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Molecular modeling study has been perfonned to assist in the design of PTP LB inhibitors using FlexX. FlexX
dockings with 19 test ligands. whose structures have been determined by X-ray crystallography. were
successful in reproducing the experimental conformations within the protein. An increase in biological activity
is observed as hydrophobic character of formylchromone derivatives increases. Most ligands bind to the active-
site regions of the protein successfully in two different score nins. The Drug score run gave better results than
the FlexX score nin based on the score. rank. binding modes and bond distance of docked structures. Consensus
values from the CScore scoring function are between 3 and 5. suggesting that the scoring scheme is reliable.
All formylchromone inhibitors considered in this work show unidirectional binding modes in the active site
pocket. which is contrary to the bidirectional X-ray results by Malamas e /. and amino acid residues
responsible for such orientation are identified to help further development of the inhibitors.
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Introduction

A large part of signaling pathways inside the cell is
regulated by phosphorylation of amino acid residues. The
phosphorvlation of a protein can create novel recognition
mechanisms for protein-protein interaction. can control
protein stability and. most importantly. can regulate enzyime
activity.! Among them. phosphorylation of tyrosine residue
is essential in regulating cellular metabolism. proliferation.
differentiation. and oncogenic transformation. These reac-
tions are catalyzed by two sets of enzymes. protein tyrosine
kinases (PTKs) and protein tyrosine phosphatases (PTPs)
(see Figure 1). PTKs operate in a synthetic way (phosphoryl-
ation) while PTPs catalyze the reverse (cleavage) reaction.”
Abnormal functions of certain PTPs-dependent signal trans-
duction are involved in a variety of diseases such as dia-
betes. obesity. aufoimmune disease. infectious diseases.
inflammation. cancer. osteoporosis and neurodegeneration.’
For this reason. development of effective inhibitors has been
performed to design new therapeutics.
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PTPs are hydrolysis enzymes that remove phosphate
group from a phosphorylated tyrosine residue (pTvr). In
spite of extensive studies on PTPs by many research groups.
only little is known about their biological role. Since the
discovery of the first PTP. many other family members have
been identified. and the mammalian gene family is now
known to have 90-100 members. as defined by their
common ~230 amino acid catalytic domain** For PTPs a
critical catalytic component is the active-site signature motif
(HV)YC-X5-R(S/T) (where X is any residue). This motif has
been identified as being involved in the catalytic mechanism
by numerous studies using site-directed mutagenesis. enzyme
derivatization and isolation of catalvtic infermediates.” In the
transition state for the initial phosphoryl transfer from the
substrate to the PTP active site. cysteine (Cys) and arginine
(Arg) play a dual role in both ground state stabilization and
transition state stabilization. The general acid aspartic acid
(Asp) is on the flexible loop that undergoes a substantial
conformational change upon binding of substrate.

PTPs have been identified as novel therapeutic targets of
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Figure 1. Schematic diagram for the action of protein tyrosine kinases (PTKs) and protein tyrosine phosphatases (PTPs).
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insulin action in insulin-resistant disease. Insulin resistance
in liver and peripheral tissues is a common cause of tvpe II
diabetes.® Recent studies have proved that one of the
umportant functions of the intracellular enzvime PTPIB is to
suppress insulin action.” Reduction of PTPLB not only
enhances msulin sensitivity and mmproves glucose meta-
bolism, but also protects against obesity induced by high-fat
feeding.® In another experiment, inhibition of PTP1B has
shown enhanced msulin signaling in preclinical models. In
the phosphoryvlation cascade, insulin receptor and insulin
receptor substate-1 (IRS1) have been implicated as sub-
strates. Inhibition of PTP1B has been shown to stimulate
kinase cascades. Therefore PTPIB inhibitors may play an
umportant role in the treatment of tvpe II diabetes.

As a continuing work on the computer-aided molecular
design in our lab*'" molecular docking study has been
carried out on a series of formyvIlchromone derivatives'' in
order to find out the best binding conformations and orienta-
tions of these ligands aganst PTP1B.

