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The inhibitors of factor-inhibiting HIF-1 (FIH1) have been shown to be useful as therapeutics for the treat-
ment of anemia. We have been able to identify eight novel FIH1 inhibitors with IC50 values ranging from
30 to 80 lM by means of the virtual screening with docking simulations under consideration of the
effects of ligand solvation in the scoring function. The newly identified inhibitors are structurally diverse
and have various chelating groups for the active-site ferrous ion including sulfonamide, carboxylate, N-
benzo[1,2,5]oxadiazol-4-yl amide, and 2-[1,2,4]triazolo[3,4-b]][1,3,4]thiadiazol-3-yl-quinoline moieties.
Each of these four structural classes has not been reported as FIH1 inhibitor, and therefore can be consid-
ered for further development by structure–activity relationship or de novo design methods. The interac-
tions with the amino acid residues responsible for the stabilizations of the inhibitors in the active site are
addressed in detail.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Molecular oxygen is necessary for the survival of most organ-
isms including human. A low level of intracellular O2 concentra-
tion, which is called hypoxia, often leads to the cellular
dysfunction and culminates in cell death.1 The excess of molecular
oxygen can also have a negative effect on cells due to the oxidative
damage.2,3 Therefore, intracellular oxygen concentrations should
be maintained within a narrow range similar to the atmospheric
O2 partial pressure. In human cells, this delicate modulation is con-
trolled by the activity of hypoxia-inducible factor 1 (HIF-1).4–6 HIF-
1 is thus a key regulator that mediates the intracellular oxygen
concentrations by inducing the transcription of various target
genes involved in angiogenesis, erythropoiesis, cell survival, and
glucose metabolism.7,8 In the case of cancer, the function of HIF-
1 also plays a crucial role in tumor promotion because its target
genes are responsible for tumor angiogenesis, invasion, and anaer-
obic energy metabolism. It is now well established that HIF-1 is
present at a high level in various cancer cells to restore from the
local hypoxic condition caused by a rapid cell proliferation and
to supply enough nutrients to the core region of a cancer through
the newly developed blood vessel. Therefore, the inhibition of HIF-
ll rights reserved.
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1 activity has been considered as a therapeutic strategy for can-
cer.9–12

The function of HIF-1 is known to be regulated by factor-inhib-
iting HIF-1 (FIH1) that impairs the activity of HIF-1 by the hydrox-
ylation of b-carbon of the conserved asparagine residue (Asn803)
in the a-subunit of heterodimeric HIF-1 (HIF-1a).13 FIH1 belongs
to 2-oxoglutarate (2OG)-dependent dioxygenase superfamily and
contains a none-heme iron at the catalytic center. During the
hydroxylative inhibition of HIF-1a, it consumes molecular oxygen
and 2OG with the release of CO2 and succinate under the normoxic
conditions. FIH1 can thus serve as a target for the development of
therapeutic agents for anemia or ischemia because the enhance-
ment of HIF-1 activity can promote the production of erythropoie-
tin (EPO) that induces the formation of red blood cells and the
development of new blood vessels. Indeed, FIH1 inhibitors have a
high potential to be developed into anti-ischemic drugs targeting
the normal cells suffering from hypoxia because FIH1 is more ac-
tive on HIF-1a than the other hydroxylases under hypoxic
conditions.14

X-ray crystallographic studies showed that two Ne atoms of
His199 and His279 and an Od atom of Asp201 are coordinated to
the central ferrous ion that plays a role of Lewis acid catalyst in a
series of asparaginyl modification of HIF-1a.15,16 The remaining
three coordination sites should be occupied by water molecules
in the resting form, and by molecular oxygen and 2OG during the
catalytic reactions. Development of small-molecule FIH1 inhibitors
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lags behind the biological and structural studies due mainly to the
difficulty in designing a chelating group for the central ferrous ion.
Only a few substrate-analog inhibitors of FIH1 have been reported
so far. In this regard, earlier studies indicated that a cell-permeable
2OG analog such as dimethyl-oxalylglycine (DMOG) could block
the asparaginyl hydrolase activity of FIH1.13,17 N-oxalylglycine
(NOG) is another known FIH1 inhibitor with millimolar activity
although it can also inhibit the catalytic activities of most of en-
zymes in Fe(II)- and 2OG-dependent dioxygenase superfamily. A
series of N-oxalyl amino acids have also been shown to be sub-
strate-analog inhibitors of FIH1 with varying inhibitory activities.18

