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Abstract

Methylation-mediated pathways play important roles in the progression of various diseases. Thus,
targeting methyltransferases has proven to be a promising strategy for developing novel therapies.
Nicotinamide A-methyltransferase (NNMT) is a major metabolic enzyme involved in epigenetic
regulation through catalysis of methyl transfer from the cofactor S-adenosyl-L-methionine onto
nicotinamide and other pyridines. Accumulating evidence infers that NNMT is a novel therapeutic
target for a variety of diseases such as cancer, diabetes, obesity, cardiovascular and
neurodegenerative diseases. Therefore, there is an urgent need to discover potent and specific
inhibitors for NNMT to assess its therapeutical potential. Herein, we reported the design and
synthesis of a fluorescent probe 11138, exhibiting a Kyvalue of 369 + 14 nM for NNMT. We also
established a fluorescence polarization (FP)-based competition assay for evaluation of NNMT
inhibitors. Importantly, the unique feature of this FP competition assay is its capability to identify
inhibitors that interfere with the interaction of the NNMT active site directly or allosterically. In
addition, this assay performane is robust with a Z factor of 0.76, indicating its applicability in
high-throughput screening for NNMT inhibitors.
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Development of a fluorescence polarization (FP)-based competition assay with a novel fluorescent probe 11138 for evaluation of
NNMT inhibitors that interfere with the interaction of the NNMT active site directly or allosterically.
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Introduction

Nicotinamide A~methyltransferase (NNMT) is a metabolic enzyme that catalyzes the
transfer of a methyl group from the cofactor S-adenosyl-L-methionine (AdoMet) to
nicotinamide (NAM) and other pyridines to produce S-adenosyl-L-homocysteine (AdoHcy)
and respective methylated products (Fig. LA). NNMT is predominantly expressed in the
liver and adipose tissue [1]. NAM, the most studied endogenous substrate of NNMT, is
converted to N1-methylnicotinamide (MNAM) after methylation. NAM is a form of vitamin
B3 and also a precursor of salvage pathways to produce NAD*, an important coenzyme
involved in redox metabolism and sirtuins-catalyzed deacetylation reaction [2,3]. Besides
NAM, NNMT also methylates 4-phenylpyridine to generate the neurotoxin 1-methyl-4-
phenylpyridinium ion, which interferes with complex | and is implicated in idiopathic
Parkinson’s disease [4].

The dual functions of NNMT in the metabolism of both NAM and AdoMet manifest its
significance in cellular metabolism and epigenetic pathways. Not surprisingly, upregulation
of NNMT has been implicated in cancers, obesity, diabetes, cardiovascular and
neurodegenerative diseases [3—-10]. Genetic studies have shown that the loss of NNMT
inhibits cancer cell growth and migration [11]. In addition, knockdown of NNMT increased
metabolism and prevented weight gain [3]. The emerging importance of NNMT imposes the
need to develop selective and cell-potent inhibitors. Despite recent progress in the
development of potent NNMT bisubstrate inhibitors with low nM inhibitory activity, limited
cell permeability restrains their applications in cell-based studies [12-14]. Meanwhile,
reported small molecule NNMT inhibitors only bear moderate activity at M levels [15,16].
Hence, new cell-potent NNMT inhibitors are in demand in order to delineate the
physiological and pathological functions of NNMT.

To expedite the discovery of NNMT inhibitors, it is important to have a convenient and
efficient assay to screen and evaluate NNMT inhibitors. Currently, a widely used assay is an
enzymatic assay to indirectly monitor the production of AdoHcy, either through an AdoHcy
hydrolase (SAHH)-coupled fluorescence or a bioluminescent MTase-Glo™ assay (Promega,
Inc). Both assays require additional coupling enzymes and reagents to produce a detectable
signal [17,18]. The MTase-Glo™ assay needs several coupling enzymes to convert AdoHcy
to ADP and produce a luciferase signal [17,19]. Direct assay to measure the methylation
product like MNAM has been developed through the use of high-pressure liquid
chromatography (HPLC), which is not amenable for high throughput screening (HTS)
applications [20]. Additionally, a fluorescence assay to directly detect the inherent
fluorescence of the methylated product methylquinolinium has been developed by using
quinoline as the NNMT substrate, but this assay has a low signal-to-noise ratio [21,22].
Although biophysical methods like isothermal titration calorimetry and surface plasmon
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resonance are useful for direct determination of binding affinities of inhibitors to the target,
the requirements of expensive instruments and protein stability have limited their
applications as a primary HTS method. On the other hand, fluorescence polarization (FP) is
a HTS-amenable method to characterize the binding of a fluorescent ligand to the target or
any compound that interferes with the aforementioned interaction [23]. In this work, we
report the design and synthesis of the first fluorescent probe 11138 for NNMT to date.
Furthermore, we have established and optimized a FP-based competition assay in an HTS-
compatible format, allowing for identification and evaluation of NNMT inhibitors that
perturb the binding to the active site either directly or allosterically.

2. Materials and methods

2.1 Materials and instruments

The reagents and solvents were purchased from commercial sources (Fisher and Sigma-
Aldrich) and used directly. Analytical thin-layer chromatography was performed on ready-
to-use plates with silica gel 60 (Merck, F254). Flash column chromatography was performed
over silica gel (grade 60, 230-400 mesh) on Teledyne Isco CombiFlash purification system.
Final compounds were purified on preparative reversed phase high-pressure liquid
chromatography (RP-HPLC) and was performed on Agilent 1260 Series system with
Agilent 1260 Infinity 11 Variable Wavelength Detector (G7114A, UV = 254 nM) and a
Waters BEH C18 (130A, 5 pm, 10 mm X 250 mm) column. Final compounds were eluted
using a gradient 95% water (with 0.1% formic acid) and 5% acetonitrile (with 0.1% formic
acid) at a flow rate of 4 mL/min over 30 min.

