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Abstract—The inhibitors of phosphatase of regenerating liver-3 (PRL-3) have been shown to be useful as therapeutics for the treat-
ment of cancer. We have been able to identify 12 novel PRL-3 inhibitors by means of the virtual screening with docking simulations
under the consideration of the effects of ligand solvation in the scoring function. Because the newly identified inhibitors are struc-
turally diverse and reveal a significant potency with I1Cs, values ranging from 10 to 50 uM, all of them can be considered for further
development by structure—activity relationship or de novo design methods. Structural features relevant to the interactions of the
newly identified inhibitors with the amino acid residues in the active site and the peripheral binding site of PRL-3 are discussed

in detail.
© 2008 Elsevier Ltd. All rights reserved.

Protein tyrosine phosphatases (PTPs) are a family of
closely related key regulatory enzymes that dephosphor-
ylate phosphotyrosine residues in their protein sub-
strates. So far much evidence has been reported in
support of the correlation between malfunctions in
PTP activity and various diseases including cancer, neu-
rological disorders, and diabetes.! This has made PTPs
be a promising target for therapeutic intervention.
Among a variety of PTPs, the phosphatase of regenerat-
ing liver (PRL) family tyrosine phosphatases (PRL-1,
PRL-2, and PRL-3) are closely related intracellular en-
zymes and possess the PTP active-site signature se-
quence of CXsR.%* They share at least 75% of amino
acids and are similar in size with molecular weight of
about 20 kDa.

PRL-3 is a nonclassical PTP with C-terminal prenyla-
tion motif and is recently known to be related with
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metastasis. It resides at the nucleus and the cytoplasmic
membrane in the nonprenylated and prenylated states,
respectively. Overexpression of PRL-3 has proven to
cause the transformation of human embryonic kidney
cell HEK293 as well as the increase in HEK293 cell
growth.* A consistent increase in the expression of
PRL-3 mRNA in the liver metastasis of colorectal can-
cers provided evidence for the correlation between the
overexpression of PRL-3 with colorectal cancer metasta-
sis.> Furthermore, it was shown that the cell motility,
invasion activity, and metastasis were promoted with
the increase in the catalytic activity of PRL-3.° Thus, a
series of experimental evidence indicates that PRL-3
can serve as a therapeutic target for metastatic tumors
as well as a putative prognostic marker.

The structural studies have shown that PRL phospha-
tases belong to a class of dual specificity phosphatases
with the closest structural homology to VHR phospha-
tases. The characteristic structural features that discrim-
inate PRL-3 from the other phosphatases include the
unusually hydrophobic active site without the catalyti-
cally important serine/threonine residue.” The nuclear
magnetic resonance (NMR) data for the conformational
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motion of PRL-3 indicated an extraordinarily high flex-
ibility of the loop structure comprising the active site.
However, such a high-amplitude motion of the flexible
loop is damped out upon binding of a substrate ana-
logue.® The structure of PRL-1 is similar to that of
PRL-3 in that it has a shallow active site pocket with
highly hydrophobic character as shown in the X-ray
crystal structures, which is not surprising for a high se-
quence identity of more than 75% between the PRL
phosphatases.®!' However, molecular modeling studies
indicated that each PRL phosphatase would have a un-
ique surface element that can be important for specificity
in the catalysis.”

Discovery of PRL phosphatase inhibitors has lagged be-
hind the pharmacological and structural studies. Only
two classes of inhibitors have been reported so far. Pent-
amidine proved to be an effective inhibitor of PRL phos-
phatases with anti-cancer potential.!! Recently, Ahn
et al. identified the rhodanine skeleton in the course of
the search for PRL-3 inhibitors through high through-
put screening (HTS) of a chemical library.'? They also
reported the synthetic methods and the structure—activ-
ity relationship (SAR) data for various rhodanine deriv-
atives as PRL-3 inhibitors.

