic modulation UHP-HILIC-MS assay created by van Hare
et al. [27]. The system used a mass spectrometric-based detection system to identify and
measure MNAand SAH by-products. An internal standard of d3-MNA and positive
control Sinefungin were utilised. The linearity of the calibration curve, sample recovery
and detection limit were also verified.

The inhibitory activity of all compounds listed in Table 1 at a concentration of 10 uM
is provided in the Supplementary Information Table S1. In the primary assays, 4a, 4c, 4f,
4h, and 4m were found to have inhibition greater than 50% against ANNMT, as noted in
Table 2. 4b was able to inhibit the enzyme at a lower percentage of 40%. Following this, 4a,
4c, 4f, and 4h were further tested for their IC5; values in the MNA and SAH concentration-
response curves (Table 2). The results obtained from detecting MNA and SAH showed
comparable percentages of inhibition and ICsy values. MNA concentration-response curves
of tested compounds are shown in Figure 1, and their SAH concentration-response curves
are provided in Supplementary information in Figure S2.

To assess their effectiveness, compounds 4a, 4c, 4f, and 4m underwent the secondary
assay in which they were tested for their ability to inhibit hNNMT overexpression in
HEK293 cells. The results showed that 4a inhibited the enzyme in HEK293 cells with an
ICs5¢ value of 21.75 uM (Figure 2A), indicating that its activity against ANNMT in HEK293
cells was less effective than in the enzymatic-based assay. However, 4c and 4f performed
slightly better in the cell-based assay than in the enzymatic-based assay, with ICs( values of
2.81 uM and 1.97 uM, respectively (Figure 2B,C). At a concentration of 10 uM, 4m inhibited
hNNMT in the enzymatic-based assay by 98%. Although its IC5y was not determined in
the enzymatic-base assay by the OIDD team, a subsequent investigation in the cell-based
assay indicated an ICsp of 1.011 uM (Figure 2D).
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Table 2. Inhibitory activity of compounds 4a, 4b, 4c, 4f, 4h and 4m against hANNMT.
hNNMT MNA, % hNNMT SAH, hNNMT MNA, hNNMT SAH, hNNMT in
Compound Inhibition (%) at Inhibition (%) at ICxs (M) ICs (M) HEK293, IC5¢
10 uM 10 uM 50 50 (H (uM)
4a 91.29 89.73 3.177 3.207 21.75
4b 40.09 40.16 ND ND ND
4c 58.68 56.76 7.9 8.035 2.81
4f 86.74 87.21 4.477 4.389 1.97
4h 99.34 99.13 121.6 134.5 ND
4m 97.99 97.99 ND ND 1.011
ND: Not determined.
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Figure 1. Concentration-response curve (CRC, IC50) of hNNMT enzymatic modulation using LC/MS
assay via monitoring MNA (MNAN) production for (A) 4a, (B) 4c, (C) 4f and (D) 4h. Please note that
the OIDD team used the term “MNAN" to refer to “MNA".
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Figure 2. Inhibitory of ANNMT overexpressed in HEK293 cells, Concentration-response curves (CRC,
ICs50) of ANNMT enzymatic modulation using LC/MS for (A) 4a, (B) 4c, (C) 4f and (D) 4m.

According to the cell viability assay, compounds 4a, 4c and 4f showed no toxicity to-
wards basal-HEK293 cells, even at the highest test concentration of 100 uM. The percentage
growth inhibition observed in basal-HEK293 cells indicated cell viability of approximately
100%, as depicted in Supplementary Figure S3. Based on these results, our lead compounds
have the potential for the development of potent and selective hNNMT inhibitors.

