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Visfatin (Nampt/PBEF) plays a pivotal role in the salvage 
pathway for NAD+ biosynthesis. Its potent inhibitor, FK866, 
causes cellular NAD+ levels to decline, thereby inducing 
apoptosis in tumor cells. In an effort to improve the 
solubility and binding interactions of FK866, we designed 
and synthesized IS001, in which a ribose group is attached 
to the FK866 pyridyl ring. Here, we report the crystal struc-
ture of rat visfatin in complex with IS001. Like FK866, IS001 
is positioned at the dimer interface, and all of the residues 
that interact with IS001 are involved in hydrophobic or π-π-
stacking interactions. However, we were unable to detect 
any strong interactions between the added ribose ring of 
IS001 and visfatin, which implies that a bulkier modifying 
group is necessary for a tight interaction. This study pro-
vides additional structure-based information needed to 
optimize the design of visfatin inhibitors. 
 
 
INTRODUCTION 
 
Nicotinamide adenine dinucleotide (NAD+) plays a pivotal role 
in a variety biochemical and biological processes, serving both as 
an enzyme cofactor for oxidation/reduction and as a substrate for 
donation of ADP-ribose units (Won et al., 2006; Ziegler et al., 
2000). Notably, malignant tumor cells show higher than normal 
rates of NAD+ turnover, owing to their elevated ADP-ribosylation 
activity (Burkle, 2005; Schreiber et al., 2006). Moreover, expres-
sion of visfatin [pre-B-cell colony-enhancing factor (PBEF)/nico-
tinamide phosphoribosyltransferase (Nampt)], the rate-limiting 
enzyme in the salvage pathway for NAD+ synthesis, is upregu-
lated in malignant tumor cells, so as to maintain adequate levels 
of NAD+ (Hufton et al., 1999; Van Beijnum et al., 2002). This 
makes visfatin an attractive target for anticancer therapy (Wosi-
kowski et al., 2002). 

FK866 (APO866; (E)-N-[4-(1-benzoylpiperidin-4-yl) butyl]-3-
(pyridin-3-yl) acrylamide) is a potent small-molecule inhibitor of 
visfatin that induces apoptosis among tumor cells as a conse-
quence of reducing NAD+ levels (Hasmann and Shcemainda, 
2003). It also has been shown to have anti-angiogenic effects 

in a murine cancer model (Drevs et al., 2003). A phase I clinical 
trial of FK866 has already been successfully completed (Holen 
et al., 2008), and a phase II trial of its efficacy against several 
forms of human cancer is currently ongoing. Nevertheless, 
preclinical pharmacology showed the low bioavailability and 
rapid intravenous clearance of FK866 (Holen et al., 2008), indi-
cating that it should be further optimized for therapeutic usage. 

The crystal structures of visfatin in complex with FK866 or 
nicotinamide mononucleotide (NMN) have already been de-
scribed (Khan et al., 2006; Kim et al., 2006; Wang et al., 2006). 
The structure of the visfatin-FK866 complex reveals how the 
inhibitor interacts with the enzyme’s active site residues, while 
comparison of the structures of the visfatin-FK866 and visfatin-
NMN complexes shows how the pyridyl ring of FK866 is posi-
tioned at the nicotinamide ring of NMN. Given that the ribose 
ring and phosphate group of NMN make good contact with the 
active site residues of visfatin, we endeavored to design a lar-
ger FK866 derivative that would establish hydrogen bond inter-
actions with residues in the NMN binding site. 

Toward that goal, we designed several hydrophilic moieties, 
which we added to FK866 in an effort to manipulate its solubility 
and binding interactions. Ultimately, we designed and synthe-
sized IS001, in which a ribose ring was added to the FK866 
pyridyl ring. Then to better understand the molecular mecha-
nism underlying the visfatin-IS001 interaction, we determined 
the crystal structure of the visfatin-IS001 complex and used 
isothermal titration calorimetry (ITC) to assess the affinity of 
IS001 for visfatin. 
 
