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Abstract Structure-based 3D-QSAR approaches
(CoMFA and CoMSIA) were applied to understand the
structural requirements of the Cyclin-dependent kinase
5/p25 inhibitors. Cyclin-dependent kinase 5 (CDKY) is
believed to play an important role in the development of
the central nervous system during the process of
mammalian embryogenesis. Genetic algorithm based
docking program (GOLD) was successfully utilized to
orient the compounds inside the binding pocket of the
CDK5/p25 structure. The adapted alignment method
with the suitable parameters resulted in a reliable model.
Furthermore, the final model was robust enough to
forecast the activities of test compounds, satisfactorily.
The contour maps were produced around the functional
groups to understand the SAR requirements. Moreover,
we also investigate the structural attributes of the
inhibitors which make them selective toward CDKS5/
p25 over its close counterpart, i.e., CDK2. The study
could be helpful to rationalize the new compounds with
better inhibition and selectivity profiles against CDKS5/
p25.
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Introduction

Cyclin-dependent kinase 5 (CDKS5) plays an essential role
in the development of the central nervous system during
mammalian embryogenesis. In the adult, CDKS5 is required
for the maintenance of neuronal architecture. Its deregula-
tion has profound cytotoxic effects and has been implicated
in the development of neurodegenerative diseases such as
Alzheimer’s disease and amyotrophic lateral sclerosis [1].
Cyclin-dependent kinase 5 (CDKY5) is a member of a
family of proline-directed serine/threonine kinases [1, 2]. It
regulates a variety of processes in developing and adult
neurons [3, 4]. CDKS5 plays a central role in neuronal
migration during the development of the central nervous
system [4]. Additionally, p25 and p29 are equivalent
proteolytic segments containing the C-terminal portion of
p35 and p39, respectively. Excessive up regulation of
CDKS5 by the truncated activators contributes to neuro-
degeneration by altering the phosphorylation state of
cytosolic and cytoskeletal proteins, and increased CDKS
activity has been implicated in Alzheimer’s disease (AD),
amyotrophic lateral sclerosis (ALS), Parkinson’s disease,
Niemann-Pick type C disease, and ischemia [5-9].
Postmortem brain analysis of AD patients reveals exten-
sive formation of neurofibrillary tau protein tangles and
amyloid plaques. The serine/threonine kinase CDKS5 along
with its cofactor p251 (or the longer cofactor, p35) has been
supposed to hyperphosphorylate tau [10, 11], leading to the
formation of paired helical filaments and deposition of
cytotoxic neurofibrillary tangles [12] and thus responsible to
neurodegenerative disorders such as Alzheimer’s disease,
Parkinson’s disease, stroke, or Huntington’s disease [13].
CDKS5 also phosphorylates dopamine and Cyclic AMP-
regulated phosphoprotein (DARPP-32) at threonine 75,
indicating its role in dopaminergic neurotransmission [14].
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Inhibition of the anomalous CDKS5/p25 complex is, there-
fore, a viable target for treating Alzheimer’s disease by
preventing tau hyperphosphorylation and neurofibrillary
tangle formation. Literature survey revealed 2-aminothienyl
derivatives [3] as the potential inhibitors of CDKS5/p25 for
the treatment of Alzheimer’s disease and other neurodegen-
erative disorders [15-21].

A number of CDK5/p25 inhibitors have been reported in
the last couple of years [2, 22, 23]. Shiradkar et al. [11]
reported a series of compounds exhibiting the potential to
inhibit the CDK5/p25 complex. The aim of the study reported
herein is to understand the SAR requirements in the inhibition
mechanism of CDKS5/p25 by a series of inhibitors reported by
Shiradkar et al. [11]. In addition to that the current study is an
attempt to understand the selectivity issue of the CDK5/p25
inhibitors with its close homologue of CDK2.

Over the last two decades, 3D-QSAR modeling including
comparative molecular field analysis (CoMFA) and compar-
ative molecular similarity indices analysis (CoMSIA) are
emerged as reliable methods in order to understand the
structural requirements of the ligands with respect to their
receptors [24-27]. In the present study molecular docking
method is utilized to orient the compounds in the binding site
of CDKS5/p25 and the top ranked conformations were
subsequently used in the CoMFA model building.