3.4. SAR Analysis

Out of the 14 compounds that were tested, five (Table 2) of them showed effectiveness
against ANNMT. Among these, 4a, 4c, 4f and 4h have small R? substituents such as H, CF;,
CN, and CON(CH3); at the 4-position of the aromatic ring. CF3, CN, and CON(CH3), are
electron-withdrawing groups. On the other hand, the molecules 4e and 4g, which also
contain the electron-withdrawing groups (Cl and NO,), did not show any inhibition of
hNNMT. In contrast, compounds 4d, 4i, 4j, 4k, 41, and 4n have large electron-donating R2 at
the 4-position of the aromatic ring and were found to be inactive. It is essential to emphasise
that compound 4m is one of the five active compounds. 4m distinguishes itself from the
other four active compounds by having R? as a large electron-donating group (-CH,OPh)
in the 3-position of the aromatic ring rather than a small electron-withdrawing group at
the 4-th position. Neelakantan et al. [17] conducted a structural activity relationship (SAR)
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study of nicotinamide-competitive inhibitors and found that the cationic nitrogen group is
a crucial pharmacophoric feature. The cationic nitrogen feature perhaps contributes to the
activity observed in our compounds. While these results are not comprehensive, they pro-
vide some insight into the structural activity relationship (SAR) needed for activity against
hNNMT. In order to better understand how our inhibitors interacted with hNNMT and
achieved inhibitory activity, we conducted a molecular docking study of our compounds
using the published crystal structure of ANNMT (PDB ID: 6CHH) [20] and AutoDock 4.2
software (version 4.2.6) [34].

3.5. Molecular Docking

The published crystal structures of hNNMT can facilitate the rational design of new
NNMT inhibitors [19-21]. The crystal structures reveal the interactions of the substrates
with the active site residues [18]. There are three defined sub-pockets in the NNMT active
site: the adenine and sugar unit (pocket A), the homocysteine moiety (pocket B), and the
nicotinamide unit (pocket C), as shown in Figure 3. The 2D diagram in Figure 3A illustrates
the interactions of NAM and SAM with the protein receptor. The NAM structure binds to
pocket C and interacts with ASP197 and SER213, while SAM occupies adjacent pockets B
(TYR20 and THR163) and pocket A (Vall43 and Asp142).

TYR20

pocket C

H-Bonds

Donor

pocket A

Aspid2

Acceptor H

(A) (B)

Figure 3. (A) The active site adapted from the crystal structure of human NNMT [18], (B) showing
the bindings of a bisubstrate NNMT inhibitor MS2734 (PDB 6CHH—generated in DSVisualizer),
detailed interactions between the inhibitor and the binding pockets” amino acid residues [20].

The hNNMT crystal structure in complex with the bisubstrate inhibitor MS2734 (PDB
ID: 6CHH) [20] offers detailed interactions necessary for inhibition. MS2734 (Figure 4A)
is a competitive inhibitor of SAM and a non-competitive inhibitor of NAM, with an ICsg
value of 14 uM in enzymatic assay. It binds to both SAM and NAM binding sites. As shown
in Figures 3B and 4C, the amino acid side chain binds deeply into pocket B and forms
H-bonds with TYR25, TYR69, GLY63, THR163 and THR67 with close contact with SER64
and TYR20. The ribose hydroxyl groups also form hydrogen bonds (H-bonds) with ASP85,
ASN90 and CYS165 in the space between pockets B and A. The adenine component of
MS2734 sits in pocket A, forms H-bonds with VAL143 and ASP142 and is in close contact
with TYR86 and ALA169. The 3-aminophenyl group occupies pocket C and forms H-bonds
with SER201 and SER213. It also forms 7-7t stacking and pi-interactions with LEU164 and
TYR204, respectively, and is in close contact with ALA168 and ASP197.
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Figure 4. (A) Bisubstate inhibitors MS2734 and MvH45, (B) 3D diagrams of interaction between
best re-docked conf-6 (yellow) and the active site demonstrated by overlapping with MS2734 in the
crystal structure (6CHH), (C) 2D ligands-receptor interactions of MS2734 in X-ray structure (6CHH)
and (D) 2D ligands-receptor interactions of best re-docked conf-6 at the active site ((CHH).

