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Abstract

Inhibition of nicotinamide phosphoribosyltransferase (NAMPT) is a novel strategy for cancer therapy, but only two inhibitors of NAMPT
(FK866 and CHS828) have progressed into clinical trials. This study seeks to compare a novel potent NAMPT inhibitor, MSO, with a
classical inhibitor FK866 in their biological activity and molecular binding mode, thereby contributing to future chemical optimization
and a further understanding of the action mode of NAMPT inhibitors. The ICs, values of MSO and FK866 in inhibition of recombinant
human NAMPT activity were 9.08+0.90 and 1.60+£0.32 nmol/L, respectively. Consistently, FK866 exerted better antiproliferation in

6 human cancer cell lines (HepG2, A2780, 95-D, A549, U20S and U266) than MSO with ICs, values nearly 12-fold to 225-fold lower
than those of MSO. Co-crystal structures of wild-type human NAMPT complexed with MSO or FK866 were elucidated, which revealed
that MSO did not interact with Ser241. The hydrogen bond mediated by crystallographic water between MSO and His191 or Val350 of
NAMPT did not exist in FK866. Instead, FK866 exhibited hydrophobic interactions with Arg349. Based on the activity assays and crystal
structure analyses, we elaborate the reason why the antiproliferation activity of MSO was not as good as that of FK866, which would
contributes to the current understanding of the mode of action of NAMPT inhibitors and will also contribute to further development of

anticancer drugs in the future.
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Introduction

Nicotinamide phosphoribosyltransferase (NAMPT) is the rate-
limiting enzyme in the NAD biosynthesis pathway in mam-
mals, which regulates total cellular NAD levels and mitochon-
drial NAD levels"?. There are three names for the enzyme of
interest: NAMPT, PBEF, and Visfatin**. In 1994, NAMPT was
first found in peripheral blood lymphocytes, which can promote
proliferation of pre-B cells”.. In 2005, it was reported as an adipo-
kine called Visfatin. NAMPT has many biological functions, and
one of the most important functions is maintaining an energy
supply by synthesizing NAD, which plays a critical role in cell
survival. Owing to its importance in cellular pathophysiological
processes and its close relationship with the occurrence of and
development of tumors, NAMPT is a promising target for the
discovery of novel antitumor agents®™ .
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Our team has conducted many studies on this enzyme,
particularly regarding the inhibition of cancer cells. We
have discovered a series of effective NAMPT inhibitors in
our previous work!"”. Meanwhile, other compounds have
been reported during these years and have also shown
pharmacological activities™ ™. However, there are only 2
main inhibitors of NAMPT that have progressed into clinical
trials. FK866 has progressed to phase II clinical trials, but it
has low bioavailability and rapid intravenous clearance!"
7. CHS828 has progressed to phase I preclinical trials, but it
has dose-limiting side effects such as thrombocytopenia™ ..
Thus, much work remains to be done in this area. This article
is focused on the level of the crystal-structure to compare our
most effective compound, MS0, with the classical NAMPT
inhibitor, FK866, to explain the difference in activity between
these two compounds.

Materials and methods
Plasmid construction and protein expression
The cDNA sequence of human NAMPT was amplified by PCR



from a pGex-6p-3-hNAMPT plasmid (kindly gifted from Dr
Shui-qing YE, University of Missouri). The PCR products were
digested and cloned into a pET21a+ vector using Ndel and
Xhol restriction enzymes. A point mutation was introduced by
the quick change site-directed mutagenesis method using the
constructed pET21a+-hNAMPT plasmid as a template. Primer
pairs are listed in the Supplemental Materials and Methods.
All mutations were validated by DNA sequencing. His-tagged
wild-type NAMPT, NAMPT mutants and NMNAT1 were
expressed and purified by our previous methods™ *", also
detailed in the Supplemental Materials and Methods.

