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The three dimensional-quantitative structure activity relationship (3D-QSAR) studies on chemical features of
pyridine-2-amines in the external region of c-Met active site (ER chemical features of pyridine-2-amines) were
conducted by docking, comparative molecular field analysis (CoMFA), and topomer CoMFA methods. The
CoMFA model obtained the partial least-squares (PLS) statistical results, cross-validated correlation
coefficient (¢?) of 0.703, non cross-validated correlation coefficient (+*) of 0.947 with standard error of estimate
(SEE) of 0.23 and the topomer CoMFA obtained ¢° of 0.803, #* of 0.940, and SEE of 0.24. Further, the test set
was applied to validate predictive abilities of models, where the predictive 7% (#*pred) for COMFA and topomer
CoMFA models were 0.746 and 0.608, respectively. Each contribution of ER chemical features of pyridine-2-
amines to the inhibitory potency showed correlation coefficients, 7* of 0.670 and 0.913 for two core parts, 3-
(benzo[d]oxazol-2-yl)pyridine-2-amine and 3-(1-(2,6-dichloro-3-fluorophenyl)ethoxy) pyridine-2-amine,

respectively, with corresponding experimental pICsy.
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Introduction

The c-Met (mesenchymal-epithelial transition factor) and
its ligand hepatocyte growth factor (HGF), also called scatter
factor, are attractive targets for the cancer therapy. Normal
HGF/c-Met signaling plays an important role during em-
bryogenesis and tissue injury repair, but aberrant signaling
correlates with aggressive tumor growth and poor prognosis
in cancer patients. Different approaches to inhibition of
HGF/c-Met signaling pathway include antagonistic ligands
and antibodies against either HGF or c-Met.!® Particulary,
small molecule inhibitors of c-Met have been reported in
experimental and computational literature.” !>

Asses et al. proposed that binding modes of ligands in c-
Met involve seven structurally-distinct areas based on the
analyses of interaction energies on ligand-protein complexes.'”
Larsen et al. studied orientations of tea catechins as c-Met
inhibitor by molecular docking studies.!" Caballero et al.
performed docking studies of 3-fluoro-4-(pyrrolo[2,1-f][1,2,
4]triazin-4-yloxy)anilines (FPTA), 3-fluoro-4-(1H-pyrrolo
[2,3-b]pyridin-4-yloxy) anilines (FPPA), and 4-(4-amino-2-
fluorophenoxy)-2-pyridinylamines (AFPP) in c-Met.!*> They
suggested that binding sites of ligand-enzyme complexes
include five regions: scaffold region, external region, central
region, allosteric site I, and allosteric site II. Also, they
analyzed how different chemical features of three series,
FPTA, FPPA, and AFPP in each identified region contribute
to their inhibitory potencies.

As part of our effort toward developing an effective thera-
peutic agent for c-Met inhibitors, we identified 3-(benzo[d]

oxazol-2-yl)pyridine-2-amines as orally active c-Met inhibitors,
which were focused on structural modification of substitu-
ents located in the external region of c-Met active site.'* The
backbone traces of external region, Lys1161-His1162-Gly1163-
Aspl164-Leull65-Argl166-Asnl167 and Asn1209-Cys1210-
Metl1211-Leul212-Asp1213-Glul1214-Lys1215-Phel1216-
Thr1217-Val1218-Lys1219-Val1220-Alal221 are highly
conserved because of hydrogen bonding networks, where is
better for studies on structure-activity relationship of c-Met
inhibitors than in flexible other regions. In the present study,
the three dimensional-quantitative structure activity relation-
ship (3D-QSAR) studies on chemical features of 3-(benzo
[d]oxazol-2-yl)pyridine-2-amines in the external region of c-
Met active site were conducted to identify chemical features
essential for enhancing their inhibitory potencies using
docking, comparative molecular field analysis (CoMFA),
and topomer CoMFA methods.

Methods

Data Set. By adding 3-(1-(2,6-dichloro-3-fluorophenyl)-
ethoxy)pyridine-2-amines'> to 3-(benzo[d]oxazol-2-yl)pyri-
dine-2-amines,'? the data set were enough to be used in 3D-
QSAR studies on chemical features of pyridine-2-amines in
the external region of c-Met active site (abbreviation: ER
chemical features of pyridine-2-amines).