3.5.1. Docking Method Validation

The crystal structure of hNNMT in complex with the inhibitor MS2734 (PDB ID:
6CHH) [20] was obtained from the RCSB Protein Data Bank. To prepare the protein
structure for docking studies, AutoDockTools (Version 1.5.7) [31] and AutoDock 4.2 [34]
used the protocol as detailed in the experimental method. To validate the docking protocol,
the minimised structure of MS2734 was redocked into its original binding site in the X-ray
structure. The results of 10 Genetic Algorithm runs of the redocking were analysed, ranked,
and presented in Table 3. The best docking score of MS2734 was achieved by redocked
conformation 6 (redocked-conf-6), with a binding energy of —11.29 kcal/mol.

The position, orientation, conformation, and interactions of the redocked MS2734
were compared to those of the original X-ray structure (PDB ID: 6CHH) at the binding site.
It is worth noting that the redocked-conf-6 assumed a slightly different shape in specific
parts of the molecule, namely the adenine and sugar unit (pocket A) and nicotinamide
unit (pocket C), as depicted in Figure 4B, compared to its structure in the X-ray structure
(6CHH). The variation in conformation is perhaps due to the stable conformation of the
redocked-conf-6 adopted in silico.
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Table 3. Hydrogen bond interactions between MS2734 and redocked-MS2736 in hNNMT (6CHH).

MS2734 Binding Energy HeBonds Amino Acids Involved in Hydrogen Bonding
(kcal/mol) Pocket A Pocket B Pocket C

In X-ray structure NA 1 ASP42, VAL143, ASN90, TYR25, TYR69, GLY63, SER213,SER201,

(6CHH) CYS165, ASP85 THR163, THR67, LEU164

redocked-conf-6  —11.29 11 CYS165, ASN90, TYRS6 2{52(3) THRGy sERes  ASP1Y7

redocked-conf-2 —8.52 3 ASN90 GLY63, THR163,

redocked-conf-7 —7.91 3 ASN90 THR163, GLY63,

redocked-conf-8 7.7 4 VAL143, ASN90 THR163, GLY63,

redocked-conf-3 —6.76 3 VAL143 TYR69, TYR204

redocked-conf-10 —6.5 3 VAL143, ASN90 ANS16

redocked-conf-9 —6.26 0 - -

redocked-conf-1 —5.52 1 ASP85

redocked conf-4 —4.95 3 ASN90, ASP85 - SER201

redocked-conf-5 —4.71 1 - ASN16 -

In comparison to MS2734 found in the crystal structure, the redocked-conf-6 estab-
lished 11 H-bonds with two out of five shared residues in pocket A (CYS165, ASN90), four
out of six shared residues in pocket B, and one out of two shared residues in pocket C.
The amino acid side chain of the redocked-conf-6 formed H-bonds with TYR20, THR163,
GLY63, SER64 and THR67 in pocket B. Within pocket A, the adenine and sugar unit formed
H-bonds with CYS165, TYR86 and ASP85 and formed van der Waals interactions with
the key residues ASP142 and VAL143. Additionally, the 3-aminophenyl group formed a
H-bond with ASP197, pi-interactions with LEU164 and ALA168, and closed interactions
with TYR204 in pocket C, as shown in Figure 4D. The shared vital interactions are shown
in Table 3. This indicates that the redocked-conf-6 could recognise its original receptor site
in the X-ray structure of 6CHH using this docking protocol. The results above validated
the docking protocol as a suitable method for this study [35].

MvH45 (Figure 4A) is another bisubstrate ANNMT inhibitor with an ICs of 29.2 uM [18].
It was used in the docking study as a standard compound, along with MS2734, for compar-
ative study and to confirm our validated method. The docking results reveal that the amino
acid side chain of MvH45 bound deeply into pocket B and interacted with critical amino
acid residues such as TYR20, THR163 and GLY63. The ribose hydroxyl group formed
an H-bond with ASN90, while the adenine nitrogen formed an H-bond with ASP95. It
can be inferred from the interactions observed that the adenine unit was bound to the
upper region of pocket A (as indicated in Supplementary Table S2). On the other hand, the
3-amidophenyl unit was well-bound in pocket C, which is characterised by its interactions
with ASP197, SER213, and TYR204). The docking results of MvH45 further validate the
suitability of our docking method (Table 4).