Materials and methods
Molecular modeling

All molecular modeling methods were performed using Sybyl
7.3 on Genuine Intel ® Xeon ® 2.33 GHz Quadcore processor
running under open SuSe Linux 11.0 environment.

Dataset

The compounds dataset and their inhibition profiles against
the cyclin-dependent kinase 5/p25 (CDK5/p25) were
collected from the literature reported by Shiradkar et al.
[11]. Scheme la and b contains the structures and Table 1
includes the structures with their experimental inhibition
constants (ICsg) in uM. Training and test set compounds
were distributed randomly including 41 compounds in the
training while the rest of the seven compounds were
included in the test set. The ICs values of the compounds
were converted into their corresponding pICsgs in order to
utilize them in CoMFA PLS modeling.

Molecular docking and structural alignment

The 3D structures of all compounds were built and minimized
using Sybyl 7.3 [28]. The geometries of all molecules were
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optimized by conjugate gradient’s method using Tripos force
field [29] with 1000 iterations. The AMIBCC charges [30]
were calculated using the molcharge utility of the OpenEyes
QuacPac [31]. Docking calculations were performed using
GOLD program [32] with gold fitness score as the preferred
scoring function. Default genetic operators of the GOLD
docking program were used. Initially, the top ranked
conformation of each compound was retrieved and subse-
quently utilized in CoMFA modeling. Then after, top ranked
conformation of the most active compound was used as a
template molecule in the database alignment method of Sybyl.

Setting up CoMFA and CoMSIA

The steric and electrostatic fields in CoMFA were calculated
using an sp° carbon atom with +1.0 charge as the probe atom.
Both electrostatic and steric field energies were truncated
to £30 kcal mol™'. The COMFA fields generated automatically
and scaled by the CoMFA-STD method. In order to
investigate the effect of grid spacing, initially the CoMFA
models were developed at varying grid spacing values (i.e.,
0.5, 1.0 and 2.0: data not shown), and the best ¢* value was
obtained when the grid spacing was set to the default 2.0 A.

Another 3D-QSAR procedure, COMSIA can avoid some
inherent deficiencies arising from the functional forms of
Lennard-Jones and Coulomb potentials used in CoMFA. In
CoMSIA, a distance dependent Gaussian-type functional
form has been introduced. This can avoid singularities at
the atomic positions and the dramatic changes of potential
energy due to grids in the proximity of the surface.

Similar to the usual COMFA approach, a data table has
been constructed from similarity indices [33] calculated via
a common probe atom that is placed at the intersections of a
regularly spaced lattice. A grid spacing of 2.0 A has been
used. Similarity indices Ar g between the compounds of
interest and a probe atom, systematically placed at the
intersections of the lattice, have been calculated according
to the following equation (e.g., at grid point ¢ for molecule
j of the data set):

4 —ar 2
AquK(]) = - E l-wprobe,ka)ike iq

Where i = summation index over all atoms of the
molecule j under investigation; w;; = actual value of the
physicochemical property k of atom i; w,,pex = probe atom
with charge +1, o = attenuation factor; and r;;=mutual
distance between probe atom at grid point ¢ and atom i of
the test molecule. In the present study five physicochemical
properties k (steric, electrostatic, hydrophobic and hydrogen
bond donor and acceptor) were evaluated, using a common
probe atom with 1 A radius and charge, hydrophobicity and
hydrogen-bond property of +1. Steric property fields were
expressed by the third power of the atomic radii. The
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Scheme 1 a Structures of the
compounds from 1a—1b to
9a-9 h. b Structures of the
compounds from 10a—10b to
18a—18 h
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Table 1 Inhibitory activities (CDKS5/p25) of the compounds. Their predicted pICsgs and residuals were also reported by both CoMFA and
CoMSIA models. (Parent skeletons could be found in Schemes la and b)