In the present study, we identify the novel classes of
PRL-3 inhibitors by means of a structure-based drug de-
sign protocol involving the virtual screening with dock-
ing simulations and in vitro enzyme assay. The
characteristic feature that discriminates our virtual
screening approach from the others lies in the implemen-
tation of an accurate solvation model in calculating the
binding free energy between PRL-3 and putative li-
gands, which would have an effect of increasing the hit
rate in enzyme assay.'>!* To the best of our knowledge,
we report the first example for the successful application
of the structure-based virtual screening to identify novel
PRL-3 inhibitors. It will be shown that the docking sim-
ulation with the improved binding free energy function
can be a useful tool for elucidating the activities of the
identified inhibitors, as well as for enriching the chemi-
cal library used in screening assays with molecules that
are likely to have biological activities.

Although two NMR structures of PRL-3 have been re-
ported in the ligand-free forms,”® they are inappropriate
to be used in docking simulation of putative inhibitors
because the active site region is maintained flat and ex-
posed to bulk solvent. In order to obtain another con-
formation of PRL-3 suitable for structure-based
virtual screening, therefore, we carried out the homol-
ogy modeling using the X-ray crystal structure of
PRL-1 (PDB ID: 1xm2)!* as the structural template.
Due to a high sequence identity of more than 75% be-
tween the two PRL phosphatases, a high-quality 3-D
structure of PRL-3 is expected in the homology model-
ing.!> A special attention was paid to assign the proton-
ation states of the ionizable Asp, Glu, His, and Lys
residues of the homology-modeled PRL-3 structure.
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 aminocarbonyl oxygen at a distance within
3.5 A, a generally accepted 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 deter-
mine the protonation states of ND and NE atoms in
His residues.

The docking library for PRL-3 comprising about 85,000
compounds 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 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 vir-
tual screening of PRL-3 inhibitors because the outper-
formance of its scoring function over those of the
others had been shown in several target proteins.?’ AM-
BER 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.
Docking simulations with AutoDock were then carried
out in the active site of PRL-3 to score and rank the
compounds in the docking library according to their cal-
culated binding affinities.

In the actual docking simulation of the compounds in
the docking library, we used the empirical AutoDock
scoring function improved by the implementation of a
new solvation model for a compound. The modified
scoring function has the following form:
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where WvdW; thond, Welec, I/Vtor’ and Wsol are the
weighting factors of van der Waals, hydrogen bond,
electrostatic interactions, torsional term, and desolva-
tion energy of inhibitors, respectively. r; represents the
interatomic distance, and A4;, B, Cy;, and D;; are related
to the depths of the potential energy well and the equi-
librium separations between the two atoms. The hydro-
gen bond term has an additional weighting factor, E(¢),
representing the angle-dependent directionality. With
respect to the distance-dependent dielectric constant,
e(ry), a 51gm01da1 function proposed by Mehler and
Solmajer?! was used in computing the interatomic elec-
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trostatic interactions between PRL-3 and a putative 11-
gand. In the entropic term, Ny, is the number of sp’
bonds in the ligand. In the desolvation term, S; and V;
are the solvation parameter and the fragmental volume
of atom i,%* respectively, while Occ™ stands for the
maximum atomic occupancy. In the calculation of
molecular solvation free energy term in Eq. 1, we used
the atomic parameters recently developed by Kang
et al.?? because those of the atoms other than carbon
were unavailable in the current version of AutoDock.
This modification of the solvation free energy term is ex-
pected to increase the accuracy in virtual screening be-
cause the underestimation of ligand solvation often
leads to the overestimation of the binding affinity of a
ligand with many polar atoms.!*

Of the 85,000 compounds subject to the virtual screening
with docking simulations, 200 top-scored compounds
were selected as virtual hits. One hundred and ninety-
one of them were available from the compound supplier
and were evaluated for in vitro inhibitory activity against
recombinant human PRL-3. PRL-3 protein was overex-
pressed using Escherichia coli BL21(DE3) strain and sub-
sequently purified. Assays were performed by monitoring
the hydrolysis of 6,8-difluoro-4-methylumbelliferyl phos-
phate (DIFMUP) at 25 °C for 5 min in 20 mM Tris—HCl
(pH 8.0), 5mM DTT, in the presence or absence of the
inhibitor. After the addition of purified PRL-3 (0.3 uM)
and DIFMUP (5 uM), the reaction mixture was incu-
bated for 5 min. The reaction was stopped by the addition
of sodium orthovanadate (20 mM). The phosphatase
activities were measured by the absorbance changes
caused by the hydrolysis of the substrate at 460 nm.
ICs, values were an average of triplicate experiments as
determined from direct regression curve analysis. Pent-
amidine was used as a reference.