Computational Approach

Structural Model for FlexX Docking Validation. Repro-
ducing the binding conformation of a ligand whose crystal
structure has already been solved is an important prere-
quisite for the docking study of unknown compounds. In
order to accomplish this. seventeen ligand-protemn complexes
of PTPIB family were taken from the Protein Data Bank'>?
(pdb code = 1C83.1* |C84.1% 1C85.)¥ 1CR7.)° IC8R.'® I[ECV.F
1LBG7 INO6." 1QIM.” 1QXK.™ 1XBO.* 1BZ].* IBZC.*
1IKAK.? IKAV.> 1Q61.> and 1Q6M™"). The PTP1Bs used
in the X-ray structures can be classified into three groups
based on their sequence identity — Group L: 1C83. 1C84.
1C85, 1CR7. 1C88. |ECV. IL8G, Group 2: INO6, 1Q1M.
1QXK. IXBO. 1BZJ. IKAK, IKAV, 10Q6], 1Q6M, Group 3:
IBZC. Two residues were different among three groups:
Group | - Thrl3l. Asp232, Asp265. Group 2 - Serl51.
Glu252: Group 3 — Serl51. Glu263. The ligands bound to
the X-ray structures were sequentially labeled from A to Q
(A: 6-(oxalyl-amino)-1H-indole-3-carboxylic acid. B: 3-
(oxalyl-amino)-naphthalene-2-carboxvlic acid. C: 2-{(oxalyl-
amino)-benzoic acid. D: 2-(oxalyl-amino)-4. 7-dihydro-5H-
thieno[2.3-C)pyran-3-carboxylic acid. E: 2-(oxalyl-amino)-
4.5.6.7-tetrahydro-thieno[2.3-C]pyridine-3-carboxylic acid.
F: 3-iodo-2-(oxalyl-amino)-benzoic acid. G: 7-(1.1-dioxo-
1H-benzo[D]isothiazol-3-yloxymethyl)-2-(oxalyl-amino)-
4.7-dihydro-5H-thieno[2.3-Clpyran-3carboxylic acid. H: 2-
[(carboxycarbony [)(1-naphthyl) amino]benzoic acid. I 5-(2-
fluoro-35-[3-(3-hydroxy-2-methoxycarbony1-phenoxy)-prop-
enyl]-phenyl)-isoxazole-3-carboxylic acid. J: 2-{4-[2-acetyl-
amino-3-(4-carboxy methoxy-3-hyvdroxy-phenyl)-propionyl-
amino]-butoxy }-6-hvdroxy-benzoic acid methyl ester. K: 3-
(3-{3-[3-hvdroxy-2-(methoxycarbonyl)phenoxy propenyl} -
phenyD)-4-(hydroxylmethyl)isoxazole-3<carboxylic acid. L:
6-(difluoro-phosphono-methyl)-naphthalene-2-carboxylic
acid. M: 4-carbamoy1-4-{[6-(difluoro-phosphono-methy1)-
naphthalene-2-carbony1]-amino}-butyric acid. N: {[7-(di-
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fluoro-phosphono-methyl)-naphthalen-2-v1]-difluoro-meth-
v1}-phosphonic acid, O: [(4-{4-[(difluoro-phosphono-meth-
v1)-phenyl]-buty1}-phenyl)-difluoro-methyl]-phosphonic acid.
P:  [4-(2-(1H-1,2.3-benzotriazol-1-y1)-3-{4-[difluoro(phos-
phono)methy1]phenyl}-2-pheny lpropyl)phenyl](difluoro)-
methyphosphonic acid. Q: {[2-(1H-1,2.3-benzotriazol-1-v1)-
2-(3.4-difluoro phenyl)propane-1.3-divl]bis[4.1-phenylene-
(difluoromethylene)] }bis(phosphonic acid)). In these X-ray
structures. two different types of mhibitors were cocrystal-
lized with PTPIB: ligands A-K are carboxylic acids and
ligands L-Q are phosphonic acids. All water molecules were
deleted from the protein except in one case. Ligand N binds
to 1KAK through a hydrogen bond with H-O 433, 2D
structures of these ligands are shown in Figure 2. In the
crystal structures. the key functional group, -COO™ or -PO;™,
extends deep into the active site of PTPLB, making several
hydrogen bonds and hydrophobic interaction. Volumes of
the ligands A-Q were calculated using van der Waals surface
model >