Experimental CDKS5/
p25 pICso (nM)

CoMFA predicted
CDK5/p25 pICso (nM)

CoMSIA predicted
CDK5/p25 pICso (nM)

Compounds R R’ Residual Residual
la NHCOCH; — 7.24 7.12 0.12 7.22 0.02
1b NHCOCH,Cl — 7.34 6.82 0.52 7.07 0.27
2a NHCOCH; — 6.20 6.07 0.13 6.28 -0.08
2b! NHCOCH,Cl — 6.09 6.14 -0.05 6.28 -0.19
3a NHCOCH; — 6.19 6.15 0.04 6.27 -0.08
3b NHCOCH,Cl — 6.34 6.41 -0.07 6.22 0.12
4a’ NHCOCH; — 7.36 7.03 0.33 7.31 0.05
4b NHCOCH,Cl — 7.14 7.19 -0.05 7.36 -0.22
Sa NHCOCH; — 7.47 7.44 0.03 7.48 -0.01
5b NHCOCH,Cl — 7.19 7.47 -0.28 7.26 -0.07
6a NHCOCH; — 5.49 6.17 -0.68 5.57 -0.08
6b ' NHCOCH,Cl — 5.13 6.41 -1.28 5.76 -0.63
Ta NHCOCH; — 7.38 7.42 -0.04 7.22 0.16
7b NHCOCH,Cl — 7.52 7.53 -0.01 7.33 0.19
8a' NHCOCH; — 7.19 6.50 0.69 6.65 0.54
8b NHCOCH,Cl — 7.28 7.02 0.26 7.17 0.11
9a NHCOCH; H 5.63 5.56 0.07 5.58 0.05
9b NHCOCH,Cl H 5.47 5.39 0.08 5.62 -0.15
9c NHCOCH; 2-Cl 5.48 5.53 -0.05 5.61 -0.13
9d NHCOCH,Cl  2-Cl 5.48 5.56 -0.08 5.56 -0.08
9e NHCOCH; 4-Cl 5.47 5.65 -0.18 5.45 0.02
9f NHCOCH,Cl  4-Cl 5.53 5.69 -0.16 5.46 0.07
9g NHCOCH; 3-NO, 5.52 5.34 0.18 5.41 0.11
[/ NHCOCH,Cl 3-NO, 5.51 5.45 0.06 5.49 0.02
10a NHCOCH; — 7.27 7.20 0.07 7.46 -0.19
10b NHCOCH,Cl — 7.38 7.30 0.08 7.29 0.09
1la NHCOCH; — 6.38 5.88 0.51 6.24 0.14
11b NHCOCH,Cl — 6.20 5.94 0.26 6.20 0.00
12a NHCOCH; — 6.35 6.43 -0.08 6.39 -0.04
12b NHCOCH,Cl — 6.43 6.47 -0.04 6.50 -0.07
13a NHCOCH; — 7.40 7.25 0.16 7.34 0.06
13b NHCOCH,Cl — 7.21 7.46 -0.25 7.37 -0.16
14a NHCOCH; — 7.27 7.21 0.06 7.09 0.18
14b NHCOCH,Cl — 7.52 7.49 0.03 7.63 -0.11
15a NHCOCH; — 5.69 5.77 -0.08 5.39 0.30
15b NHCOCH,Cl — 5.23 5.73 -0.50 5.39 -0.16
16a’ NHCOCH; — 7.42 7.09 0.33 7.21 0.21
16b NHCOCH,Cl — 7.55 7.47 0.08 7.36 0.19
17a NHCOCH; — 7.22 7.26 -0.04 7.25 -0.03
17b NHCOCH,Cl — 7.32 7.45 -0.13 7.47 -0.15
18a NHCOCH; H 5.84 5.84 0.00 6.12 -0.28
18b NHCOCH,Cl H 5.6 5.21 0.39 5.59 0.01
18¢c NHCOCH; 2-Cl 5.61 5.72 -0.11 5.67 -0.06
18d NHCOCH,Cl  2-Cl 5.61 5.57 0.04 5.38 0.23
18e NHCOCH; 4-Cl 5.61 5.73 -0.12 5.56 0.05
18f NHCOCH,Cl  4-Cl 5.61 5.66 -0.05 5.76 -0.15
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Table 1 (continued)