3.5.2. Docking Scores of 4a—n

The validated docking protocol was used to determine compounds 4a—n in silico
for their ability to dock into the active site of the hNNMT. The efficacy of inhibition
was determined based on the binding energy (kcal/mol) of the compounds, which was
expressed as Gibbs-free energy. Compounds with higher negative binding energy were
considered better inhibitors [36]. Estimate ligand efficiency and inhibitory constants are
also part of the docking score, as shown in Table 4.
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Table 4. Docking results of compounds 4a-n, MS2734 and MvH45 with the ANNMT (6CHH).

Binding Ener Predicted Predicted
Compound (kcal/mgol) & Ligand Efficiency Inhibition Constant Exp ICsp (uM) *
MS2734 —11.29 —-0.3 5.32 nM 144
MvH45 —11.32 0.31 5.05 nM 29.2
4a -12.9 —0.34 350.2 pM 3.2
4b —-11.73 —0.26 2.52 nM NA
4c —11.62 —0.25 3.03 nM 7.9
4d -9.97 —-0.2 49.45 nM NA
de —13.16 —0.33 227.46 pM NA
4f —12.42 —-0.3 793.31 pM 4.477
4g -11.91 —-0.27 1.87 nM NA
4h —11.95 —0.25 1.75 nM 121.6
4i —-11.73 —0.22 2.51 nM NA
4j —-9.94 —0.18 51.79 nM NA
4k —9.86 —0.18 59 nM NA
41 —6.96 —-0.13 7.9 uM NA
4m —11.45 —0.21 4.07 nM 1.1b
4n —8.61 —0.61 487.35 nM NA

NA: non-active; ?: from enzyme-based assay; b. from cell-based assay.

The docking scores presented in Table 4 indicate that the active compounds listed
in Table 2, including MvH25, have binding energies lower than —11 kcal/mol. However,
inactive 4e, 4g, and 4i have binding energies of —13.16, —11.91, and —11.73 kcal/mol,
respectively. 4e and 4g have small electron-withdrawing substituents (Cl and NO,) at the
4-position of the aromatic ring. The electron density of these aromatic rings is comparable
to that of 4c, 4f, and 4h. Therefore, the effect of pi-interactions, especially with tyrosine
residues, would be expected to be similar. The electronic effect of these electron-poor
aromatic rings may be the reason behind the low binding energies of 4e and 4g. However,
no correlation was found between structure and the low binding energy of the inactive
4i. Analysis of interactions between the compounds at the hNNMT active site can help to
explain these anomalies.

3.5.3. Ligand Interactions Analysis

DS Visualizer was used to analyse H-bonds and visualise the binding interactions
between hNNMT and compounds 4a—n. The results, including the number of H-bonds, the
residues involved in these interactions, and other favourable interactions, are summarised
in Table 5 and Supplementary Table S2. The 4-CF3-phenyl-triazolyl part of 4c completely
occupied pocket A. The CF;3 group formed H-bonds with key amino acid residues VAL143
and ASP142, and the aromatic ring formed H-bond and pi-pi stacking with CYS165 and
ASP85, respectively. The triazole ring occupied the sugar-binding pocket and formed
H-bonds with ASP85 and GLY63. The dimethoxytetrahydroisoquinolinium (DMTHIQ)
core occupied the front part of pocket B. This moiety formed attractive charge interactions
with ASP85 and TYR20, with the aromatic ring forming a hydrogen bond with ASN90 and
the OCHj3 group forming a hydrogen bond with ASN16. However, no hydrogen bonds
were observed with the key residues TYR25, TYR69, THR163, and THR67 at the back of
pocket B. To illustrate that the DMTHIQ core and a 4-CFz-phenyl-triazolyl component of
compound 4c could occupy approximately two-thirds of the SAM binding site, the docking
structure of 4c was superimposed over the MS2734 in the crystal structure (6CHH), as
shown in Figure 5A. The second 4-CF3-phenyl-triazolyl component of 4c fitted well into
pocket C (nicotinamide pocket). The CF; group formed hydrogen bonds with SER201,
while the aromatic and triazole rings formed important pi-pi stacking interactions with
TYR204 and TYR242. The triazole ring was also involved in pi-interaction with LEU164, as
shown in Figure 5B.
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Table 5. Amino acids involved in the interactions between hNNMT (6CHH) and MS2734, MvH45
and 4a—n, respectively.

