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Pyrazine derivatives bind to b-RAF receptor which is important in cancer therapy. The ligand-receptor
interactions have been studied by comparative molecular field analysis (CoMFA) and molecular docking
methods. Applying conventional ligand-based alignment schemes for the whole set was not successful.
However, QM and DFT results suggested that some ligands have electrostatic interaction while others have
steric interactions. On the basis of these results, we divided the dataset into two subsets. Electrostatic effect was
found to be important in one set while steric effect for the other. Best docking modes were obtained for each
subset based on the available crystal structure. These receptor-guided CoOMFA models propose an interesting
possibility which is difficult to obtain otherwise. i.e., in one binding mode the electrostatic interaction plays a
key role for one subset (g7 = 0.46, r> = 0.98), while in another binding mode steric effect is important with

another subset (0% = 0.43, 12 =0.74).
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Introduction

b-RAF belongs to the RAF family of serine/threonine
kinases! It involves in signal transduction pathway that
implicates in oncogenesis, cell proliferation, survival,” and
angiogenesis in various cancer models. b-RAF is the com-
ponent of the RAF-MAPK kinase-ERK (RAF-MEK-ERK)
pathway that is activated through binding to RASinits GTP-
bound state. Once activated, RAF kinase can phosphorylate
MEK, which in turn phosphorylates and activates ERKs.?
Recently it has been shown that b-RAF is mutationally
activated in two-thirds of all human melanomas® as well as
in a smaller percentage of other human cancers.>® Interest-
ingly, nearly 90% of the oncogenic mutations found in b-
RAF are accounted for by a single amino acid change of
glutamate for valine at residue 599, which renders the kinase
congtitutively active by destabilizing the inactive confir-
mation.”® However there are some mutants which stimulate
ERK pathway by stabilizing the active conformation.®
Different inhibitors have been designed to block both confir-
mations of b-RAF effectively.'>'? There are also some other
classes of b-RAF inhibitors like benzylidine indolinones,
amides* and triaryl amidazoles which have been shown
their activities against the RAF kinases. Recently the 3D-
QSAR of urea derivatives was performed with their b-RAF
inhibitory activities.® The disubstituted pyrazines were also
identified as novel b-RAF inhibitors.® The interactions bet-
ween pyrazine derivatives and b-RAF receptor are not
clearly known without any co-crystal structure. In this study,
DFT cdculations and molecular docking experiments were
performed to identify the plausible binding modes. The
binding affinities were related to structural features by using
DFT based QSARY™ and 3D-QSAR.*81°

Material and Method

The basic structure of disubstituted pyrazine is shown in
Figure 1. A series of 40 compounds of very similar struc-
tures with observed binding affinities were taken from
literature.®

The structures of al substituents are presented in Table 1.
In the absence of X-ray structure to identify an active
template the most active molecule (ligand 24) was drawn by
sybyl 7.3 and the geometry was optimized with Tripos force
field,® Gasteiger-Hiickel charges with a distance-dependent
dielectric constant. The convergence criterion was 0.01 kcal/
mol. Two different methods were used to identify the global
energy minimum of the most active molecule within frame-
work of ligand based method and used as geometrica
scheme 1 and 2 while the receptor based method, the
molecular docking used in geometrical scheme-3.

CoMFA. Lennard-Jones and Coulomb potentials based
CoMFA andysis has been performed and the steric as well
as electrostatic energies were calculated by using sp® carbon
probe atom with Van der Waals radius of 1.52 A and a +1
charge. The energies were truncated to + 30 kcal mol™ and
the electrostatic contributions were ignored at lattice inter-
actions with maximum steric interactions. The CoMFA
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Figure 1. The common structure of b-RAF inhibitors.
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Table 1. The molecular structure and observed b-RAF inhibitory
activity
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No. R ICso (UM) plCso
1 1 35 -0.54
2 2 7.9 -0.90
3 3 100. -2.00
4 4 74. -1.87
5 5 4.8 -0.68
6 6 3.8 -0.58
7 7 26. -141
8 8 27 -0.43
9 9 13 -0.11