Recently surprising X-ray structures of PTPIB with a
benzothiophene biphenyl (R) and a sulfono biphenyl (S)
(see Figure 2) were reported by Malamas and coworkers.™
In their study. the orientations of large hydrophobic groups
show opposite directionality n the active site of PTPIBE. In
the case of R. the large hydrophobic group points toward
Lys120. Lys116 and Phel82 forming van der Waals inter-
action and we define such orientation as “left”. On the other
hand. the large hydrophobic group of S forms nonspecific
van der Waals mteractions with the protein in opposite
direction and this orientation 1s defined as “night”. There-
fore. igands R and S are also included in the docking study.
All higands having large hydrophobic groups (G 1. J. K. M,
and O) show “right” orientation in the X-ray structures.

Geometries of test igands A-Q were extracted from the
corresponding PDB files and were miminuzed by using the
Powell method with the standard TRIPOS force field/
parameters in Sybyl 6.9 molecular modeling software™ until
an energy gradient of 0.035 keal mol™ was reached.”** The
atomic charges of all ligands were calculated using the
Gasteiger-Hiickel method ™ Since no experimental struc-
tures were available for R and S. they were sketched using
the sketch module in SYBYL 6.9 and each global minimum
was selected from the grid search and then was used as a
starting point for FlexX docking. In order to consider the
effect of hydrophobicity in ligand-protein interaction. log P
was computed using TRIPOS software.

FlexX docking set was composed of 36 formylchromone
derivatives labeled 1 to 36 that have been shown to have
antagonistic biological activity against PTP1B. The 2D
chemical structures and biological data (expressed as ICsq.
M) of entire compounds’! are tabulated in Table 1.

Docking. FlexX 1s a fast, flexible docking method that
uses an incremental construction algorithm to place flexible
ligands into a rigid active site and is known to perform well
to reproduce X-ray structures.’' Standard parameters of the
FlexX program as mmplemented in SYBYL 6.9 were used
during docking.**** The residues within 10 A to the bound
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Figure 2. PTP1B inhibitors. All inhibitors are shown as the neutral species. Anionic forms were used in the docking. PDB code names to

which these ligands were bound are shown in parentheses.

ligand were included in defing the active site for docking,
Only Cyvs215 residue was selected as a subpocket. The use
of a subpocket lets FlexX place the base fragment (the first
placed fragment of the ligand) near one of the residues in the
subpocket. All rotatable bonds were considered as flexible in
the process of docking in order to identify the best binding
conformation of a ligand with PTP1B. Bond lengths and
angles were kept constants as given in the optimized struc-
fures.

The scoring function. which is optimized to reproduce
experimental binding affinities. 1s used to estimate the bind-
ing free energy (AGung) Of the protein-ligand complex. Two
separate runs were tried using difterent scormg functions-
FlexX score or Drug score ™ Additionally, Consensus
score (CScore) was also calculated.® CScore is the counter
of good results for each ligand n each scoring function —

F score.™ G score®® PMF score.”” D score®® and Chem
score.™ In each run. 50 poses were generated if possible and
the poses were classified into two groups (see Table 2). If the
key functional group (carboxylate. phosphonate or aldehyde
group) points toward the subpocket. it is considered as
“success” and the others as “failure”. Among “success” poses.
the orientation of bulky hydrophobic group (or bulkier group
if two groups are present) is classified further as “right” or
“left” depending on its directionality in the active site. Such
classification is not possible for inhibitors with small
substituents (A-F. H. L. N. 1. ~10) or evenly distributed
substituents (P-Q. 30). Neither further minimization nor
molecular dynamic simulations has been performed after the
FlexX docking. As a representative case. the pose with the
least root-mean-square-deviations (RMSD) was chosen as
an optimal pose in FlexX score or Drug score mn if the
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Table 1. Structures and biological activities of 36 formylchromone
denivatives