The activities of 3-(1-(2,6-dichloro-3-fluorophenyl)ethoxy)-
pyridine-2-amines, K; values were converted into ICsg
values using the equation by Copeland e al.,'® K; = ICs0/(S/
Kmt+1) with the total concentrations of substrate (S) of 100
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Table 1. Molecular structures of the pyridine-2-amines and their experimental, predictive activities, and R1 contributions

NH, "f@

Yy e
=
R4
Comps? RI1 pICsoexy”  PICsocom’  PICs0.Topo” RI¢
1* Phenyl 5.00 5.16 4.78 1.11
2% 4-Pyridyl 5.28 5.23 4.99 1.32
3 3-Pyridyl 5.00 5.06 4.56 0.89
4 [1-methyl-1H-pyrazole]-4-yl 5.68 5.83 5.61 1.95
5 [2-(1H-pyrazol-1-yl)ethan-1-ol]-4-yl 5.89 6.05 5.88 221
6 [1-(tetrahydro-2 H-pyran-4-yl)-1 H-pyrazole]-4-yl 6.37 6.50 6.26 2.59
7* [4-(1H-pyrazol-1-yl)piperidine]-4-yl 7.10 6.44 6.23 2.56
8* [1-(4-(1H-pyrazol-1-yl)piperidin-1-yl)ethan-1-one]-4-yl 8.52 7.20 6.16 249
9 [1-(4-(1H-pyrazol-1-yl)piperidin-1-yl)propan-1-one]-4-yl 8.15 7.65 7.23 3.57
10 [(4-(1H-pyrazol-1-yl)piperidin-1-yl)(phenyl)methanone]-4-yl 6.85 6.89 6.83 3.17
1 [1-(4-(1H-pyrazol-1-yl)piperidin-1-yl)-2-methoxyethan-1-one]-4-yl 7.77 7.80 7.47 3.81
12 [1-(4-(1H-pyrazol-1-yl)piperidin-1-yl)-2-(dimethylamino)ethan-1-one]-4-yl 7.22 7.12 7.29 3.62
13 [N,N-diethyl-4-(1 H-pyrazol-1-yl)piperidine-1-carboxamide]-4-yl 6.45 6.50 6.91 3.24
14* [methyl 4-(1H-pyrazol-1-yl)piperidine-1-carboxylate]-4-yl 7.24 7.02 6.88 3.21
15 [1-(methylsulfonyl)-4-(1 H-pyrazol-1-yl)piperidine]-4-yl 6.43 6.42 6.15 248
16* [1-(4-(1H-pyrazol-1-yl)piperidin-1-yl)-2-hydroxyethan-1-one]-4-yl 7.59 7.54 7.47 3.81
F
NH, cl
NSO
‘ A Cl
Rq
Comps’  RI PICsoesy”  pICsocom”  PlCsotope’  RI
17 H 4.70 4.54 4.60 0.03
18 Br 4.74 4.69 4.73 0.17
19 CN 4.68 4.74 4.89 0.33
20 -NHCOPh 5.26 5.42 4.94 0.37
21* Phenyl 5.55 5.90 5.68 1.11
22 [(R)-phenyl(2-(pyrrolidin-1-ylmethyl)pyrrolidin-1-yl)methanone]-4-yl 7.52 7.68 6.93 2.36
23* [phenyl(4-(pyrrolidin-1-yl)piperidin-1-yl)methanone]-4-yl 7.00 7.02 6.24 1.67
24 [N-(2-(pyrrolidin-1-yl)ethyl)benzamide]-4-yl 6.68 6.70 6.27 1.70
25 [((3S,5R)-3,5-dimethylpiperazin-1-yl)(phenyl)methanone]-4-yl 6.96 6.85 6.28 1.71
26 [1H-pyrazole]-1-yl 5.05 5.54 4.82 0.25
27 [1-methyl-1H-imidazole]-4-yl 6.17 5.99 5.86 1.29
28* [thiazole]-2-yl 5.66 5.56 5.35 0.78
29 [isoxazole]-4-yl 6.25 5.69 6.18 1.61
30 [1H-pyrazole]-5-yl 6.01 5.68 5.89 1.32
31* [1H-pyrazole]-4-yl 6.64 5.39 6.11 1.54
32 [3,5-dimethyl-1H-pyrazole]-4-yl 6.19 6.33 6.19 1.62
33* [1-methyl-1H-pyrazole]-4-yl 6.89 6.51 6.51 1.95
34 [1-isobutyl-1H-pyrazole]-4-yl 7.00 6.97 6.89 2.33
35 [N-(2-(dimethylamino)ethyl)-2-methyl-2-(1 H-pyrazol-1-yl)propanamide]-4-yl 6.77 6.68 6.33 1.77
36 [NV-(2-(dimethylamino)ethyl)-2-(1 H-pyrazol-1-yl)acetamide]-4-yl 6.85 6.81 6.57 2.00
37 [4-((1H-pyrazol-1-yl)methyl)tetrahydro-2 H-pyran-4-ol]-4-y1 6.89 7.08 6.79 222
38 [1-(azetidin-3-ylmethyl)-1 H-pyrazole]-4-yl 6.70 7.01 6.93 2.36
39 [2-(3-((1H-pyrazol-1-yl)methyl)azetidin-1-yl)acetamide]-4-yl 7.15 7.09 7.04 247
40 [1-(azetidin-3-yl)-1H-pyrazole]-4-y1 7.00 7.16 6.73 2.16
41* [(S)-1-(pyrrolidin-3-yl)-1H-pyrazole]-4-yl 7.15 6.92 7.00 243
42% [3-(1H-pyrazol-1-yl)piperidine]-4-yl 7.40 721 7.08 2.51
43* [1-(tetrahydro-2 H-pyran-4-yl)-1 H-pyrazole]-4-yl 6.96 7.15 7.16 2.59
44¢ [4-(1H-pyrazol-1-yl)piperidine]-4-yl 7.30 7.23 7.13 2.56