10 10 21 -1.32

11 11 8.8 -0.94

12 12 14. -1.15

13 13 84. -1.92

14 14 100. -2.00

15 15 0.79 0.10

16 16 8.8 -0.94

17 17 10. -1.00

18 18 10. -1.00

19 19 54 -0.73

20 20 45 -0.65

21 21 39. -1.59

22 22 37. -157

23 23 100. -2.00

24 24 0.74 0.13

25 25 0.95 0.02

26 26 20. -1.30

27 27 34. -1.53

28 28 38 -0.58

29 29 4.2 -0.62

30 30 14. -1.15

31 31 100. -2.00

32 32 18. -1.25

33 33 45. -1.65

34 % 100. -2.00

35 35 65. -181

36 36 58. -1.76

37 37 100. —-2.00

38 38 8. -0.90

39 39 33. -152

40 40 99. -1.99
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Table 2. The values of observed and predicted activities of subset
“A” by quantum chemical descriptors

No £HoMo LogP  pIC50 PA  Residua
1 —-5.496824 1.547 -055 -0.38 0.17
2 —-5.496824 2.305 -089 -107 -0.18
4 -5.360764 2.053 -186 -1.12 0.75
5 -5.524036 2.053 -0.68 -0.79 -0.11
6 -5.469612 1.262 -0.57 -0.18 0.39
7 -5.306340 2.000 -141 0.05 1.46
8 -5.578460 1.000 -0.43 0.80 123
9 -5.279128 1.800 -011 -105 -094

10 -5.143068 1.800 -1.32 -1.32 0.00

11 —-5.660096 2.823 -094 -122 -0.27

12 -5.469612 2.021 -115 -0.87 0.28

13 -5.632884 3.798 -1.92 =216 024

14 -5.687308 2.963 -200 -1.29 0.71

15 -5.578460 1.000 0.10 0.64 0.53

18 -5.279128 1.640 -1.00 -0.90 0.10

19 -5.360764 1.622 -0.73 -0.72 0.01

20 -5.415188 1.674 -065 -066 -0.01

21 —5.660096 3.528 -159 -186 -0.27

22 -5.578460 2.000 -1.56 1.00 2.56

23 —-5.714520 3.000 -2.00 0.53 253

Compounds 16 and 17 are not included in data set. e1omo = Eigen value
of HOMO, Log P = Octanol/water partition function, plC50 = observed
B RAF inhibitory activity, PA= predicted activity.

models were generated by standard method in SYBYL. The
Partid least square analysis (PLS) performed and leave-one-
out method was used to calculate ¢ vaues of each set.
Column filtering of 2.0 was applied to speed up the cacu-
lation and reduce the noise.

DFT study. The all molecules were fully optimized with
DFT method using b3lyp functional with 6-31g"" basis setin
gas phase. Self-consistent reaction field (SCRF) calculations
and population analysis were carried out by natural popu-
lation analysis (NPA) scheme by Gaussian-03 software. The
important molecular properties like energies of frontier
orbital, log P vaues, solvent assessable surface (SAYS),
molar refractivity (MR), and molecular weight (MW) etc
were calculated and correlated with binding affinities by
using multiple linear regression analysis (MLR).

Results

Comparative molecular field analysis (COMFA)? is a tool
to establish the QSAR. First of al, the most potent ligand 24
was drawn and minimized with Tripose forcefield. After the
random and systematic search based conformational analy-
sis, the globa energy minimum was used as template for
geometrical scheme-1 and -2 respectively.

Geometrical scheme-1. The random search based
minimum energy conformer of ligand 24 was taken and
modified for further ligands by fixing the common moiety.
All molecules were aligned using common sub structure of
these molecules. These structures were used for COMFA and
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three different models were devel oped using different sets of
parameters. The combined use of both steric and eectro-
static field yielded non cross validated correlation coeffi-
cient (r? = 0.97) and cross validated correlation coefficient
(° = 0.32, Table 6). Thus the overal results from
“Geometrical scheme-1" are not satisfactory owing to their
low internal predictive power.