MATERIALS AND METHODS 
 
Protein expression and purification 
The overexpression of rat visfatin and its purification have been 
described previously (Kim et al., 2006). Briefly, a recombinant 
rat visfatin-His-tag fusion protein was expressed in bK=Åçäá BL21 
(DE3) at 37°C, after which the cell lysate was applied to a Ni-
NTA affinity chromatography column. The column was then 
washed with lysis buffer [500 mM NaCl and 50 mM NaH2PO4 
(pH 8.0)], the recombinant visfatin-His-tag fusion protein was  
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eluted using a buffer [300 mM imidazole, 500 mM NaCl and 50 
mM NaH2PO4 (pH 8.0)], and the N-terminal His-tag was re-
moved by digestion with TEV protease. The protein was then 
subjected to size exclusion chromatography on a Superdex 200 
column (Pharmacia) equilibrated with 20 mM HEPES-NaOH 
(pH 7.5) and 150 mM NaCl. Fractions containing the recombi-
nant protein were pooled and concentrated to 15 mg/ml. 
 
Isothermal titration calorimetry experiments  
IS001 was synthesized by ribosylation of the FK866 pyridyl ring 
using β-D-ribofuranose 1,2,3,4-tetraacetate (to be published). 
ITC was then carried out using a high-precision VP-ITC titration 
calorimetry instrument (Microcal Inc., USA) with human visfatin 
and IS001. The binding enthalpies were determined by inject-
ing IS001 into a microcalorimeter reaction cell containing hu-
man visfatin. In a typical ITC experiment, the heat of the reac-
tion was determined by making 30 injections (10 μl each) of 
IS001 (final concentration in the syringe was 0.8 mM in 20 mM 
HEPES-NaOH and 150 mM NaCl) into the reaction cell, which 
contained 59 μM human visfatin in the same buffer. The heat 
after each injection was determined from the time integral of the 
calorimetric signal using Origin 7.0. 
 
Crystallization  
Crystallization of visfatin in complex with IS001 will be reported 
elsewhere (to be published). In brief, single well-formed crystals 
of rat visfatin in complex with IS001 were grown at 21°C in 2-μl 
hanging drops containing equal volumes of protein solution (15 
mg/ml) and mother liquor comprised of 0.1 M HEPES-NaOH 
(pH 7.5), 16% (w/v) PEG 3350, and 0.2 M MgCl2. Crystals were 
frozen in liquid nitrogen using paraton as a cryoprotectant. 
 
Crystallographic analysis 
The data set for the visfatin-IS001 complex was collected at 
beam line 4A at the Pohang Accelerator Laboratory (PAL), Korea 
using the X-ray beam at a single wavelength (1.0000 Å). Data 
processing and scaling were carried out using the program 
HKL2000 (Otwinowski and Minor, 1997). The crystals of rat vis-
fatin in complex with IS001 diffracted to 3.0 Å resolution and 
belonged to space group mO

N
O
N
O
N
 with cell parameters of ~ = 83.3 

Å, Ä = 107.4 Å, and Å = 120.2 Å. Assuming two molecules of rat 
visfatin-IS001 complex per asymmetric unit, the Matthews coeffi-
cient (VM) was calculated to be 2.41 Å3 Da-1, which corresponds 
to a solvent content of 48.9%. The structure of the rat visfatin-
IS001 complex was solved using the molecular replacement 
method with the program MOLREP (Vagin et al., 2000) using the 
apo-structure of rat visfatin (PDB ID: 2G95) as the search model. 
Many cycles of manual rebuilding using the program Coot (Em-
sley and Cowtan 2004) and refinement using the program CNS 

resulted in a final crystallographic R value of 25.4% (Rfree = 
29.7%). No electron density was observed in some regions of 
each molecule (residues 1-8, 42-53 and 484-491). The Rama-
chandran plot calculated with the program PROCHECK (Las-
kowski et al., 1993) showed no residues with torsional angles in 
forbidden areas: 75.9% of the residues were in the most favored 
regions and 24.1% were in allowed regions. Data collection and 
refinement statistics are summarized in Table 1. Atomic coordi-
nates have been deposited at the Protein Data Bank under ac-
cession code 3G8E. 
 