Experimental CDK5/  CoMFA predicted CoMSIA predicted

p25 pICso (nM) CDKS5/p25 pICsg (nM) CDKS5/p25 pICso (nM)
Compounds R R’ Residual Residual
18g " NHCOCH; 3-NO, 5.61 5.66 -0.05 5.63 -0.02
18h NHCOCH,Cl  3-NO, 5.57 5.66 -0.09 5.63 -0.06

Inhibition profile of the compound 16b with the CDK5/p25 = ICsy = 2841 nM and against the CDK2 = IC5y=92+12 nM[11]

t = Test set compounds

CoMSIA results are interpreted graphically by field
contribution maps using the field type “stdev*coeff”.

Partial least squares (PLS)

The PLS method was used to set up a correlation between the
molecular fields and the physicochemical property (dependent
variable) of tested compounds. The optimal number of
components was determined using cross-validation (leave-
one-out) method. To speed up the analysis and reduce noise,
columns with a value below 2.0 kcal mol™" were filtered off.
The cross-validated ¢ that resulted in optimum number of
components and lowest standard error of prediction were
taken. Then, final analysis was performed to calculate the
conventional ° and standard error using the optimum
number of components.

CoMFA/CoMSIA contour maps

Both CoMFA and CoMSIA contour maps were generated as a
scalar product of coefficients and standard deviation (StDev*-
Coeff) associated with each column. Favored and disfavored
levels, fixed at 80% and 20%, respectively. The steric fields
are shown in green (more bulk favored) and yellow (less bulk
favored), while the electrostatic field contours are displayed in
red (electronegative substituents favored) and blue (electro-
positive substituents favored) colors.

In the CoMSIA (StDev*Coeff) hydrophobic contour plots,
the favorable areas are indicated by yellow color, whereas the
disfavored areas are shown by white color. Additionally, the
contour plots of the CoMSIA H-bond donor and acceptor
fields are presented. The favorable H-bond donor is shown in
cyan while the less favorable donor areas are shown by purple
contour. The favorable H-bond acceptor is shown in magenta,
and the unfavorable H-bond acceptor is shown in red.

Results and discussion

CDK5/p25 and CDK2 comparison

The pdb structures of CDK5/p25 and CDK2 with the PDB
IDs of 1TUNG and 2WIH respectively, were downloaded.

Both of the proteins were found as the dimer. In order to
make a comparison, both structures were compared using
the Matchmaker utility implemented in the program,
Chimera [34]. The matched chains of both proteins were
subsequently utilized. A sequence comparison between
both proteins is given in Fig. 1. This sequence alignment
revealed that both of the proteins are similar except for a
little different active site residues. Difference in the residues
at the active site could be the basis of selectivity toward
CDKS5/p25 of the studied compounds.

Molecular docking and structural alignment

In order to check the GOLD docking efficiency in
reproducing the X-ray structure, the co-crystallized ligands
of both the pdb files (IUNG; ALH and 2WIH; P48) were
extracted and redocked using GOLD with default settings.
The rmsds between the top ranked pose and the crystal
structure were found consistent (1IUNG; 1.35 A and 2WIH;
1.47 A), pointing out that the default GOLD settings are
appropriate in order to carry out the inhibitors docking. In
order to use the set GOLD docking parameters for the rest
of the ligands docking simulations, a few of the CDKS5
structures (PDB IDs: 1JSV, 1UNH and 1UNL) were
retrieved from PDB. The re-docking experiments were
performed with the co-crystallized ligands of these three
CDKS structures. A comparison between the docked and
crystal ligand conformations of 1JSV, 1TUNH and 1UNL
resulted in the rmsds values of 1.50, 0.70 and 1.23 A ,
respectively. The redocking experiments with these struc-
tures were also found satisfactory and in this way it allowed
us to use the GOLD set parameters for docking simulations
of ligands under study. In addition to self-docking, cross-
docking simulations were also performed. The cross-
docking simulations were conducted with the four CDKS5
structures, i.e., IUNG, 1JSV, 1UNH and 1UNL. The results
of cross-docking were presented in Table 2. As expected
the effectiveness of the applied docking protocol is
decreased due to the slightly different conformations of
the proteins in different crystallographic structures.