Geometrical scheme-2. The systematic search based
minimum energy conformer of ligand 24 was taken and
modified for further ligands by fixing the common moiety.
All procedure was similar as in case of “geometrica
scheme-1". The combined use of steric and electrostatic
field gave reasonable correlation (r> = 0.99) but the internal
predictivity of this model (g7 = 0.25) was poor as shown in
Table 6. This low predictive power of the models derived
from both “ligand-based geometrical schemes’ might imply
heterogeneity of our dataset. To gain more insight regarding
binding mode and interactions of inhibitors we used DFT-
based QSAR.

DFT and quantum chemical analysis. In this study DFT
based descriptors like frontier orbital energies, global hard-
ness? softness,? electronegativity,” chemical potential,
electrophilicity index,?* total energy, frontier orbital den-
sities, molar refractivity, solvent assessable surface area and
molecular weight were calculated. Multiple linear regression
analyses were used to develop the QSAR mode but initialy
no signifant results were found. After careful considerations,
the whole dataset was divided into two subsets mostly based
on the structural difference. The subset A and B with their
structural similarities are reported in Table 2 and 3. The
MLR analysis gave a significant model PAa for subset “A”
having vaue of r>=0.68 and r’y = 0.60. The regression

Table 3. The values of observed and predicted activities of subset
“B” by Steric descriptors

No MW SAS MR I PICso PA Resi.
24 360.371 166.18 9847 O 013 -021 -034
25 374229 16762 9797 1 002 -0.07 -0.09
26 367468 16372 10334 1 -130 -137 -0.07
27 376414 17424 10567 0 -153 -120 033
28 362387 169.13 10033 0 -058 -0.63 -0.05
29 323354 15815 8987 1 -062 -076 -0.14
30 322369 15915 9212 1  -114 -133 -018
31 319365 15579 9218 1 -200 -134 066
32 318377 15708 9471 O -125 -132 -0.07

332404 16270 9947 0 -165 -180 -0.15
34 346431 17132 10407 O -200 -239 -0.39

348404 17027 10065 O -181 -153 028
36 378430 18192 10711 O -176 -177 -0.01
37 408456 190.25 11410 O -200 -195 0.05
38 336368 16045 9493 0 -090 -053 037
39 308339 15039 8729 1 -151 -068 -0.87
40* 370813 17099 9973 0 -199 -013 -1.86
3 333392 16216 9129 O -200 -003 -197

adata point not used in final model, MW = molecular weight, SAS =
solvent assessable surface area, MR = molar refractivity, | = indicator
parameter, PIC50 = observed B RAF inhibitory activity
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equation (1) has been developed for this model and the
predicted activities are reported in Table 2.

PA, =—2.00801 x HOMO — 0.911734 x Log P— 10.008
ey = 0.60 1% = 0.68 )

This model is based on HOMO energy and log P which
indicates the dominance of lipophilic and electrostatic
interactions.

Similarly MLR analysis gave a significant model PAg for
set B with a values of correlation coefficient r? = 0.84 and
cross validation coefficient r’, = 0.55. The regression
equation (2) has been developed and the predicted activities
arereported in Table 3.

PAg = 0.0554224 x M.W — 0.0486759 x SAS - 0.206747
x MR - 0.662021 x | + 8.26097
r’CV = 0.55r>=0.84 %))

This model is based on molecular weight (MW), solvent
accessible surface area (SAS) and molar refractivity (MR)
which shows the dominance of steric bulk interactions for
subset B. An indicator parameter | was used for and all
molecules having hexagonal ring at R with | = 1 while rest
of the molecules were dlotted, | = 0. The DFT based study
reveals the complexity of interactions between ligand series
and target protein. Thissignificant findings lead to develop a
receptor-based QSAR.