RESULTS AND DISCUSSION 
 
NAD+ plays a critical role in a variety of cellular processes, in-
cluding both redox and nonredox reactions. It also serves as an 
enzyme cofactor involved in energy metabolism and signal 

Table 1. Data collection and refinement statistics 

Crystal Visfatin-IS001 complex 

X-ray source PAL-4A 

Wavelength (Å) 1.0000 Å 

Space group mO
N
O

N
O

N
=

Unit cell dimensions (Å) ~== 83.3, Ä== 107.4, Å== 120.2 

Resolution (Å) 50-3.0 

Observed reflections 165,450 

Unique reflections 22,256 

Completeness (%) 99.7 (100) 

Rsymm

1 (%) 14.0 (33.4) 

II  (I)σ  24.4 (8.3) 

Refinement statistics 

Resolution (Å) 50-3.0 (3.05-3.00) 

No. of Residues 926 
2Rcryst total (%) 25.3 
3Rfree total (%) 29.9 
4RMSD bond length (Å) 0.010 
4RMSD bond angle (°) 1.8 

Numbers in parentheses on the right side indicate the statistics for the 

last resolution shell. 
1Rsymm =ΣhΣi｜f(Ü

á
)-<fEÜF>｜/ΣhΣifEÜá

FI where fEÜ
á
F is the single intensity of 

reflection Ü as determined by the áth measurement and <fEÜF> is the 

mean intensity of reflections Ü. 
2Rcryst (%) = Σ｜cç-cÅ｜/Σcç, where, cç is the observed structure factor 

amplitude, and cÅ is the structure factor calculated from the model. 
3Rfree (%) is calculated in the same manner as Rcryst using 5% of all re-

flections excluded from refinement stages. 
4RMSD, Root-mean-square deviation. 
 
 
transduction. Proteins involved in NAD+ synthesis are thus 
attractive targets for drug discovery. One such protein, visfatin, 
which is the rate-limiting enzyme in the salvage pathway for 
NAD+ synthesis, is currently thought to be a highly attractive 
anticancer target. 

FK866 is a potent and selective inhibitor of visfatin that inter-
feres with NAD+ biosynthesis, causing tumor cells to undergo 
apoptosis. For example, FK866 exhibits both anti-tumoral and 
anti-angiogenic activities in renal cell carcinoma, and effectively 
induces delayed apoptotic cell death in HepG2 human carci-
noma cells. The structure of visfatin in complex with FK866 or 
NMN suggests that FK866 could be modified to take advantage 
of the binding sites on visfatin for NMN’s ribose and phosphate 
groups. With that in mind, we designed and synthesized IS001, 
a derivative of FK866 in which a ribose was added to the 
pyridyl ring to enhance interactions with the ribose binding site 
on visfatin (Fig. 1). Then to investigate the molecular basis of 
the inhibitory effect of IS001, we determined the crystal struc-
ture of the rat visfatin-IS001 complex. 

We found that the crystal structure of the rat visfatin-IS001 
complex includes two monomers in the asymmetric unit, and 
that visfatin forms a homodimer comprised of two identical 491-
residue subunits (Fig. 2). The structures of the visfatin-IS001 
and visfatin-FK866 complexes are nearly identical. The root-
mean-square deviation (RMSD) between the two structures is 
0.52 Å for 926 Cα

 atoms, while the RMSD between the apo- 
structure and the IS001-complexed structure is 2.37 Å for 834  



 Gil Bu Kang et al. 669 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Chemical structures of FK866 (A) and IS001 (B) 
 
 
Cα atoms. Thus the structure of the visfatin-IS001 complex 
resembles that of the visfatin-FK866 complex more than the 