CHO

No. R, R: R Ri ICq (uM) —loglCsy
1 H H H H 73.0 3.14
2 H H H NH: =1000 2.00
3 i50-CsH- H H H 220 3.66
4 Cl H H H 280 3.55
5 Cl H Cl H 250 3.60
6 Cl CH: H H 18.0 374
7 Br H H H 20,0 3.70
8 Br H Br H 20,0 3.70
9 NO- H H H 91.0 3.04
10 H H H 350 326
1 H H H 14.0 383

F

12 H .

13 C@ H H H 71 415
Br

14 H H H 25 4.60

—
n

H Br H 11.0 396

16 . H H H 97 40
%
S

17 H H H 10.9 396

Al

/
18 Q ‘ H Br H 15.3 381
s

19 :’i\—j H H H 177 411
20 [ s H Br H 82 4.09
=N Br
S
21 H H H 76 412
S 3
22 ~ H Br H 10.4 398
23 L () H H H e 421
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Table 1. Continued

No. R1 Rz R3 R4 ICso (MM) —logIC50
=
24 4, B B H 78 411
|
25 % H H H 6.0 422
5
26 | a o o 6.0 422
)
7w L W v ®B H 37 443
)
28 H H _Q H 160 3.80
29 J\\:} ] H H 14.0 3.85
30 @ H H 3.3 448
31 H H H 43 437
32 O Q H — H 2.0 470
33 H H H 11 49
" — )
4 A '/ H H 1.0 3.00
NS —
]
35 /\O H H H 360 34

H /\Q H 180 317

reference structure was available. If no experimental structure
was available. the binding modes were checked visually and
the first stucture having correct interaction pattern with
Cys213 was selected as the representative pose.

The top-scoring conformations showed better binding
interactions with the active site residues than other solutions.
SYBYL was used to generate dynamic hydrogen bonds
between the docked ligand and the amino acid residues in
the active site of the protein. The same software package
was used to visualize the binding mode by generating fast
Connolly-type MOLCAD surfaces. ™

Results and Discussion

Validation Using Test Ligands A-S. In order to test the
performance of FlexX docking algorithm for ligand binding
to PTPIBs. we performed two separated validation tests. In



Docking Studies on Formylchromone Derivatives

Bull. Korean Chem. Soc. 2007, Vol. 28, No. 7 1145

Table 2. Volume and binding patterns of PTP1B inhibitors depicted in Figure 1°

Lisand Volume FlexX Score Drug Score
aat (A% Success Failure Right Left Success Failure Right Left
A? 1759 30 0 - - 50 0 - -
B’ 1939 22 28 - - 40 10 - -
c® 1498 27 23 - - 35 15 - -
D’ 187.8 14 36 - - 31 39 - -
E? 192.1 10 40 - - 25 25 - -
F 1787 33 17 - - 50 0 - -
G 3295 30 0 30 ] 50 0 50 0
H® 2736 47 3 - - 50 0 - -
L 3272 32 18 32 ] 50 0 45 5
J 43354 27 23 27 ] 28 22 28 -
K 3360 30 0 47 3 50 0 50 0
L? 2045 30 0 - - 50 0 - -
M 3127 30 0 30 0 50 0 50 0
N® 2395 5 43 - - 25 25 - -
O 3229 30 0 35 15 50 0 50
P 491.1 48 2 - - 50 0 - -
Q 4939 30 0 - - 50 0 - -
R - 15 35 0 15 0 50 0
S - 30 0 30 ] 50 0 50 0

“Success has correct binding pattem between the kev functional group of the hgand and core subpocket. Among successful poses. the onentation of
bulky hydrophobic group is subdivided into two directions. See text for detail. *Onientation of small hvdrophobic groups can not be classified.

‘Orientation of two large hydrophobic groups can not be classitied.

Table 3. Biclogical activities and results of the best pose having the
smallest RMSD* for the inhibitors depicted in Figure 1

FlexX Score Drug Score

Ligand .