NMR spectra were acquired on a Bruker AV500 instrument (500 MHz for IH-NMR, 126
MHz for 13C-NMR). TLC-MS were acquired using Advion CMS-L MS. The Agilent 1260
Infinity 1l Variable Wavelength Detector (G7114A, UV = 254 nM) and an Agilent ZORBAX
RR SB-C18 (80A, 3.5 um, 4.6 x 150 mm) at a flow rate of 1 mL/min using a solvent system
of 100% water with 0.1% TFA to 40 or 60% methanol over 20min were used to assess purity
of final compounds. All the purity of target compounds showed >95% in RP-HPLC. FP was
monitored on a BMG CLARIOstar microplate reader.

2.2 Protein Expression and Purification.

Expression and purification of full-length human NNMT wild type was performed as
previously described [24]. Briefly, full-length hANNMT (amino acids 1-270) was codon
optimized, synthesized, and cloned into pET28a(+)-TEV vector (GenScript). Protein was
expressed in £. coli BL21-CodonPlus(DE3)-RIPL competent cells in LB media with
kanamycin and induced by 0.3 mM isopropyl-D-1-thiogalactopyranoside at 16 °C for 20
hours. Harvested cells were lysed through sonication (Qsonica Q55 cell disruptor) on ice in
10 volumes of 50 mM KH,PO4/KoHPO,4 (pH = 7.4) containing 500 mM NaCl, 25 mM
imidazole, 5 mM [3-mercaptoethanol, and 100 uM PMSF. The cell lysate was centrifuged at
25,000 x g for 30 minutes at 4 °C. Then the supernatant was loaded to the HiTrap FF Ni-
NTA column on a GE AKTA Prime purification system and eluted with a step gradient of
imidazole (0 to 0.5 M), 50 mM KH»PO4/KoHPO,4 (pH = 7.4), 500 mM NacCl, and 0.5 mM
TCEP. The peak fractions were verified by SDS-PAGE analysis, combined to dialyze in the
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dialysis buffer (25 mM Tris, pH = 7.5, 150 mM NaCl, 50 mM KCI), and concentrated to 1.5
mg/mL.

2.3 FP measurement, binding and competition assay

All FP measurements were performed on a BMG CLARIOstar microplate reader in black
opaque 384-well microplates (Corning #3820) with excitation 482 nm and emission 530 nm.
All experiments were performed in triplicates in a volume of 20 pL per well in 25 mM Tris,
50 mM KCI, 0.01% Tween pH 7.5. For direct binding assay, different concentrations of
NNMT were titrated against the probe at the concentration of 5 nM. The polarization (mP)
was measured after both 30 min and 60 min incubation at room temperature. The
dissociation constant (K,#°P) was obtained by fitting the fluorescence polarization values
and the corresponding protein concentrations into a nonlinear regression model in GraphPad
Prism 8. For the competition binding assay, 0.5 UM NNMT was incubated with the inhibitor
at different concentrations at room temperature for 30 mins. Then FP probe was added to the
above mixture with a final concentration of 5 nM. After incubation for 30 min, polarization
was measured. The FP values were plotted against the log of inhibitor concentrations into a
nonlinear regression model. The Kj;were calculated from Binding-Competitive model in
GraphPad Prism [25].

2.4 Z’-factor determination and data analysis

The fluorescence polarization signals of 100 wells of negative control (no inhibitors added to
the competition assay) and 100 wells of positive control samples (5 UM of bisubstrate
inhibitor LL320, Figure 1) were measured in a single 384-well plate after 60 mins
incubation at room temperature. The statistical parameter Z-factor was calculated based on
the following equation [26]:

3(STDmax + STDmin)

Z factor = 1 =~ g N max—MEANmin

3. Results and Discussion

Probe Design

The inherent feature of the NNMT active site imposes a challenge on the discovery of a
potent and specific inhibitor by solely targeting NAM or AdoMet binding site because of the
relatively small binding site of NAM and conserved binding site of AdoMet. We have
recently reported the development of a potent and selective propargyl-linked bisubstrate
inhibitor LL320 (K;= 1.6 £ 0.3 nM) for NNMT, displaying over 1,000-fold selectivity for a
panel of MTases [13]. Inspired by the high potency and selectivity of LL320, we
hypothesize that a fluorescent derivative of LL.320 would enable the development of a FP
assay for the identification of potent and specific NNMT inhibitors. Because LL320
occupies both NAM and AdoMet binding sites, the advantage of this FP assay is to allow the
discovery of NNMT inhibitors directly or allosterically targeting either NAM or AdoMet
binding site, or both. Our designed FP probe (11138) is comprised of three parts: LL320,
linker, and the fluorescent dye (Fig. 1B). We chose fluorescein as the dye because of its high
quantum yield and availability. The position, flexibility, and size of the linker of the FP
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probe is crucial to retain its binding affinity for NNMT. Examination of the co-crystal
structure of NNMT-LL320 (PDB ID: 6PVS) suggests that the A of adenosine is a favorable
site for tethering because it is exposed to the solvent (Fig. 1C). Since the distance between
the A and the surface of NNMT is about 4.2 A (Fig. 1D), we hypothesize that a 3-carbon
linker will be enough to tether LL320 to fluorescein and retain the interaction with NNMT.
Therefore, a propyl group was chosen to connect the fluorescein with LL320 (Figure 1B).

