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Discovery of VHR Phosphatase Inhibitors with Micromolar Activity based

on Structure-Based Virtual Screening

Hwangseo Park,*® Suk-Kyeong Jung,”™ Dae Gwin Jeong,'” Seong Eon Ryu,’ and Seung Jun Kim*

Protein tyrosine phosphatases (PTPs) are a family of closely re-
lated key regulatory enzymes and are responsible for the de-
phosphorylation of phosphotyrosine residues in their protein
substrates. So far much evidence has been reported in support
of the correlation between malfunctions in PTP activity and
various diseases including cancer, neurological disorders, and
diabetes.!" This has made PTPs promising targets for therapeu-
tic intervention. Among the variety of PTPs, vaccinia H1-related
(VHR) phosphatase is a dual-specificity phosphatase (DSP) that
dephosphorylates the activated ERK and JNK MAP kinases and
thereby weakens the ERK signaling cascade in mammalian
cells.?¥

Recently Rahmouni etal. reported that the human VHR
phosphatase was involved in the regulation of cell-cycle pro-
gression and was itself modulated during the cell cycle.
Using RNA interference, they also showed that cells lacking
VHR arrested at the G1-S and G2-M transitions of the cell cycle
with a decreased telomerase activity. This line of experimental
evidence indicates that VHR can serve as a therapeutic target
for cancer. Furthermore, the VHR activity has been known to
be promoted by ZAP-70, a spleen tyrosine kinase (Syk)-related
tyrosine kinase, which plays a critical role in the immune re-
sponse of activated T cells,” or by the interaction with vacci-
nia-related kinase 3 (VRK3).” The involvement of VHR in
immune response also supports the possibility that it can be a
potential target for drug discovery. Besides the pharmaceutical
interest, specific inhibitors of VHR are expected to be useful
for revealing the physiological functions of VHR and ERK sig-
naling.

The X-ray crystal structure of VHR exhibited a conserved
structural scaffold for both DSPs and PTPs.”? A shallow active
site pocket in VHR is consistent with its broad substrate specif-
icity for the hydrolysis of phosphorylated serine, threonine,
and tyrosine residues. Positively charged crevices near the
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active site were invoked to explain the preference of VHR for
the substrates with two phosphorylated residues. In the crystal
structure, the catalytic residue Cys 124 resides in close proximi-
ty to the central sulfur atom of the substrate analogue at a dis-
tance of 3.65 A. This supports the possibility that Cys124 acts
as a nucleophile attacking the phosphorus atom of a substrate
to form a phosphoenzyme intermediate.®’ The X-ray crystal
structure also showed that the negatively charged oxygen
atoms of the substrate analogue should be stabilized in the
active site through the formation of multiple hydrogen bonds
with backbone amide groups and the side chain of Arg130.
These structural features may serve as key information for the
discovery of small molecules modulating the catalytic activity
of VHR.

Despite a series of experimental evidence for the involve-
ment of VHR in several human diseases, only a few VHR inhibi-
tors have been discovered so far. These include natural prod-
ucts®'? and synthetic compounds such as tetronic acid, RK-
682, and benzofuran.''¥ Recently, Shi etal. identified five
new inhibitors of VHR based on structure-based virtual screen-
ing with docking simulations in combination with diffusion-
edited NMR spectroscopy experiments."” Subsequent enzy-
matic assays showed that one of them could inhibit VHR at
the micromolar level. The calculated binding mode of the in-
hibitor was consistent with that in the X-ray crystal structure of
VHR in complex with a substrate analogue.

In the present study, we identify the novel classes of VHR in-
hibitors by means of a 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 because of the use of the inac-
curate scoring functions."® The characteristic feature that dis-
criminates our virtual screening approach from the others lies
in the implementation of an accurate solvation model in calcu-
lating the binding free energy between VHR and its putative li-
gands, which would have an effect of increasing the hit rate in
the enzyme assay."””'® The reason for this lies in that the over-
estimation of the binding affinity of a ligand with many polar
atoms can be avoided by including its desolvation energy in
the scoring function. It will be shown that the docking simula-
tion with the improved scoring function can be a useful tool
for elucidating the activities of the identified inhibitors, as well
as for enriching the chemical library with molecules that are
likely to have biological activities.