= (UM)  rank  score  RMSD  rtank score  RMSD

A 14.0 1 =20 0.81 1 =36 .71

B 9.9 16 =344 0.69 9 275 068

C 30 11 =382 063 6 =331 032

D 14.0 1 =480 048 4 =328 047

E 029 7 =337 036 3 3450 031

F 14.0 3 479 043 11 =336 (.38

G 06 38 46 074 7 =313 083

H 39.0 2 =399 073 1 =236 039

1 6.9 10 =20.1 1.30 19 =306 .93

J 90 19 —174 2.80(0.91F 42 =337 846(1.01Y

K 0.92 1 =175 0.94 1 =346 (.75

L 22.0 2 53 041 1 467 022

M 120 34 -177 128 11 =428 1.82

N 2607 36 -176 131 9 <22 178

(8] 44° 49 225248049 36 -28.0 7.34(0.34F

P 0016 21 =245 1.42 9 2.0 163

Q 0013 16 =214 294024¥ 9 —41.6 238019

R 0o9s - -162 - - - -

S 0.028 - =243 - - 639 -

"RMSD was obtained by comparing non-hydrogen atoms. ‘RMSD tfor
non-hydrogen atoms of 4-carbomethoxy-3-hydroxy phenyl group. ‘ICse.
“RMSD for phenvl difluoro-methy] phosphonic acid group.

the first test. seventeen ligands (A-Q) selected from the PDB
database were docked to the corresponding PTP1Bs. Dock-
ing results are summarized in Table 2 along with the

volumes of ligands A-Q. Inspection of Table 2 shows that
the ligand volumes showed large variations: 149.8 (C)-493.9
A* (Q). The success ratio varied from 10 % to 100% among
50 poses per FlexX docking run but Drug score run gave
better success ratio than FlexX score run. When the success-
ful poses were classified further by the onentations of large
hydrophobic groups, preference of nght direction was
observed, which is in consonant with experimental results.
The poses with the smallest RMSD n reference to cocrystal-
lized PTPIB inhibitors are summarized in Table 3. The
RMSDs of the best poses are small (< 2.0 A) except in three
cases. The large RMSDs of J. O and Q are caused by the
bulky hydrophobic groups attached to the tail portion of the
ligands (vide infra). When only the carboxylate (J) or phos-
phonate (O and Q) part of the ligand was considered. the
RMSDs became smaller (0.19-1.01 A). Another important
point to notice from Table 3 is that the best poses are not
always at the top ranks in both FlexX and Drug score runs.
In Figure 3. we have compared the best docked poses (in
red) of ligands G H. K and Q with the conformations (in
orange) found experimentally in the enzyme-ligand com-
plexes. FlexX predicts that the conformations of the key
functional groups located on the left lower comer of each
picture in Figure 3 are very similar to those found experi-
mentally. Large RMSD of ligand Q is caused by different
torsional angles of carbon connecting phenyl difluoromethyl
phosphonic tail —=30.3° (exp.) vs. 148.8° (FlexX).

In order to test the performance of the scoring functions,
each score from the best RMSD poses is plotted against the
experimental affinity in Figure 4. Both plots showed random
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(c) (d)

Figure 3. Comparison of docked (mn red) and experimentally
determuned (in orange) conformations. (a) hgand G, (b) igand H,
(c)ligand K. (d) ligand Q.
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Figure 4. Plots of experimental aftinities (pK;) vs. FlexX score (a)
and Drug score (b).

distribution of points, which suggests that it is hard to find a
simple correlation for heterologous series of compounds.
In the second test. we performed the FlexX docking to

Chan Kyung Kim et al.

Figure 5. Schematic representation showing R (in red) and S (in
blue) with key residues within the binding catalyvtic cavity.