Synthesis of FP probe

The FP probe was synthesized from commercially available (2R,3R,45,5R)-2-(6-chloro-9 H-
purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol 1 (Scheme 1). First, the diol was
protected by acidic treatment to afford the acetal 2, which was subjected to substitution with
propane-1,3-diamine and followed by treatment with ethyl trifluoroacetate to yield 3 [27].
The subsequent Mitsunobu reaction with isoindoline-1,3-dione afforded the masked amine
4, which was deprotected by hydrazine to produce 5. Reductive amination of 5 with fer#
butyl (S)-2-((tert-butoxycarbonyl)amino)-4-oxobutanoate produced 6, which was subjected
to a second reductive amination with 3-(3-oxoprop-1-yn-1-yl)benzonitrile to yield 7. The
cyano group of 7 was oxidized by hydrogen peroxide to generate the primary amide 8,
which was subjected to ammonia solution to provide 9. To synthesize the FP probe 11138,
compound 9 was subjected to the amidation reaction with 5-carboxyfluorescein to attach the
fluorescein followed by global deprotection. Meanwhile, TFA treatment of 9 resulted in
simultaneous removal of the acetal, Boc and zertbutoxyl protecting groups to yield 10,
which was used as a control compound to investigate the effect of the propane-1,3-diamine
linker.

Evaluation of the linker effect

In order to determine the effect of the linker, the Kj; of compound 10 was determined by the
SAHH-coupled fluorescence assay to be 0.21 + 0.02 uM, reflecting about 100-fold loss in
comparison with LL320 (K = 1.6 + 0.3 nM) [13]. This is probably due to the loss of one
hydrogen bond donor of the A€ amine in adenosine. Nevertheless, this decreased K;value is
acceptable for the FP probe that is intended for the FP assay development.

Assay optimization

Both Tris and HEPES buffers were investigated to evaluate their effects on the sensitivity
(detection limit) in this assay. In Tris buffer, 5 nM concentration of the probe showed over
10-fold higher total fluorescence intensity compared to the blank, but in HEPES buffer, a
probe concentration of >40 nM was required to display 10-fold higher total fluorescence
over the blank. (Fig. 2A, B). To determine the linearity and the optimal concentration of
11138, the fluorescence intensity of 11138 was measured at various concentrations ranging
from 0 to 1 uM in the Tris buffer. We chose the concentration of 11138 at 5 nM because it
gave about 10-fold higher intensity than the blank (Fig. 2A). The direct binding of the FP
probe 11138 to NNMT was determined by titrating NNMT (0-25 uM, 2-fold dilution)
against 5 nM of 11138. The Kyvalue of 11138 was determined to be 369 £14 nM, which is
comparable to the Kjof parent compound 10 (210 + 20 nM) (Fig. 2C).
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Next, we investigated the stability of 11138 for the FP binding assay by varying the
incubation time and temperature. The reaction mixture was incubated and analyzed at room
temperature every 30 minutes for 4 hours. The system reached equilibrium within 30 min
and the binding affinity remained stable for the entire 4 h duration of the experiment,
indicating that NNMT was stable for the entire incubation time. The assay window was
largely unchanged during the entire 4 h period of incubation (Fig. 2D). The stability was
slightly worse at higher temperatures (30 °C and 37 °C), especially after 3 h (Fig. S1). Thus,
we proceeded with the measurement for 30 minutes of incubation at room temperature
because the Kreached equilibrium and remained stable.

Competition FP assay.

Competition FP assay was performed to evaluate the displacement of the bound probe with
reported inhibitors. To ensure sufficient signal, the fraction of the bound probe should be
greater or equal to 50% [28]. According to NNMT titration results (Fig. 2C), we used 0.5
UM NNMT and 5 nM 11138 because 0.5 puM NNMT produced nearly 60% increase in FP in
comparison to the probe alone. Compound 10, the unlabeled analog of the probe 11138, was
employed in a “gold standard” assay. The Kjof the competitor (10) was determined to be
0.31 + 0.7 uM from the FP assay (Fig. 3), which was less than 2-fold in comparison to the Kj
value of 0.21 £ 0.02 uM in the SAHH-coupled fluorescence assay. The minor difference in
both Kjvalues could be due to the different assay conditions, particularly the enzyme
concentration [25]. Nevertheless, the close agreement between the K;values obtained by FP
and coupled assay establish the confidence of the FP probe to evaluate NNMT inhibitors.

Assay performance assessment

In order to further validate potential application of this FP assay, we assessed a series of
NNMT ligands (Table 1). In comparison with literature values from other assay formats, our
results showed comparable Kjvalues in our FP assay for inhibitors that displayed a
submicromolar to millimolar inhibitory activity. For instance, the cofactor AdoMet (K, of
24.0 + 6.8 uM) was determined to have a Kj;of 20.3 £ 2.9 uM [17]. The substrates NAM and
1 methyl quinoline (IMQ) exhibited over 1 mM Kjin our FP assay, which were in alignment
with reported values. For AdoHcy, its K from our FP assay was 82.9 + 14.3 pM, while its
ICsq was reported to be 75.4 + 6.3 uM from the UHPLC-MS assay [29]. Meanwhile, two
previously-reported bisubstrate inhibitors VH45 and MS2756 displayed a K value of 59.2 +
8.1 uM and 11.3 £ 1.8 pM in FP assay versus 29.2 + 4.0 yM and 10.0 = 0.35 uM in the
SAHH coupled assay, respectively [13]. Likewise, LL335 exhibited a Kjvalue of 5.6 + 1.2
UM in the FP assay and 3.0 = 0.83 uM in the SAHH-coupled assay, respectively [13].
However, there is a discrepancy for tight-binding inhibitors LL319 and LL 320,
demonstrating a Kjvalue of 0.41 £ 0.05 uM and 0.22 + 0.04 uM in the FP assay,
respectively. There is nearly 5- and 130-fold difference for LL319 and LL320 in comparison
with the values in the SAHH coupled assay, respectively [13]. This difference results from
the sensitivity limitation that is imposed by the binding affinity (Ky= 369 + 14 nM) of the
probe 11138 to NNMT. The K, of a probe sets the sensitivity limitation that highly potent
inhibitors (<500 nM) are not distinguished, which can be readily addressed with an
orthogonal follow-up assay [30].
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Optimization of DMSO compatibility and Z-factor.