Geometrical scheme-3. Recently a crystal structure of
very similar ligand was reported and can be obtained from
protein data bank (PDB 1UWH). The molecular docking
employed for receptor based QSAR. The PDB file 1TUWH
taken and molecular docking of most active ligand (Com-

Table 4. The values of observed and predicted activities of subset
A by dectrostatic field effect based CoMFA model

No. pIC50 PA Resi.
1 -054 -0.49 0.05
2 -0.80 -0.99 -0.19
4 -1.87 -153 0.34
5 -0.68 -0.64 0.05
6 -057 -058 -0.01
7 -141 -1.24 0.17
8 -043 -043 0.00
9 -011 -0.24 -013

10 ~1.32 -1.41 -0.09

1 -0.94 -0.82 0.12

12 ~1.14 -1.16 -0.02

13 ~1.92 -1.78 0.14

14 -2.00 -2.09 -0.09

15 0.10 0.10 -0.01

16° -0.94 2.00 2.94

17 ~1.00 2.30 3.30

18 -1.00 -0.75 0.25

19 -0.73 -0.74 -0.02

20 -0.65 -0.62 0.03

21 ~1.59 -1.68 -0.09

2 ~1.56 ~1.56 0.00

23 ~2.00 -1.96 0.04

adata not used in the training set
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Table 5. The values of observed and predicted activities of subset
“B” by steric field effect based CoMFA model

No. PIC50 PA Resi.

3 -2.00 -157 -0.43
24 0.13 0.03 0.10
25 0.02 -0.11 0.13
26 -1.30 -117 -0.13
27 -153 -135 -0.19
28 -0.58 -115 0.57
29 -0.62 -0.99 0.37
30 -114 -1.09 -0.05
31 -2.00 -1.37 -0.63
32 -125 -133 0.08
332 -1.63 -0.47 -1.16
34 -2.00 -197 -0.03
35 -181 -1.99 0.18
36 -1.76 -2.15 0.39
37 -2.00 -2.13 0.13
38 -0.90 -1.38 0.48
39 -151 -1.04 -0.47
40 -1.99 -1.48 -0.52

ddata point not used in equation

pound-30) were performed to obtain the plausible binding
pose.

Molecular docking. The most active molecule (com-
pound 24) was docked into receptor site by using FlexX.
The crysta structure (1uwh) was used. The ligand with all
water molecules was deleted and Gastelger-Huickd charges
were assigned. The ligand based active site was defined
within the area of 6.5 A and compound 24 was docked into
the b-RAF active site using FlexX with default setting and
100 possible conformers were generated. The best fitted two
binding modes “A” and “B” were identified as shown in
Figure 2 and 3. The criterion of best fitted modes was based
on hydrogen bonding, comparison with the ligand aready in
binding pocket, of b-RAF, best C Score and low RMSD
among the 100 confirmations.

The best fitted two conformers A (mode-89) and B (mode-
4) of ligand 24 were taken as template as shown in Figure 4
and 5. They have similar structure but the direction of furan
moiety is different. It was found that subset A prefers

Table 6. Theregression summary of different COMFA models
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Figure 3. The Docked mode “B” of ligand 24.

binding mode A while subset B likes binding mode B. This
result might come from the structural difference of both sets,
i.e, most of the molecules from subset B are longer than
those from subset A.

Subset A. The Mode “A” of ligand 24 was used as
template and modified for further ligands of subset “A” by
fixing common moiety. All structures were aligned, using
common substructure of the molecules, as shown in Figure 6
and this alignment was used for CoMFA.

CoMFA of Subset A: Three different CoOMFA models
were developed by steric and electrostatic descriptors. The
model based on eectrostatic field parameter showed a
strong correlation and moderate predictivity (g7 = 0.46, r2 =

Geometry N Field o n r? SEE F rbs SD
SS 40 E 0.09 - - - - - -
40 S 0.13 - - - - - -
40 SE 0.25 8 0.99 0.073 309 - -
RS 40 S 0.11 - - 0.072 - -
40 E 0.26 5 0.91 0.204 148.9 - -
40 SE 0.32 7 0.97 0.12 - - -
DG/Mode-A 21 E 0.46 8 0.98 0.117 72.59 0.99 0.002
DG/Mode-B 18 S 0.43 2 0.74 0.384 20.04 0.80 0.058

SS = systematic search, RS = random search, DG = dock geometry, N = number of compounds, n = no of componentsin PLS, SEE = standard error of
estimation, g2 = cross validated correlation coefficient, r2 = correlation coefficient, r2bs = correlation coefficient boot strapping, E = eectrostatic, S = steric
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Figure 6. superposition of al molecules of subset A bound to b-Raf.