Compound Hydrogen Bonding Attracti‘./e Charge and pi-
Number Pocket A Pocket B Pocket C Interactions
MS2734 X-ray ASP142, VAL143, TYR25, TYR69,
structure 11 ASN90, CYS165,  GLY63, THR163, 35%21161 ST%%JSLL TYR204
(6CHH) ASP85 THR67 2
TYR20, THR163,
MS2734 11 CYS165, ASN9O, GLY63, THR67, ASP197 LEU164, ALA169, ALA168
redocked TYR86
SER64
TYR20, GLY63, TYR204, ALA168, ALA169,
MvH45 10 ASP85, ASN90 THR163 ASP197, SER213 LEU164
VAL143, ALA169, ALA168,
CYS165, ASN9O, ASP85, PRO17,
4a 5 ASP85 SER201, LEU164 PHE211,TYR204, ALA19S,
TYR242
CYS165, TYR68, ALA169,
4b 2 TYR204, LEU164 ALA168, ILE206, ALA19S,
TYR242
VAL143, ASP142, TYR20, ASN16, SER201, TYR203, ASNS85, TYR86, PHE211,
4c 13 ALA169, CYS165, GLY63, SER87, TYR204, LEU164, AL168, TYR204, TYR242,
ASP85, ASN90 ASN16 ALA198 ALA198, ALA247
VAL143, LEU164, TYR204,
4d 3 CYS165 TYR20 TYR204 ALA198, CYS141
VAL143, ALA169, CYS165,
4e 4 ASN90, ASP85 LEU164 TYR20, PRO17, ALA168,
TYR204, ALA198, TYR242
VAL143, CYS165, SER201, SER213,
4f 9 ASN90, ASP85, ASN16, TYR20, ASP197, LEU164 ALA169, PRO17, ALA168,
TRY86 TYR204
VAL143, CYS165, TYRS86, ALA169, ALA168,
4g 7 ASA90, ASPS5 ASN16, TYR20, SER213, LEU164 ALA198
ASP142, ASN90, ASN16, GLY63, TYR204, TYR24,
4h 8 ASP85, THR144 TYR20 LUE164 PHE211, ALA169
ASP85, ALA169, TYR20,
4i 1 CYS165 ASN16, LEU164, ALA168,
TYR204
. ASP85, VAL143, ALA169,
4j 6 CYS165, ASN90 ASP16, TYR20, LEU164 PRO17, PHE211, ALA198
4k 5 ASP142, ASP85 TYR24, PRO17 LEUT64, TYR204, CY165,
ASP90
ASP142, ALA169, CYS165,
4 2 VAL143, SER87 TRY204, LEU164, ALA198
ASP85, ASN90, ALA198, TYR247, ALA168,
4m 8 CYS165, TYRS6, ASN16, TYR20 LEU164, TYR204 TYR20, PHE211, ILE206,
ASP142 ALA169
4n 5 ASN90, CYS165  THRI63 LUE164 TYR204, ALA198, ALA168,

ALA169
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Figure 5. (A) Structural alignment of 4c (yellow stick) and MS2734 (grey stick) within the active site
of NNMT (6CHH), (B) 2D ligands-receptor interactions of 4c at the active site (¢cCHH).