Next, we investigated the effects of DMSO on the FP assay because DMSO is a commonly
used solvent to prepare stock solutions of small molecules. The Ky value of the FP probe
was examined in the presence of DMSO up to 10% (Fig. 4A). The effects of DMSO on the
binding affinity of the probe were negligible until DMSO reached 2.5% in the solution. The
Kyvalue remained consistent in the presence of DMSO from 0 to 2.5%, displaying 0.34 uM
and 0.38 uM at 0.5% DMSO and 2.5% DMSO, respectively. Then Kyincreased
proportionally to the percentage of DMSO when it increased from 5% - 10%. The assay
window (AmP) remained relatively stable in the presence of DMSO up to 5%, but it
gradually decreased from 5% to 10% DMSO. This reduction is likely due to the instability
of protein at higher percentage of DMSO. Nonetheless, the tolerance to 2.5% DMSO makes
this FP assay amenable for HTS of small molecules.

The statistical parameter Z-factor (Z’) has been used to evaluate the assay performance
quality of any given HTS [26]. Typically, a Z’ value of greater than 0.5 is considered to be
acceptable. The invariance of the positive and negative control groups resulted in low
standard deviation (Fig. 4B). The Z’ factor of our developed FP assay was calculated to be
0.76, indicating a robust assay performance for potential application in HTS.

Conclusion

In summary, we have described the development of a HTS-amenable FP competition assay
for the discovery of NNMT inhibitors. We designed and synthesized a fluorescent probe
11138 (K42PP value of 369 +14 nM) based on the known inhibitor LL320 by tethering the
fluorescein on the N position of the nucleoside of LL320 via a propyl linker. The FP-based
competition assay was performed to characterize a series of known ligands, demonstrating
great agreement with reported values except for highly potent compounds (<500 nM).
Notably, sensitivity of the assay is limited by the affinity of the probe for the enzyme, which
does not allow this assay to readily differentiate those tight binding compounds. Because
11138 occupies both the substrate and cofactor binding sites of NNMT, this FP competition
assay can detect any molecules that interact with the NNMT active site either directly or
indirectly. However, this FP assay will not detect inhibitors that require SAM binding such
as suicide inhibitors. The requirement for small amount of the probe makes this FP
competition assay not only an economical but valuable tool for identification and evaluation
of NNMT inhibitors. Moreover, we also demonstrate the robustness of this assay with a
Z’value of 0.76 and compatibility with DMSO, indicating the readiness of this FP
competition assay for HTS to expedite the discovery of novel NNMT inhibitors.

EXPERIMENTAL SECTION

Chemistry General Procedures.

The reagents and solvents were purchased from commercial sources (Fisher and Sigma-
Aldrich) and used directly. Analytical thin-layer chromatography was performed on ready-
to-use plates with silica gel 60 (Merck, F254). Flash column chromatography was performed
over silica gel (grade 60, 230-400 mesh) on Teledyne Isco CombiFlash purification system.
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Final compounds were purified on preparative reversed phase high-pressure liquid
chromatography (RP-HPLC) was performed on Agilent 1260 Series system. Systems were
run with 0-50% methanol/water gradient with 0.1% TFA. NMR spectra were acquired on a
Bruker AV500 instrument (500 MHz for 1H-NMR, 126 MHz for 13C-NMR).

General procedure A (Reductive amination).

To a solution of NAM or 6 (0.06 mmol) in 0.5 mL MeOH was added the aldehyde (0.08
mmol) followed by 2 drops of AcCOH. The resulting mixture was stirred for 30 min before
NaBH3CN (0.1 mmol) was added. After stirring for 2 h at room temperature, the reaction
was quenched with saturated NaHCO3 and extracted with DCM (3X). The combined
organic layers were dried over Na,SOy, filtered, and concentrated. The residue was purified
with silica gel column to provide desired product.

General procedure B (Deprotection of bisubstrate inhibitors).

The protected inhibitor was dissolved in DCM (0.5 mL). The resulting solution was cooled
to 0 °C and treated with TFA (0.5 mL). The reaction mixture was warmed to rt and stirred
for 6 h. The solution was concentrated under reduced pressure, dissolved in water and
purified by reverse HPLC to get the corresponding bisubstrate compound.

((3aR,4R,6R,6aR)-6-(6-chloro-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-
yl)methanol (2).

To a suspension of 1 (1.0 g, 3.4 mmol) in dry acetone (200 mL) was added p-TsOH
monohydrate (6.6 g, 34.0 mmol) in one portion. The mixture was stirred at room
temperature for 3 h. After completion of the reaction, ice-cold saturated NaHCO3 solution
was added to the above mixture with stirring over 5 minutes. The volatiles were removed
under reduced pressure and the crude was extracted with ethyl acetate (3X). The organic
layers were combined, dried with sodium sulfate and concentrated to afford the crude
product which was purified by column chromatography (dichloromethane: methanol 20:1) to
afford 2 (1.1g, quant. yield) as a white solid.

2,2,2-trifluoro-N-(3-((9-((3aR,4R,6R,6aR)-6-(hydroxymethyl)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)-9H-purin-6-yl)amino)propyl)acetamide (3).