verify the binding patterns of R and S against PTP1B. The
X-ray structures were reported in the lterature but the
coordinates were not available from the PDB. In their X-ray
structures. both carboxylate groups are extended deep into
the active-site pocket occupying similar space and two water
molecules form key hydrogen bonding interactions with the
ligands. However. the orientations of hydrophobic groups
are almost opposite In the active site as noted above. In the
docking study. the coordinates of the protein was extracted
from 1BZ]J after removing the igand L. All water molecules
were also deleted from the proten because we had no
mformation about their location. Many docking trials failed
to find proper interaction pattern for ligand R (Table 2). 15
poses were docked carrectly n FlexX score run but all trials
were failed in Drug score run. Surprisingly. the orientations
of the large hydrophobic group was mvariably “left” as
found i the X-ray structure. For ligand S, correct binding
pattern was found for all 50 structures regardless of scoring
functions. As a representative case. top-ranked pose of R (in
red) or S (in blue) from FlexX score run is depicted in Figure
3. In this figure. MOLCAD surface was computed for the
protein and was colored code by the lipophilicity (brown
being very lipophilic. blue and green hydrophilic). From the
above works. we have verified that the FlexX docking can
reproduce the binding modes of key functional groups to
PTP1B and can also give correct binding patterns for large
hydrophobic groups regardless of the sizes of the ligands.
Thus. we chose to use FlexX in subsequent analysis of
binding of formylchromone inhibitors to the PTP1B.
Structural Properties of the Ligands, In Table 1. sub-
stituents on the formylchromone ring are classified as Ri. R»,
Ra. and Ri. Several important relationships were found
between structures and biological activities: (1) ICsy value
mcreases as the halogen atom at R; becomes more electro-
negative (10, 4, 7). Similar increase m activity 1s also found
for the halogen substituent at R (3. 8) but no cooperative
effect is observed. (2) Introduction of NH- group at Ry (2)
results in marked decrease in inhibitory activity. (3) The
unsubstituted analogues at R; are more active than the
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Figure 6. A plot of ICsp vs. log P for formylchromone denvatives.

corresponding Br-substituted analogues when the same
benzothiophene groups are substituted at Ry (17 vs. 18. 19
vy, 20. 21 vy, 22, and 23 vy, 24). (4) The phenyl (28. 29. 30)
and bipheny] analogues (31, 32) are more active than the
unsubstitued analogue. 1. (5) The benzothiophene analogous
compounds are found to be more potent agamnst PTPIB
when substituted at R, position.

In general. we found that bulkier hydrophobic group
shows enhanced biological interaction with PTPIB. When
log P values were plotted agamst ICsy (Figure 6). expo-
nentially decreasing curve was observed. This suggests that
hyvdrophobicity 1s a major component in determining bio-
logical activity of formylchromone derivatives.

FlexX Binding Models of Formylchromone Inhibitors.
From the validation work, we found that PTP1B has enough
space in the active site to accommodate two different types
of inhibitors. Since no crystallographic data were available
for the binary complexes of formyvlchromone derivatives
with PTP1B. molecular modeling study was carned out. The
binding patterns of formylchromone derivatives against
PTP1B are summarized in Table 4. From this Table. we can
see that the success ratio is over 30% when 50 poses were
obtained. This means that the inhibitors bind to the active-
site pocket successfully in spite of simple definition of the
active site. The analysis of binding pattern is also interesting
for the inhibitors with large hydrophobic groups. Surpri-
singly. they all showed “right” preference. suggesting that
van der Waals interaction between the hydrophobic group
and the active-site residues is a major driving force for such
directionality. In the X-ray structures by Malamas e af.:™
however. no specific residues were mentioned except sayving
that the lipoplulic 2-benzyl-benzothiophene tail-piece of
ligand S formed nonspecific van der Waals contact with the
profein. Characteristic score. rank and bond distance bet-
ween aldehvde carbon and surfur atom of Cys213, d(C-S) of
the best pose from each mn are listed in Table 3. In this
table. rank was recorded when a proper orientation between
the aldehyde group and Cy's213 residue appeared for the first
time among 30 poses from each min. The ratios of finding
higher ranks (between 1 and 3) were 36% and 86% for
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Table 4. Binding patterns of formylchromone inhibitors considered
in this work using FlexX*