Determination of IC5, values for NAMPT inhibitors
Determination of the ICs5, for NAMPT inhibitors was carried
out using recombinant human NAMPT according to our pre-
viously reported method™, which is based on measuring the
fluorescence of a nicotinamide mononucleotide (NMN) deriv-
ative that results from the enzymatic production of NMN (see
the Supplemental Materials and Methods).

Protein crystallization

Crystals of wild-type human NAMPT complexed with MS0
were obtained at 295 K by the hanging-drop vapor-diffusion
method in 24-well plates (Hampton Research Inc, CA, USA).
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Each well was filled with 500 pL of reservoir solution. Drops
consisting of 1 pL NAMPT solution and 1 pL reservoir solution
were placed onto 22 mm silicone circular cover slides. The pro-
tein (20 mg/mL) was incubated with 1 mmol/L MS0 at 277 K
for 30 min before the crystallization setup. The reservoir solu-
tion contained 50 mmol/L phosphate buffer (pH 9.2), 28% (w/v)
PEG-3350, 180 mmol/L NaCl and 5 mmol/L DTT. There were
two copies of the NAMPT-MS0 complex in each asymmetric
unit.

Data collection and processing

X-ray diffraction data were collected on a CCD at the BL-18U
beamline at Shanghai Synchrotron Radiation Facility. Data
on the free enzyme crystal were collected at 1.46 A resolution
and 100 K, and native diffraction data sets were collected on
the other crystals. The diffraction images were processed and
scaled with the XIA2. The data processing statistics are sum-
marized in Extended Data Table 1.

Structure determination and refinement

The atomic model of NAMPT was built with Phoenix. After
one cycle of refinement at 1.46 A resolution with Phoenix,
a model for the dimer of NAMPT was used to solve the
structure of the human NAMPT-MS0O complex by molecular

Table 1. Data collection and refinement statistics. The highest resolution shell is shown in parentheses.

Crystal of NAMPT+MSO

Crystal of NAMPT

Space group
Cell dimensions
a, b, c(A)
o, B,y (°)
Number of reflections processed
Number of unique reflections
Resolution (A)
Rm
Mean I/o(l)
Completeness (%)
Redundancy
Resolution (A)
Number of reflections (test set)
Ruori/ Riree
Number of atoms
Protein
Overall B values (A?%)
NAMPT
RMSD
Bond lengths (A)
Bond angles (°)
Ramachandran plot statistics (%)*
Favored regions
Allowed regions
Disallowed regions

Data collection
P21

60.84, 106.65, 83.24
90.00, 96.68, 90.00
1233031

179816

65.34-1.46 (1.46-1.50)
8.4 (79)

12.1(2.2)

98.7 (98.3)

6.9 (6.9)

Refinement
65.34-1.46

179792
0.1655/0.1916

3785

14.88

0.0065
0.919

97.2
0.7
2.1

P21

60.55, 107.25, 82.77
90.00, 96.19, 90.00
398849

70544

53.62-2.00 (2.00-2.05)
12.3 (54.6)

9.6 (2.9)

99.5 (99.3)

5.7 (5.3)

53.62-2.00
70521
0.2076/0.2504
4023

22.84

0.008
0.924

94.4
2.2
3.4

*As defined in MolProbity.
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replacement. Refinement of these structures was carried
out using Phoenix and Coot. The refinement statistics are
summarized in Extended Data Table 1.

Protein stability assays

Protein thermostability was tested by a microscale fluorescent
thermal stability assay using SYPRO orange protein gel stain
(Sigma-Aldrich, USA), which reacts with native hydrophobic
regions embedded in the protein interior and acts as a sen-
sor for the overall integrity of the folded state. Stock SYPRO
orange dye was diluted (1:1000) with 50 mmol/L phosphate
buffer (pH 9.2), 180 mmol/L NaCl and 5 mmol/L DTT. The
protein to be tested (~5 pg) was diluted in the same buffer to
a final volume of 33 pL. One pL of the diluted dye was added
and thoroughly mixed with the protein. The reaction mixture
was incubated at room temperature for 15 min, subsequently
transferred to a sub-micro quartz fluorometer cuvette (Starna
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Cells, Inc, Atascadero, CA, USA) and heated in a controlled
environment with a ramp rate of 1°C/min over the tempera-
ture range of 25-90°C, using a Cary Eclipse Fluorescence
Spectrophotometer (Agilent Technologies, USA) to detect the
dye. The excitation wavelength was 490 nm, while the emis-
sion wavelength was 575 nm.