To a solution of propane-1,3-diamine (450 mg, 6.1 mmol) and TEA (0.85 mL, 6.1 mmol) in
EtOH (2 mL) was added slowly a solution of 2 (500 mg, 1.5 mmol) in EtOH (20 mL) and
the reaction mixture was stirred at 60°C for 2 h. The solvent and excess of reagents were
removed under reduced pressure to give the crude nucleoside. The crude nucleoside was
dissolved in dry MeOH (20 mL) and TEA (0.42 mL, 3.1 mmol) and trifluoroacetic acid
ethyl ester (1.1 mL, 9.1 mmol). The reaction mixture was stirred at room temperature for 12
h. The solvent was removed under reduced pressure and the crude product was purified by
column chromatography (ethyl acetate 100 %) to give the protected nucleoside 3 (625 mg,
89 %) as a white solid. 1TH NMR (500 MHz, CDCl3) & 8.86 (s, 1H), 8.28 (s, 1H), 7.82 (s,
1H), 6.43 (t, J=11.1 Hz, 2H), 5.85 (d, /= 4.9 Hz, 1H), 5.26 — 5.15 (m, 1H), 5.15 — 5.06 (m,
1H), 4.53 (s, 1H), 4.00 — 3.91 (m, 1H), 3.83 - 3.71 (m, 2H), 3.48 — 3.31 (m, 2H), 2.25 (s,
1H), 1.63 (s, 3H), 1.36 (s, 3H). 13C NMR (126 MHz, CDCl3) & 157.48, 157.19, 155.80,
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152.44, 147.39, 140.01, 117.75, 115.59, 114.12, 94.33, 86.12, 83.03, 81.67, 63.37, 37.67,
35.56, 29.41, 27.64, 25.23. LCMS (ESI) m/z. [M + H]* 461.2

N-(3-((9-((3aR,4R,6R,6aR)-6-((1,3-dioxoisoindolin-2-yl)methyl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-purin-6-yl)amino)propyl)-2,2,2-
trifluoroacetamide (4).

To a solution of 3 (650 mg, 1.4 mmol) in dry THF (10 mL) was added phthalimide (249 mg,
1.7 mmol), triphenyl phosphine (740 mg, 2.8 mmol) and DIAD (566 mg, 2.8 mmol) at room
temperature. The reaction mixture was stirred for 2 h. 10 mL of MeOH was added and
stirring was continued for 15 min after which the crude was directly absorbed on silica gel
and purified by column chromatography (ethyl acetate 100 %) to afford 4 (734 mg, 90 %) as
a white solid. TH NMR (500 MHz, CDCls3) 6 9.23 (s, 1H), 8.00 (s, 1H), 7.85 (s, 1H), 7.79 —
7.73 (m, 2H), 7.67 (dd, /=5.5, 3.0 Hz, 2H), 6.36 (s, 1H), 6.08 — 5.96 (m, 1H), 5.50 (d, J=
6.3 Hz, 1H), 5.23 (dd, J= 6.4, 3.5 Hz, 1H), 4.54 (g, /= 5.3 Hz, 1H), 4.06 — 3.91 (m, 2H),
3.72 (s, 1H), 3.39 (s, 2H), 1.85 (s, 2H), 1.56 (s, 3H), 1.36 (s, 3H). 13C NMR (126 MHz,
CDCI3) 6 168.23, 157.48, 155.47, 152.58, 140.27, 134.12, 132.01, 123.39, 117.49, 115.20,
114.66, 90.86, 85.14, 84.18, 82.50, 39.54, 37.01, 35.50, 29.73, 27.19, 25.48. LCMS (ESI)
m/z. [M + H]* 590.3

N-(3-((9-((3aR,4R,6R,6aR)-6-(aminomethyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-
yI)-9H-purin-6-yl)amino)propyl)-2,2,2-trifluoroacetamide (5).

To a solution of 4 (200 mg, 0.34 mmol) in ethanol was added hydrazine (34 mg, 0.67 mmol).
The reaction was stirred at room temperature overnight. The reaction mixture was absorbed
on silica gel and purified by column chromatography (DCM: MeOH 5:1) to afford 5 (98 mg,
63 %) as a white solid. 1H NMR (500 MHz, MeOD) & 8.26 (s, 1H), 8.22 —8.19 (m, 1H),
7.83 (dd, J=7.9, 3.3 Hz, 1H), 6.21 - 6.10 (m, 1H), 5.47 — 5.38 (m, 1H), 5.13 - 5.03 (m,

1H), 4.40 — 4.26 (m, 1H), 3.67 (d, J=38.2 Hz, 2H), 3.43 — 3.36 (m, 1H), 3.19 — 3.04 (m,
2H), 3.04 - 2.95 (m, 1H), 2.05 - 1.96 (m, 1H), 1.96 — 1.84 (m, 2H), 1.59 (s, 3H), 1.37 (s,
3H). 13C NMR (126 MHz, MeOD) & 159.15, 153.18, 141.70, 133.49, 129.53, 126.72,
115.87, 91.54, 86.36, 85.17, 83.25, 43.50, 38.17, 27.45, 25.50. LCMS (ESI) m/z. [M + H]*
460.3

tert-butyl ((S)-1-((((3aR,4R,6R,6aR)-2,2-dimethyl-6-(6-((3-(2,2,2-
trifluoroacetamido)propyl)amino)-9H-purin-9-yl)tetrahydrofuro[3,4-d][1,3]dioxol-4-
yl)methyl)amino)-5,5-dimethyl-4-oxohexan-3-yl)carbamate (6).