In the present study, we identify the novel classes of FIH1 inhib-
itors based on the computer-aided drug design protocol involving
virtual screening with docking simulations and in vitro enzyme as-
say. Virtual screening has not always been successful due to the
inaccuray in the scoring function, which leads to a weak correla-
tion between the enrichment in virtual screening and binding
mode prediction.19 The characteristic feature that discriminates
our virtual screening approach from the others lies in the imple-
mentation of an accurate solvation model in calculating the bind-
ing free energy between FIH1 and its putative inhibitors, which
would have the effect of enhancing the hit rate in enzyme assay.20

To further increase the accuracy in virtual screening, various en-
ergy parameters for the ferrous ion and its coordinated protein
atoms will be developed with high-level quantum chemical calcu-
lations because they are unavailable in the current parameter data-
base. To the best of our knowledge, we report the first example for
the successful application of the structure-based virtual screening
to identify the novel FIH1 inhibitors. It will be shown that the
docking simulation with the improved binding free energy func-
tion can be a valuable tool for enriching the chemical library with
molecules that are likely to have biological activities as well as for
elucidating the observed activity of the identified inhibitors.
2. Experimental

As a receptor model for docking simulations, we chose the X-ray
crystal structure of FIH1 in complex with the substrate 2OG (PDB
entry: 1H2L)15 from which 2OG and crystallographic water mole-
cules had been removed. A special attention was paid to the assign-
ment of the protonation states for the ionizable Asp, Glu, His, and
Lys residues. The side chains of Asp and Glu residues were assumed
to be neutral if one of their carboxylate oxygens pointed toward a
hydrogen-bond accepting group including the backbone aminocar-
bonyl oxygen at a distance within 3.5 Å, a generally accepted dis-
tance limit for a hydrogen bond of moderate strength.21

Similarly, the lysine side chains were assumed to be protonated
unless the NZ atom was found in proximity of a hydrogen-bond
donating group. The same procedure was also applied to determine
the protonation states of ND and NE atoms in His residues. Atomic
charges were then assigned to the all-atom model of FIH1 through
the restrained electrostatic potential (RESP) methodology using the
AMBER program.22,23 Due to the lack of RESP charges for the central
ferrous ion and its ligand groups, they were computed at RHF/6-
31G* level of theory from the optimized geometry of the active-site
ferrous ion cluster.

As a chemical library for virtual screening, we used the chemical
database distributed by InterBioScreen (http://www.ibscreen.-
com), which comprises about 350,000 synthetic and natural com-
pounds. Prior to the virtual screening with docking simulation,
they were filtrated on the basis of Lipinski’s ‘Rule of Five’ to adopt
only the compounds with physicochemical properties of potential
drug candidates and without reactive functional group(s).24 To re-
move the structural redundancies in the chemical library, the
structurally similar compounds with Tanimoto coefficient smaller
than 0.1 were clustered into a single representative molecule. As
a consequence, a docking library consisting of 120,000 compounds
was constructed. These pre-filtrated compounds were subject to
the CORINA program25 to obtain their 3-D atomic coordinates, which
was followed by the assignment of the atomic charges by means of
the RESP method to be consistent with those of FIH1. We used the
automated AUTODOCK program26 in the virtual screening of FIH1
inhibitors because the outperformance of its scoring function over
those of the others had been shown in several target proteins.27

AMBER force field parameters were assigned for calculating the van
der Waals interactions and the internal energy of a ligand as imple-
mented in AUTODOCK. Iterative docking simulations were then car-
ried out in the active site of FIH1 to score and rank the
compounds in the docking library according to their calculated
binding affinities.

In the actual docking simulations of the compounds in the dock-
ing library, we used the empirical AUTODOCK scoring function im-
proved by the implementation of a new solvation model for a
compound. The modified scoring function has the following form:
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Here, WvdW, Whbond, Welec, Wtor, and Wsol are the weighting factors
of van der Waals, hydrogen bond, electrostatic interactions, tor-
sional term, and desolvation energy of inhibitors, respectively. rij

represents the interatomic distance, and Aij, Bij, Cij, and Dij are re-
lated to the depths of the potential energy well and the equilibrium
interatomic separations. The hydrogen bond term has an additional
weighting factor, E(t), representing the angle-dependent direction-
ality to penalize the geometry unfavorable for the formation of a
hydrogen bond. A cubic equation approach was applied to obtain
the dielectric constant, e(rij), required in computing the interatomic
electrostatic interactions between FIH1 and a ligand molecule.28 In
the entropic term, Ntor is the number of sp3 bonds in the ligand. In
the desolvation term, Si and Vi are the solvation parameter and the
fragmental volume of atom i, respectively, while Occmax