In their 2021 study, Gao et al. [22] emphasised the effectiveness of electron-deficient
aromatic groups in forming pi-pi stacking between hNNMT’s tyrosine residue TYR204
in pocket C. This interaction is required for the potency increase of bisubstate inhibitors.
It is worth mentioning that Roberti and colleagues [28] discovered a tetracyclic steroid
called CC-410 that is effective against hANNMT, with an ICsy of 1.6 uM. The docking study
of CC-410 revealed that it could act as a bisubstrate NNMT inhibitor by binding near the
opening of the active site. Part of the molecule filled the NAM pocket, while the remaining
part of the molecule partly occupied the SAM pocket.

The docking results revealed that compounds 4a, 4e, 4f, 4g and 4h have similar binding
conformation and orientation to that of 4c (Table 5 and Supplementary Table S2). The active
compounds 4a, 4c, 4f, and 4h showed hydrogen bonding with important amino acids at
NNMT active sites. However, compound 4e was mainly found to bind weakly into pockets
A and C. In pocket A, the 4-Cl-phenyl-triazole component formed a H-bond with AS90
and pi-anion interaction with ASN85. Other weaker pi-interactions were also observed
between the 4-Cl-phenyl-trizole and TYR86, VAL143, ALA169 and CYS165. The cationic
nitrogen of DMTHIQ formed attractive charges with ASP85 and TYR20. The second 4-Cl-
phenyl-triazole component formed a H-bond with LEU 167 and 7-7t stacking with TYR204
and other weak pi-interactions with ALA168, TYR242, ALA198 and TYR242. These weak
interactions may explain its inactivity against ANNMT.

In contrast, the inactive compound 4g displayed similar hydrogen bonding interactions
and docking scores to those in the active compounds. Compound 4g’s docking results
suggest it is an active inhibitor. However, it failed to show inhibition against NNMT,
possibly due to bioavailability issues in the primary assay conducted by OIDD. At a
concentration of 10 uM, compound 4b could only inhibit 40% of the enzyme activity
(Table 5 and Table S2). The compound could partially bind to pockets A and C, leaving
pocket B unoccupied. This was due to the sizeable electron-donating tert-butyl group,
which created an electron-rich, bulky 4-substituted aromatic ring that could not fit into
pocket C. As a result, pocket C was unfavourably occupied by the DMTHIQ core. One
of the 4-tert-butyl-phenyl-triazole moieties occupied the top position of pocket A, while
the other was bound unfavourably to an undefined pocket located at the front-right side
of pocket A. These binding characteristics were also found in compounds 4d, 4i, 4j, 4k,
41 and 4n. These compounds have large electron-donating substituents at the 4-position
of phenyl-triazole, making these components too bulky and electron-rich to dock and
form favourable interactions with any of the pocket B, C or A. Compounds 4d, 41, and 4i
were found to have intramolecular 7-7t stacking between their aromatic and triazole rings
(Table S2). These interactions caused a decrease in the entropy of the ligand, which resulted
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in the stabilisation of its binding and a lowering of binding energy. This led to the formation
of a compact or folded conformation, which prevented the molecules from interacting with
crucial amino acid residues required for NNMT inhibition. This intramolecular interaction
and conformation can explain the lower binding energy and inactivity of compound 4i [37].
Moreover, the inactivity of compounds 4d, 41, and 4i could be attributed to the absence of
SAM and NA binding motifs.

Compound 4m has a sizeable electron-donation group at the 3-position of the phenyl-
triazole. Based on the docking results, 4m has a binding energy comparable to other active
compounds. It also formed intramolecular pi-pi stacking interaction between the two
triazole rings and adopted compact conformation. Comparatively, the electron density in
the phenyl-triazole group is lower than that of 4d, 4i, 4j, 4k, 41, and 4n. Due to its bulky R?,
4m could only occupy pockets A and C and form necessary hydrogen bonding interactions
with the key amino acid residues at the active site (Table 5 and Table 52).