Was prepared according to general procedure for reductive amination with 5 (200 mg, 0.4
mmol) and tert-butyl (S)-2-((zert-butoxycarbonyl)amino)-4-oxobutanoate (143 mg, 0.45
mmol) to afford 6 (209 mg, 67 %) as a white solid. 'H NMR (500 MHz, MeOD) & 8.27 (s,
1H), 8.21 (s, 1H), 8.19 - 8.15 (m, 1H), 6.16 (d, /= 2.9 Hz, 1H), 5.44 (dd, /= 6.4, 3.0 Hz,
1H), 5.09 (dd, /= 6.5, 3.4 Hz, 1H), 4.42 — 4.34 (m, 1H), 4.06 (dd, /= 8.9, 4.8 Hz, 1H), 3.69
—3.56 (m, 2H), 3.40 (t, /= 6.8 Hz, 2H), 3.10 (d, /= 5.8 Hz, 2H), 2.84 — 2.71 (m, 2H), 1.98 -
1.89 (m, 3H), 1.85 — 1.74 (m, 1H), 1.59 (s, 3H), 1.43 (s, 9H), 1.39 (s, 9H), 1.37 (s, 3H). 13C
NMR (126 MHz, MeOD) & 172.85, 159.09 — 158.51(m), 158.02, 156.30, 153.97, 141.56,
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133.65, 126.62, 115.79, 91.85, 85.60, 84.88, 83.64, 82.90, 80.62, 53.87, 51.79, 46.90, 38.18,
31.37, 28.67, 28.22, 27.50, 25.60. LCMS (ESI) m/z. [M + H]* 717.4

tert-butyl ((S)-1-((3-(3-cyanophenyl)prop-2-yn-1-yl)(((3aR,4R,6R,6aR)-2,2-
dimethyl-6-(6-((3-(2,2,2-trifluoroacetamido)propyl)amino)-9H-purin-9-yl)tetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)methyl)amino)-5,5-dimethyl-4-oxohexan-3-yl)carbamate (7).

Was prepared according to general procedure for reductive amination with 6 (170 mg, 0.24
mmol) and 3-(3-oxoprop-1-yn-1-yl)benzonitrile (44 mg, 0.28 mmol) to afford 6 (160 mg, 79
%) as a white solid. 1H NMR (500 MHz, MeOD) & 8.24 (d, /= 2.7 Hz, 2H), 7.71 - 7.63 (m,
2H), 7.59 (d, J= 7.8 Hz, 1H), 7.48 (dd, /= 9.4, 6.2 Hz, 1H), 6.18 (d, /= 2.4 Hz, 1H), 5.49
(dd, /=6.5, 2.5 Hz, 1H), 5.10 (dd, J= 6.4, 3.4 Hz, 1H), 4.43 — 4.35 (m, 1H), 4.15 - 4.02 (m,
1H), 3.69 — 3.58 (m, 3H), 3.39 (t, /= 6.9 Hz, 2H), 3.36 — 3.34 (m, 1H), 2.92 (dd, J= 13.5,
5.4 Hz, 1H), 2.84 (dd, J=13.7, 7.5 Hz, 1H), 2.66 (t, /= 6.8 Hz, 2H), 1.98 — 1.87 (m, 3H),
1.59 (s, 3H), 1.43 (d, J= 2.4 Hz, 9H), 1.41 (s, 9H), 1.39 (s, 4H). 13C NMR (126 MHz,
MeOD) 6 173.52, 159.11 -158.82 (m), 157.99, 156.20, 153.92, 141.53, 137.00, 135.89,
133.86, 132.60, 130.71, 126.56, 125.80, 118.97, 115.49, 113.79, 91.55, 87.90, 87.28, 85.04,
84.60, 84.17, 82.61, 80.45, 56.71, 54.16, 52.14, 44.33, 38.19, 30.27, 28.74, 28.28, 27.49,
25.65. LCMS (ESI) m/z. [M + H]* 856.5

tert-butyl ((S)-1-((3-(3-carbamoylphenyl)prop-2-yn-1-y(((3aR,4R,6R,6aR)-2,2-
dimethyl-6-(6-((3-(2,2,2-trifluoroacetamido)propyl)amino)-9H-purin-9-yl)tetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)methyl)amino)-5,5-dimethyl-4-oxohexan-3-yl)carbamate (8).

A solution of 7 (160 mg, 0.18 mmol) and K,CO3 (103 mg, 0.75 mmol) in DMSO (3 mL)
was cooled to 0 °C and then treated with hydrogen peroxide (38 mg, 1.12 mmol). The
reaction mixture was warmed to room temperature and stirred for 3 h. The reaction mixture
was diluted with water and extracted with ethyl acetate (3X). The organic layers were
combined, dried with sodium sulfate and concentrated to afford the crude product which was
purified by column chromatography (DCM: MeOH 10:1) to afford 8 (163 mg, quant. yield)
as a white solid. TH NMR (500 MHz, CDCls3) & 9.08 (s, 1H), 8.30 (s, 1H), 7.99 (s, 1H), 7.88
—7.73 (m, 2H), 7.46 (d, J= 7.7 Hz, 1H), 7.35 (t, /= 7.8 Hz, 1H), 6.85 (s, 1H), 6.40 (t, /=
58.7 Hz, 2H), 6.10 (s, 1H), 5.59 (t, /= 17.6 Hz, 1H), 5.47 (d, J= 6.3 Hz, 1H), 5.07 — 4.82
(m, 1H), 4.50 — 4.36 (m, 1H), 3.81 — 3.54 (m, 4H), 3.44 - 3.27 (m, 2H), 2.82 (p, /=8.9, 7.2
Hz, 2H), 2.64 (dd, J=16.3, 9.0 Hz, 2H), 2.02 - 1.74 (m, 4H), 1.61 (s, 3H), 1.42 (s, 9H), 1.40
(s, 9H), 1.39 (s, 3H). 13C NMR (126 MHz, CDCl5) 6 171.85, 169.12, 157.54 —157.25 (m),
155.68, 155.53, 153.02, 139.79, 134.89, 133.70, 130.80, 128.74, 127.37, 123.48, 117.48,
115.19, 114.62, 90.97, 86.38, 85.25, 84.64, 84.07, 83.37, 81.99, 79.74, 55.84, 52.94, 50.87,
43.71, 30.06, 29.42, 28.44, 28.08, 27.24, 25.52. LCMS (ESI) m/z. [M + H]* 874.4