apo-structure. 
The active site is located at the visfatin dimer interface, and 

IS001 binds within a groove around the active site in the same 
way FK866 does, except for the ribose ring. Most of the resi-
dues interacting with IS001 are involved in hydrophobic con-
tacts, which are formed by Phe193(A), Arg196(A), Val242(A), 
Ala244(A), Ile309(A), Arg311(A), Arg349(A), Ile351(A), Asp354 
(A), Val378(A), Ser379(A), Asp16(B) and Tyr18(B) (Fig. 3). In 
particular, the pyridyl ring of IS001 is involved in π-π-stacking 
interactions with the side chains of Phe193(A) and Tyr18(B), as 
is observed in the FK866-complexed structure (Fig. 4A). Within 
the IS001-complexed structure, the hydrophobic part of IS001, 
which corresponds to FK866, is well ordered (average B factors 
of ~55 Å2), while the added hydrophilic ribose ring is rather 
dynamic (average B factors of ~70 Å2). Although our aim was to 
enable interactions between the ribose ring of IS001 and sev-
eral hydrophilic residues in the visfatin binding site for NMN 
[Arg196(A), Arg311(A), Asp313(A), and Asp354(A)], we were 
unable to define the interactions around the ribose binding site. 
This may reflect a lack of contacts determining the exact orien-
tation of the ribose ring of IS001 with respect to visfatin. Within 
the structure of the visfatin-NMN complex, the phosphate group 
of NMN is located in a highly hydrophilic binding pocket and 
interacts with a water molecule and the main-chain N atoms of 
Gly383 and Gly384. These contacts may affect the orientation 
of the ribose ring of NMN, enabling a tighter interaction with 
visfatin (Fig. 4B).

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A                         B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Stereo diagram showing the visfatin dimer in 
complex with IS001. One monomer (MolA) is shown 
in blue, the other (MolB) in green. The bound IS001
molecules are shown as space-filling models. 

Fig. 3. The IS001 binding site on visfatin. (A) Close 
up view of the IS001 binding site on visfatin. The OcçJ
cÅ electron density map is contoured at 1=σ (orange 
mesh). (B) Surface representation of the IS001 bind-
ing site. IS001 (white) is shown as a ball and stick 
model. The electrostatic potential was calculated 
using APBS (Sanner et al., 1999). The potentials are 
colored from -21 kT (red) to +21 kT (blue). 
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Fig. 5. Calorimetric titration of visfatin with IS001. The black 
squares depict the isothermal titration calorimetric binding curve for 
visfatin titrated with IS001. The fit is shown as a thin line [The Kd is 
4.5 ± 0.28 × 10-6 M]. 
 
 

We also measured the affinity of IS001 for visfatin using ITC. 
Consistent with its higher B-factor, IS001 had a lower affinity for 
visfatin (Kd = 4.5 ± 0.28 × 10-6 M) than FK866 (on the order of 
10-9 M) (Fig. 5). Non-polar residues make up about 85% of the 

interface between visfatin and FK866, which form the hydro-
phobic tunnel at the dimer interface. It is energetically unfavorable 
for the hydrophilic ribose of IS001 to pass through the hydropho-
bic tunnel of visfatin, which may result in the low affinity of visfatin 
for IS001. It also suggests that the polarity modulation on ribose 
ring will be necessary to minimize the unfavorable interactions. 

We conclude that effective FK866-based inhibitor com-
pounds must retain two major components: the pyridyl ring is 
needed to maintain π-π-stacking interactions with Phe193(A) 
and Tyr18(B), and the benzopiperidine group is needed to 
maintain the van der Waals interactions with about ten residues. 
Addition of a ribose ring to the pyridyl ring of FK866 did not 
improve its solubility and binding interactions, mainly because 
the ribose was not large enough to make hydrophilic contacts 
with visfatin’s ribose binding residues, suggesting a bulkier 
modifying group will be needed to strengthen the interactions. 
Our studies provide structure-based insight into the design 
needed for optimization of visfatin inhibitors. 
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Fig. 4. Comparison of the binding site for IS001 
with those for FK866 (A) and NMN (B). (A) Super-
imposition of the binding sites for IS001 and 
FK866 within the structures of visfatin-inhibitor 
complexes (PDB ID: 2G97). Residues mediating 
formation of the IS001-visfatin and FK866-visfatin 
complexes are shown in blue and green, respec-
tively. IS001 (gray) and FK866 (cyan) are shown 
as ball and stick models. (B) Superimposition of 
the respective binding sites within the structures of 
the IS001- visfatin and NMN-visfatin (PDB ID: 
2G96) complexes. Residues mediating the forma-
tion of IS001-visfatin and NMN-visfatin are shown 
in blue and orange, respectively. IS001 (gray) and 
NMN (yellow) are shown as ball and stick models.
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