i stands for
the maximum atomic occupancy. In the calculation of molecular
solvation free energy term, we used the atomic parameters devel-
oped by Kang et al.29 because those of the atoms other than carbon
were unavailable in the current version of AUTODOCK. This modifica-
tion of the solvation free energy term is expected to increase the
accuracy in virtual screening because the underestimation of ligand
solvation often leads to the overestimation of the binding affinity of
a ligand with many polar atoms.20 As a check for the accuracy of the
present docking method, we carried out the docking simulation of
NOG in the active site of FIH1 using the binding configuration in
the original X-ray structure as the starting point. The results show
that the root mean square deviation of the binding configuration
from the X-ray structure falls into 1.0 Å, which supports the ade-
quacy of the present docking simulations in virtual screening of
the FIH1 inhibitors.

The inhibitory activities of the virtually screened compounds
against FIH1 were measured with the monoclonal antibody-based
screening assay developed by Lee et al.30 This is very sensitive as-
say system using the monoclonal antibody, SHN-HIF1a, which
binds to Asn803 hydroxylated HIF-1a in a specific fashion with
at least 700-fold increase in binding affinity and 30-fold enhance-
ment in sensitivity for screening FIH1 inhibitors when compared to
the conventional methods. Each of the virtually screened com-
pound was mixed with 10 mL of the enzyme solution (50 mM Tris

http://www.ibscreen.com
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Table 1
Calculated RESP charges (in e) of the ferrous ion and its ligand atoms in the model
system for FIH1-2OG complex

Atoms RESP charges

Fe +1.375 (+2.000)
His199 NE �0.350 (�0.472)
Asp201 OD �0.547 (�0.761)
His279 NE �0.350 (�0.472)
2OG O1 �0.476 (�0.599)
2OG O2 �0.595 (�0.778)

Numbers in parentheses indicate the atomic charges before the formation of the
metal complex.
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pH 7.5, 2 mM DTT, 0.22 mM FIH1, 220 mg/mL catalase, and 11 mM
AFS) and incubated for 10 min at 37 �C. Ten milliliters of the sub-
strate solution (50 mM Tris pH 7.5, 2 mM DTT, 2.2 mM bDES,
55 mM 2OG, and 1.1 mM ascorbate) were then added and further
incubated for 20 min at 37 �C. The enzymatic reactions were
stopped with the addition of 78 mL of 5 mM EDTA. The IC50 values
of the active compounds were measured by taking the average of
duplicate experiments.

3. Results and discussion

To obtain the energy parameters of the active-site ferrous ion
cluster that are required for modeling the binding of small mole-
cules in the active site of FIH1, we followed the standard procedure
to derive the potential parameters for metalloproteins.31 The
method involves geometry optimization of the simplified model
for the ferrous ion in complex with the amino acid residues and
the substrate at B3LYP/6-31G* level of theory. Figure 1 displays
the structure of local energy minimum of the ferrous ion cluster
whose input structures were taken from the X-ray structure of
FIH1 in complex with 2OG.15 The central ferrous ion reveals a dis-
torted square pyramidal coordination with respect to the five li-
gand atoms, which is consistent with its coordination pattern in
the original crystal structure. The sixth coordination position
should be occupied by molecular oxygen to form a stable octahe-
dral coordination. Interatomic distances associated with the cen-
tral ferrous ion compare reasonably well with those in the
crystal structure with a difference of 0.06 Å on average.

Table 1 lists the calculated RESP atomic charges of the central
ferrous ion and its ligand atoms in the optimized structure of the
complex. We note that the atomic charge of the ferrous ion de-
creases from +2.000 to +1.375 e upon the formation of the com-
plex. On the other hand, those of the ligand atoms become less
negative by 0.122 e for the nitrogen atoms of the two histidine res-
idues, and by 0.123–0.214 e for the oxygen atoms of Asp201 and
2OG as compared to those in the absence of the ferrous ion. These
changes reflect the redistribution of charges between the ferrous
ion and its ligand atoms during the formation of the metal com-
plex, exemplifying that the ‘Mn+’ model for a metal ion is inade-
quate for describing the transition metal complexes in the active
sites of metalloenzymes.32 Therefore, we used the newly obtained
atomic charges in the subsequent docking simulations of small-
molecule ligands in the active site of FIH1 for virtual screening.