3.6. Summary of SAR

Molecular docking results provide valuable insights into how our inhibitors interact
with hNNMT, resulting in inhibitory activity. The SAR analysis of the active compounds
has identified several key chemical features that are required for NNMT inhibition, as sum-
marised in Figure 6. These include (i) the importance of the DMTHIQ core for interacting
with ASP85 and AS90, (ii) the crucial role of the positive charge on the N atom of DMTHIQ
for interacting with key residues ASP85 and TYR?20, (iii) the requirement for R? (at the
4-position) to be polar, small, and EWG so that it can form H-bonds with crucial amino acids
in the C (SER201, SER213, and ASP197) and A (VAL143 and ASP142) pockets, (iv) the need
for the phenyl-triazole system to be electron-deficient to form pi-interactions with TYR204
and LEU164 in pocket C and TYRS86 in pocket A, and (v) favourable electron-donating
group (R?) at the 3-position of the aromatic ring, such as the one observed in 4m, could
potentially be beneficial.

| pi-interaction with | R
' TYRSS, ; PP
H-bond with ASNOG, __qare b \
;‘;'6\3‘39\2({5‘, = R? (at 4-position) = small EWG |
i -0 s /@ | bt win sErzor, |
H- : SR2|! : :
Lwith ASN16; OmAN(/_\NN N\ ' R? (at 3-position) could be a EDG !
P NI |
TN ,\j' \ 1 Charge interactions !
i e\ N \with ASP85 and TYR20;
.’\:\:‘00“6 NS
P\g?’?},:" ! pi-interaction with:
\oeT . TYR86 '

N

Figure 6. SAR summary for activecationic bis(aryltriazol-4-yl)methyl)-6,7-dimethoxytetra
hydroisoquinoliniumderivatives.

4. Conclusions

The Lilly OIDD program has identified five compounds that effectively inhibit hN-
NMT. Compounds 4c, 4f and 4m are effective against hNNMT. Compounds 4c, 4f and 4m
are effective against ANNMT in both enzyme- and cell-based assays at low micromolar
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concentrations. Analysis of the SAR and docking study of this small set of molecules
revealed that active compounds 4c, 4f and 4h have electron-withdrawing substituents at
the 4-position of the aromatic ring. On the other hand, an electron-donating group (R?) at
the 3-position of the aromatic ring was found to be beneficial for the activity of compound
4m. Conversely, molecules containing bulky and electron-donating groups at the 4-position
of the aromatic ring did not show any activity. All active compounds have similar binding
motifs at the NNMT active site. While compound 4g did not show inhibition against
NNMT in the primary assay conducted by OIDD, the SAR analysis and docking studies
suggest that it should be active. Although the SAR of compound 4g was not clear-cut, the
molecular docking studies have provided some insight into the ligand-protein interactions
and a plausible explanation for the activity of our compounds. It is crucial to highlight that
our findings are preliminary and require further investigation. To achieve a comprehensive
SAR, a diverse range of compounds around 4c or 4m needs to be synthesised. Obtaining
more comprehensive biological data, including in-vitro pharmacokinetics data of the active
compounds, would significantly enhance our understanding of the inhibitory activity of
these compounds.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/appliedchem3040032/s1, Figure S1. Lilly OIDD hNNMT Flow Scheme
and Assay Measures; Figure S2. Concentration-response curve (CRC, IC5p) of Nicotinamide N-
methyltransferase (W(NNMT) enzymatic modulation using LC/MS assay via monitoring S-adenosyl-
L-homocysteine SAH production; for (A) 4a; (B) 4c; (C) 4f and (D) 4h; Figure S3. Cell viability assay,
the percentage growth inhibition of basal-HEK293 cells for (A) compound 4a, (B) compound 4c, and
(C) compound 4f; Table S1. Inhibitory activity (%) of compounds 4a-n against human Nicotinamide
N-methyltransferase (hNNMT) at 10 uM; Table S2. Interactions between hNNMT (6CHH) and
MS2734, MvH45 and 4a-n. Reference [38] is cited in the supplementary materials.
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