tert-butyl ((S)-1-((((3aR,4R,6R,6aR)-6-(6-((3-aminopropyl)amino)-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)(3-(3-carbamoylphenyl)prop-2-yn-1-
yl)amino)-5,5-dimethyl-4-oxohexan-3-yl)carbamate (9).
Nucleoside 8 (160 mg, 0.18 mmol) was dissolved in a mixture of MeOH (6 mL) and
aqueous NH3 solution (6 mL, 33%) and stirred at room temperature for 12 h. The solvents
were removed /n vacuo, the crude product was dissolved in DCM (10 mL) and the organic
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layer washed with aqueous TEA solution. Removal of the solvent yielded the protected
AdoHcy analog 9 (123 mg, 77%) as a clear oil. 1TH NMR (500 MHz, CDCl3) & 8.32 (s, 1H),
7.93 (s, 1H), 7.82 (d, /=9.7 Hz, 2H), 7.47 — 7.42 (m, 1H), 7.34 (t, /= 7.7 Hz, 1H), 6.08 (d,
J=1.9 Hz, 1H), 5.59 (d, /= 8.1 Hz, 1H), 5.46 (d, /= 6.5 Hz, 1H), 5.03 - 4.94 (m, 1H), 4.44
—-4.35(m, 1H), 4.29 - 4.17 (m, 1H), 3.78 — 3.52 (m, 4H), 2.88 — 2.77 (m, 4H), 2.67 — 2.56
(m, 2H), 1.86 — 1.73 (m, 4H), 1.59 (s, 4H), 1.42 (s, 9H), 1.40 (s, 9H), 1.38 (s, 3H). 13C NMR
(126 MHz, CDCls) & 171.84, 169.02, 155.64, 155.06, 153.37, 139.28, 134.79, 133.77,
130.68, 128.73, 127.68, 123.32, 120.42, 114.45, 90.93, 86.71, 85.25, 84.62, 84.12, 83.47,
81.93, 79.68, 55.82, 52.92, 50.93, 43.86, 39.82, 30.01, 28.45, 28.10, 27.23, 25.54. LCMS
(ESI) m/z. [M + H]* 778.5

(S)-amino-4-((((2R,3S,4R,5R)-5-(6-((3-aminopropyl)amino)-9H-purin-9-yl)-3,4-

dihydroxytetrahydrofuran-2-yl)methy)(3-3-carbamoylphenyl)prop-2-yn-1-yl)amino)butanoic

acid (10).
Was prepared according to general procedure for deprotection of bisubstrate inhibitor 9 (20
mg, 0.026 mmol) to afford 10 (6 mg, 37 %) as a white solid. 1H NMR (500 MHz, Deuterium
Oxide) 6 8.37 (s, 1H), 8.23 (d, /= 3.5 Hz, 1H), 7.87 (d, /= 7.4 Hz, 1H), 7.59 (s, 1H), 7.52 —
7.41 (m, 2H), 6.19 (d, /= 3.5 Hz, 1H), 4.51 (dd, /= 16.9, 3.4 Hz, 3H), 4.36 (dd, /= 17.0,
3.5 Hz, 2H), 4.06 — 3.98 (m, 2H), 3.94 - 3.89 (m, 1H), 3.85-3.79 (m, 1H), 3.63 (d, /= 7.2
Hz, 2H), 3.48 (s, 2H), 3.13 - 3.05 (m, 2H), 2.49 — 2.37 (m, 1H), 2.27 (d, J= 12.6 Hz, 1H),
2.10 - 1.99 (m, 2H). HRMS m/z calcd for Co7H35NgOg [M + H]*: 582.2783; found:
582.2783 found:582.2783

(S)-2-amino-4-((3-(3-carbamoylphenyl)prop-2-yn-1-yl)(((2R,3S,4R,5R)-5-(6-((3-(3",6 -
dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9’-xanthene]-5-carboxamido)propyl)amino)-9H-
purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl)amino)butanoic acid (11)