As a consequence of the virtual screening with docking simula-
tions in the active site of FIH1, 200 top-scored compounds were se-
Figure 1. B3LYP/6-31G* optimized structure of the active-site ferrous ion cluster in
complex with 2OG. The interatomic distances between the central ferrous ion and
its ligand atoms are given in Å. All hydrogen atoms are omitted for visual clarity.
lected as virtual hits. 189 compounds of them were available from
the compound supplier and evaluated for in vitro inhibitory activ-
ity against recombinant human FIH1. In this experiment, the
known FIH1 inhibitor quercetin was used as the reference. This
in vitro enzyme inhibition assay for the virtual hits leads to the
identification of 45 compounds that impairs the catalytic activity
of FIH1 by more than 50% at the concentration of 500 lM. Most
of the inactive compounds lack a proper chelating group for the ac-
tive-site ferrous ion in the molecular structure. Among active com-
pounds, eight compounds revealed a significant potency with the
IC50 values lower than 100 lM. The chemical structures and the
inhibitory activities of the newly identified inhibitors are shown
in Figure 2 and Table 2, respectively. We note that six (1–6) of
the eight inhibitors include a thioxothiazolidinone moiety in the
middle of their molecular structures. To the best of our knowledge,
none of these compounds has been reported as FIH1 inhibitor so
far. Although the inhibitory activities are moderate with the IC50

values ranging from 30 to 80 lM, the newly found inhibitors are
structurally diverse, and can be categorized into four structural
classes according to the chelating group for the ferrous ion. Each
of the structural classes can be considered as a new inhibitor scaf-
fold for further development by structure–activity relationship
(SAR) studies or de novo design.

To obtain structural insight into the inhibitory mechanisms for
the identified inhibitors of FIH1, their binding modes in the active
site were investigated using the AUTODOCK program. The inhibitors
shown in Figure 2 were docked onto the active site of FIH1 from
which the substrate 2OG had been removed. Although the distribu-
tion of the calculated binding modes is dependent on the number
of rotatable bonds in molecular structures, most of the best-scored
binding modes involve the chelation of the ferrous ion by a
chemical group. These chelating groups include sulfonamide,
carboxylate, N-benzo[1,2,5]oxadiazol-4-yl amide, and 2-[1,2,4]tria-
zolo[3,4-b]][1,3,4]thiadiazol-3-yl-quinoline groups. Figure 3 com-
pares the best-scored AUTODOCK conformations of the eight inhibitors
shown in Figure 2. The results from the docking simulations are self-
consistent in that the functional groups of similar chemical charac-
ter are placed in similar ways with comparable interactions with the
protein groups. As revealed by the superposition of their docked
structures, for example, the chelating groups point toward the cata-
lytic ferrous ion with the hydrophobic groups residing at the top of
the active site. The proximity of the chelating groups to the ferrous
ion in the best-scored conformations indicates their necessity in
the inhibition of FIH1.

We now turn to the identification of the detailed interactions
responsible for the stabilization of each inhibitor in the active site
of FIH1. In the calculated FIH1-1 complex shown in Figure 4, the
nitrogen and one of the two oxygen atoms of the sulfonamide moi-
ety are coordinated to the ferrous ion in the active site. This pattern
for the coordination of sulfonamide group was also observed the
inhibition of carbonic anhydrase that contains a zinc ion as a cofac-
tor in the active site.33 The remaining oxygen atom forms a bifur-
cated hydrogen bond with the side-chain amidic group of Asn205



Figure 2. Chemical structures of the known and newly identified FIH1 inhibitors.

Table 2
IC50 values (lM) of the reference and 1–8 against FIH1

Compounds IC50 (lM)

Quercetin 10.2 ± 0.7
1 32.1 ± 3.4
2 66.0 ± 4.2
3 36.2 ± 1.9
4 48.6 ± 5.3
5 45.3 ± 0.8
6 73.1 ± 7.6
7 47.5 ± 4.1
8 41.4 ± 2.9

Figure 3. Comparative view of the binding modes of the newly found FIH1
inhibitors. Compounds 1–8 are indicated in green, black, cyan, pink, yellow, red,
blue, and gray, respectively. The brown ball indicates the central ferrous ion.
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and Asn294. This hydrogen bond seems to play a significant role in
maintaining the coordination between the sulfonamide group and
the ferrous ion as well as in stabilizing 1 in the active site of FIH1.
Inhibitor 1 can be further stabilized in the active site by establish-
ing the hydrophobic interactions of its aromatic rings with the
nonpolar residues including Leu186, Leu188, and Trp296. On the
basis of these structural features, it can be argued that 1 should
be capable of impairing the enzymatic activity of FIH1 by binding
in the active site through the simultaneous establishment of the
multiple hydrogen bonds and hydrophobic interactions in addition
to the chelation of the ferrous ion.