ko

“The compounds with are included in the test set. *pICsoexp values are experimental inhibitory activities. pICsocom and pICsoropo Values are
inhibitory activities predicted by CoMFA and topomer CoMFA models, respectively. ‘R1 value means the level of contribution of R1 fragment of
compound to inhibitory activities.
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uM and the Michaelis constant for the substrate (Ky) of 56
uM" and then all ICs values were also converted into pICso
values using the formula pICsy = 6-log[ICso(uM)]. The 44
compounds having pICsy values between 4.68 and 8.52
against c-Met were divided into a training set (30 compounds)
and a test set (14 compounds) by the Diverse Molecules
protocol of Pipeline Pilot'” in Table 1.

Docking Analysis. All computational calculations for
molecular docking were performed using the Schrédinger
suite 2013.'® The X-ray crystal structure of c-Met (PDB ID
2WGIJ)" was revised by the Protein Preparation Wizard in
Maestro v9.4 and the low-energy 3D structures of 44
compounds were generated by the LigPrep v2.6. Further,
docking study was carried out with a grid box of 30 x 30 x
30 A® centered on the corresponding ligand and the
OPLS_2005 force field" using the Standard Precision (SP)
protocol in Glide v5.9.20-2

3D-QSAR Modeling. All calculations were performed
with SYBYL-X 2.0 package.”

CoMFA and Topomer CoMFA: Docking-based align-
ment was used to generate the CoOMFA model. For the topo-
mer CoMFA, each structure of data set was broken based on
the number of R-groups, 2; core, R1 (red) and R2 (blue)
parts as shown in Figure 4. Once fragmentation was com-
pleted, topomers were automatically standardized, normalized,
and generated.

All aligned compounds or topomers were placed in a 3D
cubic lattice with a grid spacing 2 A and steric (Lennard-
Jones potential) and electrostatic (Coulomb potential) fields
were measured for each compound or topomer at grid points
by a sp® hybrid carbon atom with +1 charge. Default 30 kcal/
mol was used as energy cutoff to minimize domination by
large steric and electrostatic field and to generate the CoMFA
columns. 3D-QSAR models were represented as contour
plots of variations in molecular fields (the standard deviation
of the steric or electrostatic field at each grid point)
multiplied by StDev*Coeff field.

In additional, the topomer CoMFA calculates the contri-
bution of each fragment (R,_contrib) toward the predicted
activity by the sum of the contribution of that R-group to
each of the four field types (positive steric, negative steric,
positive electrostatic, negative electrostatic).