Of the 85000 compounds subject to the virtual screening
with docking simulations, 200 top-scored compounds were se-
lected as virtual hits. 194 of them were available from the com-
pound supplier and were tested for inhibitory activity against
VHR by invitro enzyme assay. The inhibition assay was per-
formed in duplicates at all concentrations of the inhibitors and
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the average values were used as data points. As a result, we
identified 23 compounds that inhibited the catalytic activity of
VHR by more than 50% at the concentration of 50 pm. Among
them, six compounds revealed a high potency with more than
70% inhibition at the same concentration and were selected
to determine IC;, values. The chemical structures and the in-
hibitory activities of the newly identified inhibitors are shown
in Figure 1 and Table 1, respectively. The structures of the re-

Figure 1. Chemical structures of the newly identified VHR inhibitors.

Table 1. The inhibitory activities of compounds 1-6 against VHR.”

compd. % inhibition at 50 pm 1Cso [uM]
1 82.8 37
2 83.5 47
3 77.2 13.9
4 72.1 20.0
5 74.7 24.2
6 70.9 46.5

[a] At all concentrations of the inhibitors, the inhibition assay was per-
formed in duplicates.

maining 17 compounds revealing more than 50% inhibition of
VHR activity at 50 pm are shown in Supporting Information.
We note that compounds 1 and 2 share a common [2-(2,5-
dioxo-imidazolidin-4-ylidenemethyl)-pyrrol-1-yll-benzoic  acid
scaffold and exhibit the highest potency with single-digit 1Cs,
values. The calculated binding free energies of these two
potent inhibitors are also similar: 21.9 and 22.1 kcalmol™' for 1
and 2, respectively. Both 3 and 6 possess the 1-(3,4-dihydroxy-
phenyl)-2-(4H-[1,2,4]triazol-3-ylsulfanyl)-ethanone group as a
common scaffold. More than threefold higher activity of 3
than 6 indicates that the size of the hydrophobic group substi-
tuted on the triazole ring should be limited. Compounds 4 and
5 reveal a similar inhibitory activity of 20-25 um, either of
which may be viewed as an independent inhibitor scaffold.
The six inhibitors shown in Figure 1 can thus be divided into
four structural classes. To the best of our knowledge, all of
these compounds have not been reported as VHR inhibitors so
far. Judging from the potency and the structural diversity, all of
the newly identified inhibitor scaffolds seem to deserve further
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development by structure-activity relationship (SAR) or
de novo design methods to optimize their inhibitory activities.

To obtain some energetic and structural insight into the in-
hibitory mechanisms by the identified inhibitors of VHR, their
binding modes in the active site were investigated using the
AutoDock program with the procedure described in the Experi-
mental Section. The calculated binding mode of 1 in the active
site of VHR is shown in Figure 2. We see that the carboxylate
group of the inhibitor points
toward the catalytic residue
Cys124 at a distance of 3-4 A. It
is also noted that one of the car-
boxylate oxygens receives two
hydrogen bonds from the back-
3 bone amide group and the side-
chain NE atom of Arg130. The
other carboxylate oxygen also
forms two hydrogen bonds with
the side-chain guanidium group
of Arg130 and backbone amide
group of Arg125. As the carbox-
ylate group of 1 resides in close

L25

P26

Figure 2. Binding mode of 1 in the active site of VHR. Each dotted line indi-
cates a hydrogen bond.

proximity to Cys 124 and is stabilized by the formation of mul-
tiple hydrogen bonds at the active site, the benzoate moiety
seems to be an effective surrogate for the substrate phosphate
group binding tightly in the active site of VHR and thereby in-
hibiting its catalytic activity. The inhibitor 1 can be further sta-
bilized by the hydrophobic interactions of the imidazolidine-
2,4-dione moiety with the side chains of Leu25, Pro26, and
Tyr128. Judging from the overall structural features of the
VHR-1 complex derived from docking simulations, the micro-
molar inhibitory activity of 1 is likely to stem from the multiple
hydrogen bonds and hydrophobic interactions established si-
multaneously in the active site.