Results

Inhibitory effect of MSO and FK866 on human cancer cell lines
Through our previous work, we discovered a novel struc-
ture compound, MSO (Figure 1A), that is a highly effective
NAMPT inhibitor. FK866 (Figure 1A) is a classic NAMPT
inhibitor with high inhibition efficacy. First, we evaluated
the enzyme inhibition activity of these two compounds using
our previously established method”!. The results showed
that the ICs, value of MS0 was nearly 6 times higher than that
of FK866 (9.08+0.90 vs 1.60+0.32 nmol/L) (Figure 1B and 1C).
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Figure 1. Activity and structure differences between MSO and FK866. (A) Structural differences between MSO and FK866. (B) Inhibitory potency (ICs)
of MSO on NAMPT activity. (C) Inhibitory potency (ICs,) of FK866 on NAMPT activity. (D) Concentration response curve of MSO on HepG2 cells after 48
h of treatment. (E) Concentration response curve of FK866 on HepG2 cells after 48 h of treatment. (F) ICs, of MSO and FK866 inhibition on various
human cancer cell lines (SRB assay after 72 h of treatment). Data are expressed as the mean+SEM.
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Furthermore, we examined their effects on the cell viability
of a hepatocellular carcinoma cell line, HepG2, using the cell
counting kit-8 (CCK-8) method””. The difference between
the ICs value of MSO (IC5,=510.01+162.09 nmol/L) and FK866
(IC5=2.21£0.21 nmol/L) is nearly 250-fold (Figure 1D and 1E).
To evaluate cell viability effects more extensively, we tested
both inhibitors using the sulforhodamine B protein staining
(SRB) method™ on 6 human cancer cell lines, including ovar-
ian cancer cell line A2780, metastatic lung cancer cell line 95-D,
lung adenocarcinoma cell line A549, osteosarcoma cell line
U20S, and multiple myeloma cell line U266 and HepG2. As
shown in Figure 1F, FK866 has better antiproliferation activity
on all 6 human cancer cell lines with ICs, values nearly 12-fold
to 225-fold lower than those of MS0.

Nu-PAGE and Coomassie Blue staining analysis of purified
human NAMPT

As Figure 2A shown, both NAMPT and its complex
NAMPT+MS0 have two bands in the Nu-PAGE, indicating
that purified NAMPT would exist in dimer form.

Protein stability assays

In this study, we performed protein stability assays to fur-
ther verify that MSO can interact with NAMPT. We used the
cysteine-reactive fluorescent dye CPM to test if MS0 can bind
to NAMPT. According to the results shown in Figure 2B and
2C, the CPM ramping protein assay showed that the NAMPT-
MS0 complex (green trace) has a higher melting temperature
(Tm), which indicates better protein thermostability compared
to NAMPT alone.

Crystallization of NAMPT

We determined the crystal structure of NAMPT with and
without MS0 at 1.46 A and 2.00 A resolutions, respectively,
to elucidate the nature of the enzymatic active site, as well
as the catalytic mechanism (Figure 3). The two active sites
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+
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of NAMPT lie at the dimer interface, where the substrates
and products bind. The pyridine moiety of MS0 lies between
Phe193 from one chain of NAMPT and Tyr18" from the other,
showing m-stacking interactions (Figure 3A). Crystallographic
water was observed mediating a hydrogen bond network
among the thiourea nitrogens, the backbone carbonyl of
Val242, and the Asp219 side chains (Figure 3B). The carbonyl
oxygen of the amide group of MSO0 is pointed perpendicularly
toward the side chain of Arg311 of NAMPT. Hydrophobic
contacts were noted between the MS0 piperidine carbon atom
and the side chains of [1e309 and Pro273 of NAMPT (Figure
30).