R,,_contrib = (SE; x SCy) + (SE» x SCy) + -+ + (SE, x
SCy) + (EE; x ECy) + (EE; x ECy) + -+ + (EE, x ECy)

where SE is the steric interaction energy calculated at a
particular spatial location, SC is the coefficient of the steric
term, reflecting the relative contribution of a particular
spatial contribution, EE is the electrostatic interaction energy
calculated at a particular spatial location, EC is the coeffi-
cient of the electrostatic term, reflecting the relative contri-
bution of a particular spatial location, and 1, 2,---, n
represent a particular spatial location.

Partial Least-Squares Algorithm (PLS): The PLS is one
of several techniques producing an equation, or QSAR, in
which the target properties, pICsy values were used as
dependent variables and the CoMFA descriptors were used
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as independent variables. When multiple dependent vari-
ables are involved, a separate QSAR equation is made for
each target property but the coefficients are interrelated and
generally differ from those which would be obtained analy-
zing the target properties one by one. PLS is an extension of
the more familiar technique known as multiple regression
(MR). The PLS analysis was carried out using the leave-one-
out (LOO) cross-validation procedure to obtain the optimal
number of components to be used subsequently in the final
analysis. All cross-validated PLS analyses were performed
with a column filter value of 1.0 to accelerate the regression
analysis and reduce the noise. The cross-validated correl-
ation coefficient ¢* was calculated using formula:

q2 =1- (Yactual - Ypred)z/ (Yactual - Ymc:an)2

where Ypred, Yacwal, and Ymean are predicted, actual, and mean
values of the target property (pICso), respectively.

The predictive ability of 3D-QSAR models was estimated
for test set using the predictive 7 (% preq), which is defined as:

Pored = (SD — PRESS)/SD

where SD is the sum of squared deviations between bio-
logical activities of test set and the mean activity of training
set, and PRESS is the sum of squared deviations between
actual and predicted activities of test set.

Results and Discussions

Docking Analysis. The binding poses of pyridine-2-amines
formed two hydrogen bonds to protein backbones, Pro1158
and Metl160 of c-Met hinge region and only showed
variations in conformations of R1 parts corresponding to the
external region of c-Met active site (Figure 1). R1 parts were
surrounded by the side chains of Ile1084 and Tyr1159 and
the backbones of Lys1161, His1162, Gly1163, and Asp
1164, where there were no interactions except for the
hydrophobic interaction in our docking studies.

CoMFA. The CoMFA model obtained the PLS statistical
results, cross-validated correlation coefficient (¢°) of 0.703,
non cross-validated correlation coefficient (+*) of 0.947 with
the standard error of estimate (SEE) of 0.23, and F value of

Figure 1. Alignment of all compounds docked within c-Met bind-
ing site.
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Table 2. The PLS statistical restuls of COMFA and Topomer CoMFA
models

PLS statistics CoMFA Topomer CoMFA
7 0.703 0.803
P 0.947 0.940
NC* 4 4
F? 111.19 98.15
SEE® 0.23 0.24
Pred 0.746 0.608 (0.883)

“Cross-validated correlation coefficient. “Non cross-validated correlation
coefficient. “Optimal number of components. “F value. *Standard error of
estimate. "The result without compound 8 as an outliner.
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Figure 2. The correlations between their experimental and pre-
dicted activities of training (M) and test (A) sets based on (a)
CoMFA and (b) topomer CoOMFA models.

111.19 using 4 components for the training set in Table 2 and
predicted the test set with the predictive 7* (7 prea) of 0.746
between their experimental and predicted pICso values
(Figure 2(a)). The PLS coefficients derived from CoMFA
model were displayed as steric and electrostatic contours
around active compound 11 (ICso = 0.017 uM) (Figure 3).
Green and blue contours indicate regions where steric bulk
and electronegative groups enhance the biological activity,
respectively, whereas yellow and red contours indicate
regions where steric bulk and electronegative groups are
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Figure 3. The contour map of CoOMFA model for active compound
11 (ICsp, 0.017 uM) and key residues in c-Met active site. Green
and yellow contours highlight favored and disfavored steric bulk

groups, whereas red and blue contours highlight favored negative
and positive electrostatic interactions, respectively.

detrimental to the biological activity, respectively. There
were significant green contours close to piperidine ring of
compound 11, which was ascribed to the hydrophobic cleft
formed by the side chains of 1le1084 and Tyr1159 and the
backbones of Lys1161, His1162, Gly1163, and Asp 1164.

