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Protein tyrosine phosphatases (PTPs) are a family of the re-
gulatory enzymes that are responsible for the dephosphorylation 
of phosphotyrosine residues in the protein substrates. A series 
of experimental evidence has been reported so far to support the 
correlation between malfunctions in PTP activity and various 
diseases including cancer, neurological disorders, and diabetes.1 
This has made PTPs be a promising target for drug discovery. 
Of the various PTPs, vaccinia H1-related (VHR) phosphatase 
belongs to a dual-specificity phosphatase (DSP) and dephos-
phorylates the activated ERK and JNK MAP kinases, which has 
an effect of weakening the ERK signaling cascade in mamma-
lian cells.2,3

It has been known that the human VHR phosphatase would 
be involved in the regulation of cell-cycle progression and mo-
dulated during the cell cycle.4 Also, the cells lacking VHR were 
shown to be arrested at the G1-S and G2-M transitions of the 
cell cycle with a decreased telomerase activity. This indicates 
that VHR can serve as a therapeutic target for cancer. Further-
more, the VHR activity has been known to related with the 
immune response of the activated T cells5 and vaccinia-related 
kinase 3 (VRK3).6 The involvement of VHR in immune response 
further motivates the discovery of small-molecule ligands to 
regulate its activity.

A conserved structural scaffold for both DSPs and PTPs was 
observed in the X-ray crystal structure of VHR.7 Its shallow 
active site pocket is consistent with the broad substrate specifi-
city for phosphorylated serine, threonine, and tyrosine residues. 
The presence of the positively charged crevices near the active 
site can be invoked to explain the preference of VHR for the 
substrates with two phosphorylated residues. The catalytic re-
sidue (Cys124) resides in close proximity to the central sulfur 
atom of the substrate analogue in the crystal structure at a dis-
tance of 3.65 Å. This implies that Cys124 acts as a nucleophile 
attacking the central phosphorus atom of a substrate to form a 
phosphoenzyme intermediate.8 It was also shown in the X-ray 
crystal structure that the substrate analogue should be stabilized 
in the active site through the formation of multiple hydrogen 
bonds with Arg130. These structural features provide useful 
information for designing the small-molecules inhibitors of 
VHR. However, only a few classes of VHR inhibitors have been 
discovered so far.9-15 
aThese two authors contribute equally to this work.

In the present study, we identify two novel inhibitors of VHR 
phosphatase based on the structure-based drug design protocol 
involving the virtual screening with docking simulations and in 
vitro enzyme assay. Virtual screening with docking simulation 
has not always been successful due to the inaccuracy in the 
scoring function.16 The characteristic feature that disciriminates 
our virtual screening approach from the others lies in the im-
plementation of an accurate solvation model in calculating the 
binding free energy between VHR and its putative ligands, which 
would have an effect of increasing the hit rate in enzyme 
assay.17,18 Indeed, the inclusion of the desolvation energy term 
in the scoring function can diminish the overestimation of the 
binding affinity of a ligand with many polar atoms. It will be 
shown that the docking simulation with the improved scoring 
function can be a useful for elucidating the activities of the 
identified inhibitors, as well as for enriching the chemical library 
with molecules that are likely to have inhibitory activities.

Of the 85,000 compounds subject to the virtual screening with 
docking simulations, 100 top-scored compounds were selected 
as virtual hits. 89 of them were available from the compound 
supplier and were tested for inhibitory activity against VHR by 
in vitro enzyme assay. The inhibition assay was performed in 
duplicates at all concentrations of the inhibitors and the average 
values were used as data points. As a result, we identified 2 
compounds that inhibited the catalytic activity of VHR by more 
than 50% at the concentration of 50 μM. The chemical structures 
and the inhibitory activities of the newly identified inhibitors 
are shown in Figure 1 and Table 1, respectively. We note that 
compounds 1 and 2 possess a benzoic acid group at the end of 
the molecular structure. The calculated binding free energies 
of these two potent inhibitors are also similar: 26.1 and 24.9 
kcal/mol for 1 and 2, respectively. To the best of our knowledge, 
neither of these compounds has been reported as VHR inhibitors 
so far. Judging from the potency and the structural difference, 
both of the newly identified inhibitors can serve as a new in-
hibitor scaffold for further development by structure-activity 
relationship (SAR) methods to optimize the inhibitory activities.

To obtain some energetic and structural insight into the inhi-
bitory mechanisms by the two identified inhibitors of VHR, 
their binding modes in the active site were investigated using 
the AutoDock program. The calculated binding mode of 1 in 
the active site of VHR is shown in Figure 2. It is seen that the 
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Figure 1. Chemical structures of the newly identified VHR phosphatase
inhibitors.

Figure 2. Binding mode of 1 in the active site of VHR phosphatase. 
Carbon atoms of the protein and the ligand are indicated in green and 
cyan, respectively. Each dotted line indicates a hydrogen bond.