Structure variation between NAMPT with MSO and NAMPT with
FK866

As shown in Figure 1A, MS0 has a very similar molecular
structure to FK866 that can be divided into 3 parts. Obviously,
MSO0 lacks part IV, which may prompt FK866 to be more active
than MS0. However, further study on the crystal structures
still needs to be performed.

To determine the activity difference between MS0 and FK866
at the molecular level, we compared the co-crystal structure of
NAMPT with MS0 and with FK866. According to the results,
both co-crystal structures have n-stacking interactions in the
pyridine moiety between Phe193 and Tyr18" (Figure 3A and
3D). As Figure 3E shown, a hydrogen bond was mediated by
crystallographic water between the amide nitrogen of FK866
and Asp219, Ser241 and Val242 of NAMPT. Furthermore, MS0O
does not interact with Ser241 of NAMPT, which may make
FK866 more stable than MS0 in binding to NAMPT (Figure
3B). FK866 also forms a hydrogen bond between Ser275 and
the amide oxygen, whereas this hydrogen bond cannot be
observed with MSO (Figure 3B and 3E). These variations may
lead to the activity difference between FK866 and MS0. In
addition, the hydrogen bond mediated by crystallographic
water between MS0 and His191 and Val350 would disappear
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+ NAMPT+150 pmoliL MS0 +
- 25 i . : H MS0
45 50 55 60
18
14 Temperature/°C

Figure 2. Protein stability and crystals of NAMPT with and without MSO. (A) Protein purification of NAMPT; NAMPT stands for NAMPT without MSO, and
NAMPT+MSO stands for NAMPT with MSO. (B) CPM ramping assay of NAMPT, temperature range of 45-60°C. (C) Crystals of NAMPT with and without

MSO.

Acta Pharmacologica Sinica



www.nature.com/aps
298 Zhang SL et al

Figure 3. Crystal structure analysis of NAMPT with MSO and FK866. (A-C) Crystal structure analysis of NAMPT with MSO. MSO and the two residues
of the protein are labeled. MSO atoms are shown in yellow. The bound position of MSO is also shown in red and cyan. (A) n-stacking interactions with
NAMPT and the head group of MSO. (B) Hydrogen bond between NAMPT and the middle group of MSO. (C) Hydrophobic interactions and hydrogen
bond between NAMPT and the tail group of MSO. (D-F) Crystal structure analysis of NAMPT with FK866. FK866 and the two residues of the protein are
labeled. FK866 atoms are shown in orange. The bound position of FK866 is also shown in green and orange. (D) m-stacking interactions with NAMPT
and the head group of FK866. (E) Hydrogen bond between NAMPT and the middle group of FK866. (F) Hydrophobic bond between NAMPT and the tail
group of FK866.
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in FK866, since His191 and Val 350 do not exist near parts III
and IV of this compound; instead, this area of FK866 exhibits
hydrophobic interactions with Arg349 (Figure 3C and 3F).
Thus, these changes may contribute to the activity difference
between FK866 and MSO0.

Discussion

FK866 is a classic NAMPT inhibitor with high efficacy. Com-
parative studies of FK866 and other compounds can provide a
new view for exploring future NAMPT inhibitors. MS0 is our
previously discovered potent NAMPT inhibitor with novel
structure. Thus, we chose MS0 as the compound for compari-
son with FK866 to find more details about inhibitor interac-
tions with NAMPT for future chemical discovery.