Topomer CoMFA. The topomer CoOMFA model obtained
the PLS statistical results, ¢° of 0.803, > of 0.940, SEE of
0.24, and F value of 98.15 using 4 component for the
training set in Table 2 and predicted the test set with e of
0.608 between their experimental and predicted pICso values
(Figure 2(b)). In this result, the predictive activity of
compound 8 was much lower than that of compound 9 with
similar chemical feature R1. If compound 8 were excluded
as an outliner, the predictive ability of model could increase
10 7%prea OF 0.883.

The R1 part occupying ribose pocket located in the ex-
ternal region of c-Met active site produced large green con-
tours around piperidine ring of compound 11 and compound
3 containing the small pyridine ring on the green contour
was not good as c-Met inhibitors (Figure 4).

Each contribution of R1 parts as ER chemical features to
the inhibitory activity was calculated in the topomer CoMFA
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Figure 4. The contour maps of Topomer CoMFA model for active
and inactive compounds. Green and yellow contours highlight
favored and disfavored steric bulk groups, whereas red and blue
contours highlight favored negative and positive electrostatic
interactions, respectively.

model (Table 1). For two core part, 3-(benzo[d]oxazol-2-
yl)pyridine-2-amine and 3-(1-(2,6-dichloro-3-fluorophenyl)-
ethoxy)pyridine-2-amine, the correlation coefficients, 7
between experimental pICsy and contribution of R1 part are
0.670 and 0.913, respectively as shown in Figure 5. As
mentioned above, if compound 8 were excluded as an
outliner, the * could increase to 0.883. The R1 part of active
compound 11 highly contributed to its inhibitory activity
with 3.81 value, while that of inactive compound 3 showed
the low contribution with 0.89 value. Consequentially, we
confirmed that ER chemical features of c-Met inhibitors are
closely related with the inhibitory potency to the target as
well as chemical features of known other regions, but there
is only the hydrophobic interaction.

Caballero et al. also analyzed ER chemical features of c-
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Figure 5. The correlations between their experimental pICso and
contribution of R1 part for two core parts: 3-(benzo[d]oxazol-2-
yl)pyridine-2-amine (M) and 3-(1-(2,6-dichloro-3-fluorophenyl)-
ethoxy)pyridin-2-amine ().
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Met inhibitors, which showed that occupancy of ribose
pocket has a negative effect on the inhibitory activity for 4-
(4-amino-2-fluorophenoxy)-2-pyridinyl amines (AFPP) and
3-fluoro-4-(1H-pyrrolo[2,3-b]pyridin-4-yloxy) anilines
(FPPA), but a positive effect on the inhibitory activity for 3-
fluoro-4-(pyrrolo[2,1-f][1,2,4]triazin-4-yloxy)anilines (FPTA).'*
These results for AFPP and FPPA are in contrast to our
results because substituents on the 4 position of AFPP and
FPPA are located in more closely p-loop or flexible regions
than those on the 5 position of pyridine-2-amine in our
compounds, so steric hindrances of former have a negative
effect on their inhibitory activities. However, the substituents
of FPTA face toward the hydrophobic cleft in the outside of
active site, in which steric bulk or hydrophobic groups show
a positive effect on the inhibitory activity such as our results.
They also have shown that substituents of hydrophobic
groups would be favorable for its activity at the external
region by using the comparative molecular similarity analysis
(CoMSIA) and multiple linear regression (MLR) with topo-
logical vectors. Although they suggested the H-bond inter-
action including Asp1164 as a dominant positive effect, in
our studies hydrophobic interactions were identified as a
main effect on the inhibitory activities of compounds.

Conclusion

In this study, the 3D-QSAR studies on ER chemical features
of pyridine-2-amines were conducted using docking, CoMFA,
and topomer CoMFA methods, of which the statistical
results were good in terms of ¢* and 7°, and showed high
predictive abilities for the test set. The results suggested that
the more ER chemical features of pyridine-2-amines are
hydrophobic groups, the more the inhibitory potency to the
target enhances, which can be interpreted by the hydro-
phobic cleft formed by the side chains of Ile1084 and
Tyr1159 and the backbones of Lys1161, His1162, Gly1163,
and Asp 1164. Further we have tried to seek 3-(benzo[d]oxa-
zol-2-yl)pyridine-2-amines with the structural modification
focused on chemical features in the central and allosteric
regions of c-Met active site.
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