FlexX Score

Drug Score

Ligand - - , .
Success Failure Right Left Success Failure Right Left
1 42 8 B - 30 0 - -
212 g - - 12 18 - -
3 50 0 - - 50 0 - -
4 40 10 - - 50 0 - -
§ 38 12 - - 50 0 - -
6 44 6 - - 50 0 - -
7 39 11 - - 50 0 - -
8 35 15 - - 42 8 - -
9 41 9 - - 50 0 - -
10 40 10 - - 50 0 - -
11 46 4 44 2 44 6 43 1
12 38 12 37 ] 45 5 45 0
13 38 12 34 4 40 10 37 3
14 39 11 35 4 45 5 43 2
15 27 23 19 8 33 17 26 7
16 38 12 38 0 7 23 7 0
17 48 2 48 0 50 0 50 0
18 44 6 43 ] 46 4 42 4
19 45 5 45 0 49 1 49 0
20 36 14 36 0 43 7 43 0
21 44 6 44 0 48 2 44 4
22 37 13 35 2 4l 9 40 ]
23 43 7 43 0 39 11 38 1
24 40 10 35 5 31 19 23 8
25 41 9 41 0 44 6 335 9
26 43 7 43 0 42 8 42 0
27 25 25 25 0 50 0 38 12
28 50 0 M 16 50 0 42 8
29 50 0 50 0 50 0 50 0
30 50 0 - - 50 0 - -
31 50 0 48 2 50 0 44 6
32 50 0 39 11 50 0 50 0
33 33 17 33 0 50 0 50 0
34 42 8 42 0 40 10 40 0
35 44 6 44 0 48 2 41 7
36 50 0 il 19 49 1 42 7

“see footnote a in Table 2. *Only 30 poses were recorded for both FlexX
and Drug score run. ‘Only 30 poses were found for Drug score run,

FlexX score nin and Drug score mmn. respectively. The bond
length. d(C-S). was also included in Table 3 in order to
check proper alignment of the aldehyvde group with respect
to Cys213. Based on the average C-S bond length (3.535
0.33 A) for the experimental binary complexes containing
ligands A-K. most compounds have reasonable C-S bond
length (2.7 A-3.0 A) necessary for the nucleophilic attack by
sulfur atom. However. ligand 2 was unusual in many respects:
i) It is only compound with a substituent. NH-, in R4 position
and its activity 1s the worst (Table 1). 11) In the FlexX run,
only 30 poses were obtained and ratio of failure is the largest
among the inhibitors (Table 2). iii) The top-scoring pose
shows extraordinarily longer C-S bond length (Table 3). We
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Table 5. Summary of the best pose having correct binding pattem
between the inhibitor and core subpocket of the protein

FlexX Score

Drug Score

Ligand - CScore®
rank score d(C-S) rank score d(C-S)”

1 3 -182 322 I =337 335 4

2 2 -120 6.39 I =275 638 5

3 25 -159 397 3 =351 331 3

4 10 -153 273 I -328 335 3

5 3 -l60 273 I =345 335 4

6 3 -173 283 I =336 335 4

7 4 -148 273 I =313 380 3

8 3 -155 273 I =256 287 4

2 8 =201 273 6 =306 287 4
10 3 -174 322 I =337 335 5
11 13 =175 3.08 4 =346 368 5
12 I =202 322 I -396 335 4
13 24 =177 328 I 428 370 3
14 27 -176 328 I 422 369 3
15 I =225 490 9 =280 490 4
16 I =245 3.02 2 =20 381 5
17 10 =214 274 I 16 273 3
18 15 =204 274 1 -394 273 3
19 34 -185 302 1 4235 366 3
20 32 -167 398 1 -380 399 4
21 37 -189 312 2 =377 375 3
22 26 -185 383 1 =362 287 4
23 1 =260 301 1 =41 374 5
24 1 =241 302 9 =332 499 4
25 1 =216 302 1 63 287 5
26 1 =216 301 2 =44 380 5
27 1 =204 457 5 468 291 4
28 1 =215 303 1 =421 336 4
29 8 -203 283 3 =374 319 4
30 6 =219 294 9 -399 384 4
31 1 =207 283 1 =425 318 4
32 1 =238 295 2 =60 384 4
33 2 =215 283 2 =376 344 4
34 9 =211 297 6 -89 344 3
35 1 =214 3.06 2 =406 287 5
36 1 =203 299 1 =436 336 4

“distance between aldehyde carbon ot formylchromone derivatives and
sulfur of Cvs215 of the protein. ®sum of the number of good results in
each scoring function

have synthesized 5 more compounds with different sub-
stituents at this position (-NH-CO-Ph, -NH-CO-CH-Ph.
-NH-COCH-CH-Ph. NH-CH:-COOC-Hs, NH-CH»-COOH)
but all of them showed worse activity than 1.