Developing active compounds to target NAMPT is impor-
tant and promising because NAMPT plays significant roles in
a variety of biological events and has drawn much attention in
several different fields, including NAD biology, metabolism,
and immune response™ *.  Ample inhibitors""" ' targeting
NAMPT have been developed in recent years since FK866!""!
and GMX1778 (previously known as CHS828)™! were initially
discovered; however, no compound has been confirmed as
a targeted drug because of the lack of understanding about
the NAMPT action mode. Recently, NAMPT-catalyzed phos-
phoribosylation” has been reported as a relevant biological
mechanism of action. Specifically, inhibitors decrease the
enzyme activity through NAMPT-catalyzed phosphoribosyl-
ation to produce pRib adducts. Based on this mode, we can
explain the phenomenon that biochemically potent NAMPT
inhibitors do not always exhibit favorable effects in cell cul-
ture assessments, even when the inhibitors have the same
permeability. For instance, GNE-617* and GMX1778% can
inhibit NAMPT activity significantly and were efficacious
when tested in a variety of human cancer cell lines. GNE-
643" is a close structural analogue of GNE-617, but it showed
relatively weaker antiproliferative properties than GNE-617
and GMX1778. GNE-200 and GNE-201 are close analogues of
GNE-617 and GNE-643, respectively, but they lack the nitro-
gen atoms required for pRib adduct formation. Therefore,
GNE-200 and GNE-201 showed the worst efficacy compared
to GNE-617 and GMX1778 (Figure 4). By using the NAMPT-
catalyzed phosphoribosylation theory, we can divide these
5 compounds into 3 classes: A) those that can form NAMPT-
dependent pRib adducts and bind to the enzyme with high
affinity (GNE-617 and GMX1778), B) those that can form
NAMPT-dependent pRib adducts but do not retain potent
binding affinity (GNE-643), 3) those that cannot form NAMPT-
dependent pRib adducts (GNE-200 and GNE-201) (Figure 4).
These diverse biochemical profiles are tightly correlated with
the inhibitory potencies of the compounds in cells, while those
belonging to classes A, B, and C exhibit strong, medium, and
weak antiproliferative properties, respectively. Although such
trends still need further verification on additional NAMPT
inhibitors to ultimately confirm their usefulness, this compari-
son suggests that future designs for cellularly active NAMPT
inhibitors should target the class A profile (Figure 4). How-
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Figure 4. Compound classifications. Class A contains GMX1778, GNE-
617 and pRib-GNE-617; Class B contains GNE-643; Class C contains GNE-
200 and GNE-201.

ever, MS0 and FK866 do not belong to these categories.

We found that MSO0 is truly less active than FK866 in
vitro, probably due to the variation in molecular structures
(Figure 1A). We find that MSO is shorter than FK866 after
being divided into 4 parts, of which part IV most likely to
influence their activities. Therefore, we performed crystal
structure studies to further elucidate the activity differences.
Comparing the co-crystal structure of NAMPT complexed
with MSO0 to that of NAMPT with FK866, we found that both
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structures have the same interactions in the pyridine moiety of
part I, forming m-stacking interactions, which had been shown
to be the key mode of action in other studies. In addition
to the m-stacking interactions, hydrogen bond is another
intermolecular force that was observed. We observe that,
in part I of the molecular structures, the hydrogen bond of
FK866 is much stronger than that of MS0, which could be the
reason for different activities between the inhibitors. The tail
parts of the compounds are different, as well. FK866 exhibits
hydrophobic binding with Arg349 of NAMPT compared to the
hydrogen bonds mediated by crystallographic water between
MS0 and His191 and Val 350 of NAMPT. These differences
may allow FK866 more flexibility to fit into the binding site.

Above all, for future NAMPT inhibitor development, newly
designed compounds are recommended to possess the fol-
lowing characteristics for better efficacy: preservation of the
pyridine residue, more hydrogen bonding in part I of the mol-
ecule, a longer structure in part IV and more hydrogen bond-
ing in part IV.
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