Figure 3 shows the lowest-energy conformation 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
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Figure 3. Binding mode of 2 in the active site of VHR. Each dotted line indi-
cates a hydrogen bond.

group points toward the catalytic residue Cys 124 with the ter-
minal carboxylate group being stabilized by four hydrogen
bonds with the backbone amide groups of Arg125 and the
side-chain guanidium group of Arg 130. However, the binding
mode of 2 differs from that of 1 in that the imidazolidine-2,4-
dione group is exposed to bulk solvent instead of being ac-
commodated in a small binding pocket adjacent to the catalyt-
ic site. This is likely to have an effect of lowering the inhibitory
activity of 2 and apparently is due to the substitution of a
large chlorophenyl group at the terminal amidic nitrogen. As a
consequence of the substitution, however, the terminal chloro-
phenyl moiety is stabilized in another binding pocket including
the side chains of His73 and Asn91. The establishment of this
new hydrophobic interaction seems to compensate for the
loss of the interaction between imidazolidine-2,4-dione group
and active-site residues, which can be an explanation for the
similarity in inhibitory activities of 1 and 2.

In summary, we have identified six new inhibitors of VHR by
applying the structure-based virtual screening with docking
simulations under consideration of the effects of ligand solva-
tion in the scoring function. These inhibitors exhibit a signifi-
cant potency with IC;, values ranging from a 1 to 50 pm and
can be categorized into four structural classes. Considering the
novelty and the potency, each of the newly discovered inhibi-
tor scaffolds deserves further development by structure-activi-
ty relationship studies or de novo design methods. Detailed
binding mode analyses with docking simulation show that the
inhibitors can be stabilized by the simultaneous establishment
of multiple hydrogen bonds and van der Waals contacts in the
active site.

Experimental Section
Virtual screening of VHR inhibitors

The 3-D coordinates in the X-ray crystal structure of VHR in com-
plex with a substrate analogue (PDB code: 1VHR)” were selected
as the receptor model in the virtual screening with docking simula-
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tions. After removing the ligand and solvent molecules, hydrogen
atoms were added to each protein atom. Special attention was
paid to assign the protonation states of the ionizable Asp, Glu, His,
and Lys residues. The side chains of Asp and Glu residues were as-
sumed to be neutral if one of their carboxylate oxygens pointed
toward a hydrogen-bond accepting group including the backbone
aminocarbonyl oxygen at a distance within 3.5 A, a generally ac-
cepted distance limit for a hydrogen bond of moderate strength.!'!
Similarly, the lysine side chains were assumed to be protonated
unless the NZ atom was in proximity of a hydrogen-bond donating
group. The same procedure was also applied to determine the pro-
tonation states of ND and NE atoms in His residues.

The docking library for VHR comprising about 85000 compounds
was constructed from the latest version of the chemical database
distributed by Interbioscreen (http://www.ibscreen.com) containing
approximately 30000 natural and 320000 synthetic compounds.
The selection was based on the drug-like filters that adopt only
the compounds with physicochemical properties of potential drug
candidates®” and without reactive functional group(s). All of the
compounds included in the docking library were then subjected to
the Corina program to generate their 3-D atomic coordinates, fol-
lowed by the assignment of Gasteiger-Marsilli atomic charges.”?"!
We used the AutoDock program®? 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 proteins.”*
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 the actual docking simulation of the compounds in the docking
library, we used the empirical scoring function improved by the im-
plementation of a new solvation model for a compound. The de-
solvation term in the original AutoDock was thus set equal to zero.
The modified scoring function has the following form:

. A, B; G Dy
465 =Wy 3 (51 2) + W S0 )
ij ij b v

i=1 i =1 i

+ Welec Z Z g(qu;;jrij + Wtoerr + Wsol ; Si (OCC:‘“&X - Z V]e%>

=1 i J>i
(1)

where W,au Wisongr Weeer Wion and W, are the weighting factors of
van der Waals, hydrogen bond, electrostatic interactions, torsional
term, and desolvation energy of an inhibitor, respectively. r; repre-
sents the interatomic distance, and A, B;, C;, and D; are related to
the depths of the potential energy well and the equilibrium sepa-
rations between the two atoms. The hydrogen bond term has an
additional weighting factor, E(t), representing the angle-dependent
directionality. With respect to the distance-dependent dielectric
constant, &(r;), a sigmoidal function proposed by Mehler et al.
was used in computing the interatomic electrostatic interactions
between VHR and a putative ligand. In the entropic term, N,, is
the number of sp® bonds in the ligand. In the desolvation term, §;
and V; are the solvation parameter and the fragmental volume of
atom j,® respectively, whereas Occ;™* stands for the maximum
atomic occupancy. In the calculation of molecular solvation free
energy term in Equation (1), we used the atomic parameters re-
cently developed by Kang et al.”® because those of the atoms
other than carbon were unavailable in AutoDock. This modification
of the solvation free energy term is expected to increase the accu-
racy in virtual screening because the underestimation of ligand sol-
vation often leads to the overestimation of the binding affinity of a
ligand with many polar atoms.!'”'®
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The docking simulation of a compound in the docking library start-
ed with the 3-D grid calculations of the interaction energy for all
of the possible atom types present in the chemical database.
These uniquely defined potential grids for the receptor protein
were then used in common for docking simulations of all com-
pounds in the docking library. As the center of the common grids
in the active site, we used the center of mass coordinates of the
docked structure of the probe molecule, GATPT, whose inhibitory
activity and binding mode in the active site of VHR had been in-
vestigated by docking simulations.™ The calculated grid maps
were of dimension 61x61x61 points with the spacing of 0.375 A,
yielding a receptor model that includes atoms within 22.9 A of the
grid center. This radius to define the grid maps is sufficient to in-
clude the entire part of VHR phosphatase because the diameter of
the protein amounts to at most 48 A. For each compound in the
docking library, ten docking runs were performed with the initial
population of 50 individuals. Maximum number of generations and
energy evaluation were set to 27000 and 2.5x10°, respectively.
Docking simulations with AutoDock were then carried out in the
active site of VHR to score and rank the compounds in the docking
library according to their calculated binding affinities.

In vitro enzyme assay

VHR protein was subcloned into pET28a and overexpressed using
Escherichia coli BL21(DE3) strain. Cells were grown at 291 K after in-
duction with 0.1 mm IPTG for 12 h. His-tagged VHR was purified by
nickel-affinity chromatography and dialyzed against buffer contain-
ing 20 mm Tris-HCI (pH 8.0), 0.2m NaCl, and 5 mm DTT. 194 com-
pounds selected from virtual screening were evaluated for their in
vitro inhibitory activity against the recombinant human VHR.
Assays were performed by monitoring the hydrolysis of 6,8-di-
fluoro-4-methyl-umbelliferyl phosphate (DiFMUP) using a spectro-
fluorometric assay. Briefly, purified VHR (5 nm), DIFMUP (10 pum),
and desired inhibitor were incubated in the reaction mixture con-
taining 20 mm Tris-HCI (pH 8.0), 0.01% Trition X-100, and 5 mm
DTT for 20 min. The reaction was stopped by the addition of
sodium orthovanadate (1 mm). The phosphatase activities were
checked by the absorbance changes caused by hydrolysis of the
substrate at 460 nm and IC;, values were determined from direct
regression curve analysis.
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