. J v ] COOH jkr?"
54\"" N}_N’ : “COOH
o
1

2

Q«

Cl

=
HO \ﬁ HO
\I 3 OO0H

H. Park et al. | Bioorg. Med. Chem. Lett. 18 (2008) 2250-2255

As a result of in vitro enzyme inhibition assay, we iden-
tified 38 compounds that inhibited the catalytic activity
of PRL-3 by more than 50% at the concentration of
50 uM. Among them, 12 compounds shown in Figure
1 revealed a high potency with more than 70% inhibition
at the same concentration and were selected to deter-
mine ICsq values. The chemical structures and the inhib-
itory activities of the newly identified inhibitors are
shown in Figure 1 and Table 1, respectively. We note
that compound 1 belongs to the rhodanine derivatives
that were known as PRL-3 inhibitors in the previous
study.!'? This consistency supports the reliability of the
virtual screening employed in this work. To the best of
our knowledge, the other compounds shown in Figure
1 have not been reported as PRL-3 inhibitors so far.
Furthermore, the newly found inhibitors are structurally
diverse, and therefore each of which can be considered
as a new inhibitor scaffold for further development by
structure—activity relationship (SAR) or de novo design
methods.

To obtain some energetic and structural insight into the
inhibitory mechanisms by the identified inhibitors of

Table 1. ICsy values (in uM) of the reference and compounds 1-12
against PRL-3 together with their rankings in virtual screening

Compound ICsy Ranking Compound ICsy Ranking
(1M) (1M)

Pentamidine 53.6 7 447 195
1 13.3 23 8 37.8 51
2 28.1 8 9 27.7 36
3 40.3 189 10 41.7 151
4 41.5 54 11 18.3 43
5 15.4 94 12 48.7 115
6 438 22
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Figure 1. Chemical structures of the newly identified PRL-3 inhibitors.

1"



H. Park et al. | Bioorg. Med. Chem. Lett. 18 (2008) 2250-2255 2253

PRL-3, their binding modes around the active site were
investigated using the AutoDock program with the pro-
cedure described above. The calculated binding mode of
1 around the active site of PRL-3 is shown in Figure 2. It
is noted that the carboxylate group of the inhibitor re-
ceives two hydrogen bonds from the backbone amidic
nitrogen of Vall05 and the side chain of Argl10. Be-
cause these two hydrogen bonds are established in the
vicinity of the catalytic residue Cysl104, the benzoate
moiety seems to be an effective chemical group for bind-
ing in the active site of PRL-3 and thereby for inhibiting
its catalytic activity. A stable hydrogen bond is also
established between the aminocarbonyl oxygen of the
inhibitor and the backbone amidic nitrogen Gly73. This
interaction should also be important in the inhibition of
PRL-3 because Gly73 is one of the loop residues com-
prising the active site and known to be involved in bind-
ing of a substrate analogue.® Inhibitor 1 can be further
stabilized by the hydrophobic interactions of the rhoda-
nine moiety with the side chains of Pro75, Valll3, and
Tyr148. The inhibitor rhodanine group seems thus to
be capable of forming a hydrogen bond and van der
Waals contacts with the flexible loop (residues 70-80).
Therefore, the binding of inhibitor 1 around the active
site is expected to decrease the malleability of the flexible
loop, which can be an explanation for the observed
inhibitory activity. Judging from the overall structural
features of the PRL-3-1 complex derived from docking
simulations, the inhibitory activity of 1 is likely to stem
from the multiple hydrogen bonds and hydrophobic
interactions established simultaneously in the active site.