0.98). This finding supports the DFT result and shows the
dominance of electrogtatic interaction among the ligand of
subset “A”. COMFA contour map of subset “A” is shown in
Figure7.

A red contour appear around carbonyl group of benzo-
furan moiety indicates that an electronegative group is
desirable over this place. In case of docked mode-A this
position corresponds to residue THR 528 of receptor protein
and carbonyl oxygen holds a key hydrogen bond with
hydroxyl group of THR528. Asclear from Figure 7, ahighly
negative group will facilitate the bonding which might be
helpful to improve the activity. A blue contour at benzene
ring adjacent to the furan as well as around NH group
indicates that an electropositive group is desirable for this
region. This region of inhibitor corresponds to empty space
of the binding pocket.

Subset B. Mode “B” of ligand 24 used as template and
modified for further ligands of subset “B” by fixing common
moiety. Similarly al structures were aligned on template as
shown in Figure 8 and used for COMFA.

Three different CoMFA models were developed by steric
and electrostatic field but the steric field effect based model

Bull. Korean Chem. Soc. 2008, Vol. 29, No. 8 1503

Figure 7. The CoOMFA map of subset “A” with electrogtatic field
effect.

Figure 8. superposition of al molecules of subset B bound to b-Raf.

showed significant relation (g7 = 0.43, r? = 0.74). This find-
ing aso supports the DFT result and reveals the dominance
of stericinteraction among the ligand of subset “B”. COMFA
contour map of subset “B” is shown in Figure 9. A green
contour near to oxygen and carbonyl group of furan ring
indicates that a bulky group is desirable around this region.
This region corresponds to SER535 of receptor protein and
holds a hydrogen bond. The indication is reasonable and a

Figure 9. The CoMFA map of subset B by steric field effect.
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bulky group will give strength to ligand receptor binding.
Another green contour also appears around benzene ring
adjacent to furan where bulky group at benzene ring will
facilitates binding with ILE462 and might be helpful to
improve the activity. The yellow isopleth suggests lighter
group will be responsible for higher activity of this
compound.

Discussion

The disubstituted pyrazine derivatives have recently
shown vital for b-RAF inhibitory activity but the co-crysta
structure of any such ligand is not reported. In the absence of
X-ray gtructure an attempt were made to understand the
interaction of ligands with b-RAF receptor. Theligand based
techniques such as systematic search and random search
were used to develop the CoMFA models. All the models
derived from the ligand based alignment are not statistically
significant enough. The inhibitory activity of a series was
correlated by steric and electrogtatic field effect in different
combination. In order to have a more insight we used the
density functional theory based QSAR. After careful mining
of data, the whole set was divided into two subsets (A and
B). Different descriptors were applied to correlate with
activity and the results indicate the existence of hetero-
geneity of our dataset. The electrostatic interaction is
dominant in subset A and steric bulk interaction is dominant
in subset B. Only with the receptor guided alignment, we
could obtain significant COMFA models. Further in 3D-
QSAR the molecular docking studies were performed and
two plausible binding modes were identified. On the basis of
DFT and molecular docking results, two different CoOMFA
models were developed. These models can relate the
inhibitory activities to binding modes.

Conclusion

The study reveals that a flexible ligand can have several
plausible binding modes at the same receptor protein. The
different binding modes may hold different kind of inter-
action which depends on physicochemical properties of
ligands and particular binding pocket. In case of b-RAF
inhibitors, two different binding modes A and B were identi-
fied with eectrogtatic and steric interactions respectively.
The compounds of subset A favored binding mode “A”
and a red contour appear around carbonyl group of
benzofuran moiety indicates that an electronegative group is
helpful to improve the activity while A blue contour at
benzene ring adjacent to furan implies that a electropositive
group is desirable. In case of subset “B” green contour near
to oxygen and carbonyl group of furan ring indicate that
around this region a bulky group is desirable to improve the
activity.
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