To a solution of 9 (30 mg, 0.038 mmol) in DMF (1 mL) was added DIC (10 mg, 0.077
mmol) and the reaction was stirred for 30 mins before the addition of HOBt (7.8 mg, 0.058
mmol), 5-Carboxyfluorescein (17 mg, 0.046 mmol) and DIPEA (10 mg, 0.077 mmol). The
reaction was stirred at room temperature overnight. The reaction mixture was quenched with
water and extracted with ethyl acetate (3X). The organic layers were combined, washed with
brine, dried with sodium sulfate and concentrated to afford the crude product which was then
subjected to the general procedure for deprotection of bisubstrate inhibitor to afford 11 (12
mg, 29 %) as a yellow solid. TH NMR (500 MHz, DMSO-dg) 6 10.26 (s, 1H), 8.91 (s, 1H),
8.45 (s, 1H), 8.37 (s, 1H), 8.24 (s, 2H), 8.08 (s, 1H), 7.94 (s, 1H), 7.85 (d, /= 7.3 Hz, 1H),
7.53 (s, 1H), 7.44 (s, 1H), 7.37 (d, /= 7.6 Hz, 1H), 6.71 (s, 2H), 6.55 (d, J= 14.1 Hz, 4H),
5.91 (s, 1H), 5.54 (s, 1H), 4.66 (s, 1H), 4.15 (d, J= 22.8 Hz, 2H), 3.94 (s, 1H), 2.95 (s, 2H),
2.83 (s, 2H), 2.02 (s, 1H), 1.91 (d, J=38.7 Hz, 3H), 1.20 (d, J= 17.7 Hz, 1H). 13C NMR
(126 MHz, DMSO-a) § 170.82, 168.19, 167.02, 164.68, 159.61, 154.61, 152.61, 151.76,
139.69, 136.31, 134.64, 134.53, 134.04, 130.40,129.07, 128.67, 127.51, 126.41, 124.23,
123.20, 122.25, 119.59, 112.68, 108.98, 102.27, 87.80, 84.87, 83.29, 81.88, 72.72, 71.82,
55.41, 51.09, 49.88, 42.74, 37.54, 37.06, 28.92, 27.14. HRMS m/z calcd for C4gH46NgO12
[M + H]*: 940.3260; found: 940.3259
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Abbreviations used

1.

AdoHcy S-adenosylhomocysteine

AdoMet S-adenosylmethionine

SAHH S-adenosylhomocysteine hydrolase

NAM nicotinamide

MNAM N1-methylnicotinamide

NNMT nicotinamide N- methyltransferase

HPLC High-Pressure Liquid chromatography

FP fluorescence polarization

HTS high-throughput screening

TFA trifluoroacetic acid

NMR Nuclear magnetic resonance

Ki inhibitory constant

Ky dissociation constant

DMSO dimethyl sulfoxide
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Fig. 1.
Design of FP probe 11138. A. Methylation of nicotinamide (NAM) by NNMT. B. Structure

of the fluorescent probe 11138 comprised of LL320 (black), the linker (red), and fluorescein
(green). C. Crystal structure of ANNMT-LL320 complex (PDB: 6PVS). ANNMT is colored
gray and LL320 is shown in green stick with A adenosine pointing towards the solvent. B.
The distance between AV and the protein surface is 4.2 A.
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Fig. 2.

Incubation time (hr)

Optimization of FP assay condition. (A) Linearity of the total fluorescence intensity of
fluorescent probe 11138 versus its concentration in Tris buffer (25 mM, 50 mM KCI, PH
7.5). (B) Linearity of the total fluorescence intensity of 11138 versus its concentration in
HEPES buffer (25 mM, 150 mM NacCl, pH 7.0). (C) NNMT binding curve with NNMT
(0-25 pM, 2-fold dilution) titrated to 11138 (5 nM). The dotted line indicated 0.5 pM NNMT
reaching nearly 60% change in polarization (AmP). (D) Effect of different incubation time
on the binding affinity of 11138 to NNMT. All experiments were performed in duplicates

(n=2) except NNMT binding in triplicates (n=3).
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Fig. 3.

Gold Standard Assay. Competitive binding assay of the unlabeled probe. Compound 10 was
titrated against a constant concentration of FP probe (5 nM) in the presence of 0.5 uM
NNMT. The averages of two independent experiments done in duplicate are shown (n=2).
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Fig. 4.

DMSO tolerance and Z’ factor determination (A) Effect of different DMSO concentrations
on the binding affinity of probe to NNMT. (B) Z’ factor determination from blue dots (100
negative controls); red dots (100 positive controls).
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Scheme 1.
Synthesis of FP probe?

@Reagents and conditions: (a) pTsOH, acetone, 3 h, quant. yield; (b) propane-1,3-diamine,
TEA, EtOH, 60 °C, 2 h then; CF3CO,Et, TEA, MeOH, 12 h, 89 %; (c) isoindoline-1,3-
dione, PPh3, DIAD, THF, 2 h, 90 %; (d) NH,NH,, MeOH, 8 h, 63 %; (e) fert-butyl (S)-2-
((tert-butoxycarbonyl)amino)-4-oxobutanoate, NaBH3CN, AcOH, MeOH, 2 h, 67 %; (f)
3-(3-oxoprop-1-yn-1-yl)benzonitrile, NaBH3CN, AcOH, MeOH, 2 h, 79 %; (g) K,COg,
H,0,, DMSO, quant. yield; (h) NH40H, MeOH, 77 %; (i) TFA, H,0, 8 h, 37 %; (j)
fluorescein, DIC, HOBt, DIPEA, DMF; 12 h then TFA, H20, 8 h, 29 %.
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Comparison of K;values from FP with literature values

Compound Structure Literature value Kj or K, (uUM) | Determined K; from FP Assay (UM)
Hi/ O
B S WMy
AdoHey | "7 L TT 7544637 82.9+143
R SN
AdoMer | < Y 24.0+6.38 203429
m:ihjﬁ":(}-l“i:‘v""’
VH45 Jg=sr 29.2 + 4.0 59.2+8.1
o
HN .
|MM”A‘10}"N jk.TNH,
- we an MW
MS2756 /,:; 100+03? 11.3+18
H}J‘i‘ =
6
LL335 30+08? 56+12
" < ue o MM b
LL319 [ 3~/ 0.083 % 0.007 0.41+0.05
ToLs
"0;'3.,/~.¢T°}.--’;__L oy
LL320 .wiw--/'/ e 0.0016 + 0.0003” 0.22+0.04
L
I N
10 ME o v b 0.21 + 002b 0.31+£0.07
o
P
NAM P > 100 >1mM
W
(7
1-MQ = rr > 1007 >1mM
Note:

adetermined by UHPLC-MS assay.

bdetermined by SAHH coupled assay
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