Table 1. Inhibitory activities of 1 and 2 and against VHR phosphatase

compound IC50 (μM)

1 1.7 ± 0.4
2 18.7 ± 2.6

Figure 3. Binding mode of 2 in the active site of VHR phosphatase. 
Carbon atoms of the protein and the ligand are indicated in green and 
cyan, respectively. Each dotted line indicates a hydrogen bond.

carboxylate group of the inhibitor points toward the catalytic 
residue Cys124 at a distance of 3 - 4 Å. We also note that one of 
the carboxylate oxygens receives two hydrogen bonds from the 
backbone amide group and the side chain NE atom of Arg130. 
The other carboxylate oxygen also forms the bifurcated hydro-
gen bonds with the side-chain guanidium group of Arg130 and 
backbone amide group of Arg125. Because the carboxylate 
group of 1 resides in a close proximity to Cys124 and is stabilized 
by the formation of multiple hydrogen bonds at the active site, 
the benzoate moiety seems to be an effective surrogate for the 
substrate phosphate group that binds tightly in the active site. 
The inhibitor 1 can be further stabilized by the hydrophobic 
interactions of its aromatic groups with the side chains of 
Leu16, Tyr23, Tyr128, Pro162, and Leu167. Judging from the 
structural features of the calculated VHR-1 complex, the micro-
molar inhibitory activity of 1 seems to stem from the establish-
ments of multiple hydrogen bonds and hydrophobic interactions 
in the active site in a simultaneous fashion.

Figure 3 shows the most stable binding mode of 2 in the active 
site of VHR obtained from docking simulations. The binding 
mode of 2 is similar to that of 1 in that the benzoate group points 

toward the catalytic residue Cys124 with the terminal carboxyl-
ate group being stabilized by four hydrogen bonds with the 
backbone amide groups and the side chain of Arg130 in the 
active site. However, the number of hydrogen bonds decreases 
from four to three in going from VHR-1 to VHR-2 complexes, 
which is likely to have an effect of lowering the inhibitory acti-
vity of 2. As in the VHR-1 complex, the hydrophobic inter-
actions seem also to be a significant binding force for stabil-
izing 2 in the active site of VHR because its aromatic rings 
form van der Waals contacts with the side chains of Leu16, 
Tyr23, Tyr128, Pro162, and Leu167. Because the hydrophobic 
interactions are established in a similar fashion in the two 
enzyme-inhibitor complexes, the decrease in the number of 
hydrogen bonds should be responsible for the lower inhibitory 
activity of 2 than 1.

In summary, we have identified two new novel inhibitors of 
VHR phosphatase by means of the structure-based virtual screen-
ing with docking simulations. These inhibitors exhibit a signi-
ficant potency with IC50 values of 1.7 and 18.7 μM and have a 
benzoate group as an effective surrogate for the phosphate group 
in the substrate. Considering the novelty and the potency, each 
of the newly discovered inhibitor deserves consideration for 
further development by SAR studies. Detailed binding mode 
analyses with docking simulation indicate that the inhibitors 
can be stabilized in the active site by the simultaneous establish-
ment of the multiple hydrogen bonds and van der Waals con-
tacts.

Experimental Section

Virtual screening of VHR inhibitors. The X-ray crystal struc-
ture of VHR phosphatase in complex with a substrate analogue 
(PDB code: 1VHR)7 was selected as the receptor model in the 
virtual screening with docking simulations. After removing the 
ligand and solvent molecules, hydrogen atoms were added to 
each protein atom. A special attention was paid to assign the 
protonation states of the ionizable Asp, Glu, His, and Lys resi-
dues. 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 amino-
carbonyl oxygen at a distance within 3.5 Å, a generally accepted 
distance limit for a hydrogen bond of moderate strength. Si-
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milarly, the lysine side chains were assumed to be protonated 
unless the NZ atom was in proximity of a hydrogen-bond do-
nating group. The same procedure was also applied to determine 
the protonation states of ND and NE atoms in His residues.

The docking library for VHR comprising about 85,000 com-
pounds was constructed from the latest version of the chemical 
database distributed by Interbioscreen (http://www.ibscreen. 
com) containing approximately 30,000 natural and 320,000 syn-
thetic compounds. The selection was based on the drug-like 
filters that adopt only the compounds with physicochemical 
properties of potential drug candidates17 and without reactive 
functional group(s). All of the compounds included in the dock-
ing library were then subjected to the Corina program to ge-
nerate their three-dimensional atomic coordinates, followed 
by the assignment of Gasteiger-Marsilli atomic charges.18 We 
used the AutoDock program19 in the virtual screening of VHR 
inhibitors because the outperformance of its scoring function 
over those of the others had been shown in several target pro-
teins.20,21 AMBER force field parameters were assigned for 
calculating the van der Waals interactions and the internal energy 
of a ligand as implemented in the AutoDock program.

In vitro enzyme assay. VHR phosphatase was subcloned into 
pET28a and overexpressed using Escherichia coli BL21(DE3) 
strain. Cells were grown at 291 K after induction with 0.1 mM 
IPTG for 12 hours. His-tagged VHR was purified by nickel- 
affinity chromatography and dialyzed against buffer containing 
20 mM Tris-HCl (pH 8.0), 0.2 M NaCl, and 5 mM DTT. 89 
compounds selected from the precedent virtual screening were 
evaluated for their in vitro inhibitory activity against the recom-
binant human VHR. Assays were performed by monitoring 
the extent of hydrolysis of 6,8-difluoro-4-methyl-umbelliferyl 
phosphate (DiFMUP) with a spectrofluorometric assay. The 
purified VHR (5 nM), DiFMUP (10 μM), and a candidate inhi-
bitor were incubated in the reaction mixture containing 20 mM 
Tris-HCl (pH 8.0), 0.01% Trition X-100, and 5mM DTT for 20 
minutes. This enzymatic reaction was stopped with the addition 
of sodium orthovanadate (1 mM). The phosphatase activities 
were then checked by the absorbance changes due to the hydro-
lysis of the substrate at 460 nm. IC50 values of the inhibitors 
were determined from direct regression curve analysis.
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