Figure 5 shows the lowest-energy binding mode of 2 in the ac-
tive site of FIH1. In this case, the role of chelator for the central fer-
rous ion is played by the carboxylate group. Two oxygen atoms in
the carbonyl and furan groups of the inhibitor receive the hydro-
gen bonds from the side-chain amidic nitrogen atoms of Asn294
and Gln147, respectively. A stable hydrogen bond is also estab-
lished between the inhibitor sulfide moiety and the side-chain hy-
droxy group of Thr196. As in the FIH1-1 complex, 2 forms van der
Waals contacts with the side chains of Leu186, Leu188, and
Trp296, which should also be a significant binding force stabilizing
2 in the active site of FIH1.

The inhibitors 4, 5, and 6 are similar in structure and share N-
benzo[1,2,5]oxadiazol-4-yl amide as a chelator for the central fer-
rous ion, the binding modes of which are compared in Figure 6. It is
seen the aminocarbonyl oxygen and a benzoxadiazolyl nitrogen



Figure 4. Binding mode of 1 in the active site of FIH1. Carbon atoms of the protein and the ligand are indicated in gray and yellow, respectively. Each dotted line indicates a
hydrogen bond or a coordination to the central ferrous ion.

Figure 5. Binding mode of 2 in the active site of FIH1. Carbon atoms of the protein and the ligand are indicated in gray and yellow, respectively. Each dotted line indicates a
hydrogen bond or a coordination to the central ferrous ion.
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atoms are coordinated to the central ferrous ion in a simultaneous
fashion. It is also a similar feature of binding modes that the com-
mon 2-thioxo-1,3-thiazolidin-4-one moiety plays a role of hydro-
gen-bond acceptor with respect to the side-chain amidic nitrogen
of Gln147. The thiazolidine ring of the inhibitors is stacked be-
tween the side-chain aromatic rings of Trp296 and Tyr102. This
kind of p-stacking has been considered as a significant binding
force in the intermolecular interactions between biomolecules.34

The side chain of Thr149 also plays a significant role in stabilizing
the inhibitors in the active site by donating a hydrogen bond to the
furan oxygen of 4 and the anisole oxygens of 5 and 6.
Figure 6. Comparative view of the binding modes of three compounds (4–6) in the activ
respectively. Each dotted line indicates a hydrogen bond or a coordination to the centra
The inhibitors 7 and 8 include the 2-[1,2,4]triazolo[3,4-
b]][1,3,4]thiadiazol-3-yl-quinoline moiety that is likely to chelate
the ferrous ion at the active site. However, this kind of coordination
was not observed in the best-scored binding modes of 7 and 8 in
which the anisole oxygen is instead coordinated to the ferrous
ion. This is because the volume around the ferrous ion is insuffi-
cient in the present X-ray crystal structure to fully accommodate
a large chelating group. To obtain the more probable binding
modes of 7 and 8 with, therefore, further computational analyses
should be performed under consideration of the structural flexibil-
ity of FIH1.
e site of FIH1. Carbon atoms of 4, 5, and 6 are indicated in orange, yellow, and cyan,
l ferrous ion.
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4. Conclusions

We have identified eight novel inhibitors of FIH1 by applying a
computer-aided drug design protocol involving the structure-
based virtual screening with docking simulations under consider-
ation of the effects of ligand solvation in the scoring function.
These inhibitors are structurally diverse and can be categorized
into four scaffolds according to the chelating group for the ac-
tive-site ferrous ion. Because the inhibitory activities are found
to be moderate with the IC50 values ranging from 30 to 80 lM, each
of the inhibitor scaffolds deserves a further development by struc-
ture–activity relationship studies or de novo design methods. De-
tailed binding mode analyses with docking simulations show
that besides the chelation of the ferrous ion, the inhibitors can be
stabilized in the active site by the simultaneous establishment of
multiple hydrogen bonds with polar residues and van der Waals
contacts with hydrophobic residues.
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