Figure 3 shows the lowest-energy AutoDock conforma-
tion of compound 5 around the active site of PRL-3.
The binding mode of 5 differs from that of 1 in that
the benzoate group of the inhibitor resides in a hydro-
phobic pocket including the side chains of Pro75 and
Tyrl48, and stays distant from the catalytic residue
Cys104. In this complex, the inhibitor carboxylate group
receives a hydrogen bond from the side chain amide
group of Asnl42. The role of the surrogate for a sub-
strate phosphate group can be played by the imidazoli-
dine-2,4-dione moiety of 5, because one of the
aminocarbonyl oxygens forms a hydrogen bond with

V105

Y148

c104
V113

Figure 2. Binding mode of 1 around the active site of PRL-3. Carbon
atoms of the protein and the ligand are indicated in green and cyan,
respectively. Each dotted line indicates a hydrogen bond.

V105

V113

Figure 3. Binding mode of 5 around the active site of PRL-3. Carbon
atoms of the protein and the ligand are indicated in green and cyan,
respectively. Each dotted line indicates a hydrogen bond.

the side chain of Argl10 that resides in a close proximity
to Cys104. However, the number of hydrogen bonds in
the enzyme—inhibitor complex decreases from three to
two with the change of the inhibitor from 1 to 5, which
would have an effect of lowering the inhibitory activity.
Another characteristic feature that discriminates the
binding mode of 5 from that of 1 is that the former
can be more stabilized in the hydrophobic pocket than
the latter. Besides the benzoate group, the pyrrole moi-
ety of 5 also forms a van der Waals contacts with the
side chains of Valll3, GInl45, and Argl10. Thus, the
strengthening of the hydrophobic interactions seems to
compensate for the weakening of the hydrogen bond
interactions, which can be an explanation for the simi-
larity in inhibitory activities between the two inhibitors.

Although human PTPs have proved to be involved in a
variety of diseases, drug discovery with them as a target
protein can be hampered due to a close similarity of the
active site among PTPs and the resultant difficulty in
guaranteeing the selectivity of an inhibitor for a single
PTP. In the 3-D structure of PRL-3, a surface cavity
separated ~8 A apart from the active site is found as
shown in Figure 4, which is also a structural feature of
PRL-1.%!0 This peripheral binding site comprises the
residues from the loop connecting the sheet B4 and the
helix a3 (Phe70, Gly73, Ala74, Pro75, and Pro76), those
from the helix a4 (Argl10 and Vall13), and those from
the helix a6 (Lys144, GIn145, and Tyr148). We note that
compounds 1 and 5 are accommodated not only in the
catalytic site but also in the peripheral binding site of
PRL-3, indicating a significant role of the latter in ligand
binding. As a check for the presence of such a peripheral
binding site in the other PTPs, we searched a surface
cavity with the program Voidoo?* in the 3-D structures
of VHR,” MKP5,%° DSP18,>” VHY,*® DUSP5,%
TMDP,® and SSH23! that are similar in molecular
weight to PRL phosphatases. However, the spaces of
all the other PTPs corresponding to the surface cavity
of PRL-3 were filled with amino acid residues, implying
that the presence of a peripheral binding site should be a
characteristic feature that discriminates the PRL phos-
phatases from the other PTPs. The presence of such a
peripheral binding site may thus contribute toward the
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Figure 4. Compounds 1 (a) and 5 (b) bound in the active site and the peripheral binding site of PRL-3. Carbon atoms of the ligand and those forming

the peripheral binding site are shown in cyan and green, respectively.

development of a selective PRL phosphatase inhibitor as
an anti-cancer drug.

In summary, we have identified 12 new novel inhibi-
tors of PRL-3 by applying a computer-aided drug
design protocol involving the homology modeling of
the target protein and the structure-based virtual
screening with docking simulations under consider-
ation of the effects of ligand solvation in the binding
free energy function. These inhibitors reveal a struc-
tural diversity as well as a significant potency with
1Cso values lower than 50 uM. Therefore, each of the
newly discovered inhibitors can provide a new scaffold
for further development by structure—activity relation-
ship studies or de novo design methods. Detailed bind-
ing 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 and the peripheral
binding site.
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