For formylchromone derivatives. total scores were =12 ~
-26 and -23 ~ -39 for the FlexX score run and Drug score
nun, respectively. Plots of —log ICsq vs. FlexX score (or Drug
score) depicted in Figure 7 show that i viro activity increases
as the score becomes more negative. but this trend is more
evident for Drug score run. 2 was excluded in the plots. In
general. we found that the docking by Drug score run were
better than that from FlexX score mmn. Values of CScore
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Figure 7. Plot of biological activity vs. total score. (a) -loglCsg vs.
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Figure 8. Orientation of 35 formyvlchromone derivatives with top-
scoring poses at the active site of PTP1B.

were over three in all cases. suggesting that the results could
be considered good.

The best conformational poses of 33 inhibitors excluding
2 were superimposed on to the MOLCAD surface of the
active site of PTP1B (Figure 8). Surprisingly. all top-scoring
inhibitors are oriented toward “right” in the catalytic active
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Figure 9. FlexX bmding patterns of top-scormg poses of (a) 1 and
(b) 34 with kev residues at the active site of PTP1B.

site as found earlier in the X-ray structures. If so. what forces
are responsible for the unidirectional orientation of hydro-
phobic groups of formylchromone derivatives? To answer
this question. molecular interactions between top-scoring
formylchromone inhibitors and the active-site residues were
examined in detail. Compound 1. which bears no sub-
stituents and 34. which shows the highest biological activity
are selected and compared as examples (Figure 9). From this
figure. we can find that the aldehyde groups of formylchro-
mone derivatives are extended deep into the active-site
pocket. The aldehvde oxygen atom of 1 forms three hydro-
gen bonds with Gly220 (2.34 A) and Arg221 (1.93 A and
1.96 A) and the same functional group of 34 forms hydrogen
bond with Arg221 (1.91 A and 2.72 A). Additional hydrogen
bonds exist between carbonyl oxygen and Arg22l (1) or
Gly220 (34). The phenyl ring of the formylchromone
skeleton is sandwiched between residues Tyr46 and Phel82.
Such interaction patterns were also discovered experi-
mentally. Five key residues are found to have close contacts
with the large hydrophobic group of 34: NHi™ groups of
Arg24 and Agr234 with benzothiophene ring. backbone
carbony] oxygen of Asp48 with benzyl hydrogen. alky] side

Bull. Korean Chem. Soc. 2007, Vol. 28, No. 7 1149

chain of Val49 with phenyl ning attached to formylchromone
ring (not shown in Figure 9) and alky1 side chain of Met258
with benzyl group (not shown m Figure 9). Note that the
formy] carbon atom of 1 and 34 positioned 3.35 A and 3.44
A away from the sulfur of Cys215. respectively. facilitating
nucleophilic attack to form S-C bond.

Conclusions

FlexX docking studies have been performed to study
binding patterns of a series of formylchromone derivatives
agamst PTPIB. To test performance of FlexX module, 19
test ligands whose volumes changed from 149.8 to 493.9 A?
were tried and compared with their X-ray structures. The
top-scoring poses were surprisingly good m reproducing
experimental structures. The orientation of lipoplulic groups
of R and S. which showed opposite orientations at the
active-site pocket was also venfied by the FlexX docking.
Two tvpes of scores — FlexX score and Drug score — were
used to run Run-Multiple Ligand option of FlexX to get 50
conformations for each run. Successful binding of the
aldehvde group of formylchromone derivatives to Cys215
were found in most cases. From the top-scoring structures of
each FlexX run, we can propose the binding behavior of the
mhibitors at the active site. The orientation of large hydro-
phobic group (or larger hydrophobic group) 1s the same as
those found for most inhibitors experimentally. The residues
responsible for such onentation are identified and can be
used to design more compounds with enhanced activities.
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