Figure 2 depicts ligand interactions of one of the most
active compound (16b) when docked with both of the
receptors (i.e., CDKS5/p25 and CDK2). Despite close
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Fig. 1 Pair wise sequence
alignment of 1TUNG and 2WIH
showing conserved residues in
red while the non conserved
residues are indicated as black.
Consensus sequence is also
shown at the bottom of aligned
sequences. The above sequence
is the CDK5/p25 and the bottom
one is CDK2. The analysis is
done using Chimera while
image is generated by the
program clcsequenceviewer [39]

20 40

1 1
--- -MOKNEKEERN- - - - NGTUERARNRETHENVAEKRVREDDDOEGHPSSARRENCER

PEMDMENEQKNERNGEGTHGMUNRARNKETGENVAERKNREOTETEGNPSTANRENSER
PLVDMXXXXKXEKIGEGTYGXVXKAXNXXTXEXVALKXXRLDXXXEGVPSXAXRE IXLL

g

80 100

| | I
KEERHENIVAEHDVEH SORKRET EVEEECOODERRNEDSCN- GEEBPENUR SEEEQEERG

KEENHPNEMKEEDNEHTENKENEVEEREAODERKEMDASARTGHPEPENKSHEECQREQG
KELXHXN I VXLXDVXHXXXKLXLVFEFXXQDLKKXXDXXXLXXXXXXXXKSXLFQLLXG

120 140 160

) 1 1
EGECHSANNEHRDERPONEENNENGEEREANEGEARARGHPUACHSAENNTEWRRPPON
EAECHSHRNEHRDERPONEENNTEGANREADRGEARARGHPURTHTHENNTEWRRAPEN
LXFCHSXXVLHRDLKPQNLL INXXGXXKLAXFGLARAFGXPVRXYXXEVVTLWYRXPXX

180 200 220

[ | [
EEGARENSTSHOMWSAGCHEAEEANAGRPEEPGNDNDDCERRIEREEGT PTEEQWP SMT

EEGCENNSTANBEWSEGCHEAEMETR- RAEEPGOSENOQEERNERTEGT POENNWPGHT
LXGXKXYSTXXDXWSXGC I FAEXXXXGRXLFPGXXXXDQLXRIFRXLGTPXEXXWPXXT

240 260 280

L] 1 1
KEPDNEP- HPMEPATT SENNNMPEENATGROEEQGNEERCNPRORISAEEAEQHPHESDE

SMPONEPSEPEW- ARGDESKNUPPEDEDGRSEESCMEHNDPNERNSARAARAHPEEQDY
XXPDYKPSXPXXPAXXXXXXVVPXLXXXGRXLLXXXLXXXPXXR1SAXXALXHPXFXDX

CPP------ 288

51
59

—

09
118

-

68
77

—

227
235

285
293

similarities between the two receptors, Fig. 2a and b
describe that the orientations of the compound’s conforma-
tions in both of the receptors are totally independent.
Particular emphasis should be on the role of the water
molecule in the receptor IUNG (Fig. 2a) which is mediating
a strong hydrogen bond interaction with one of the pyrazole
nitrogen atom. The interaction is observed when the com-
pound is docked within the CDKS5 receptor; therefore, this
interaction is important in order to improve the selectivity
profile of this class of compounds toward the CDKS.

To perform the structural alignments of the ligands, the
top ranked docked solutions of each ligand was considered
initially. The CoMFA requires a predefined hypothesis of
the binding conformations of the compounds. Over the past
two decades, molecular docking is established as a method
of choice in recognizing the most probable bioactive
conformation of the compounds with their corresponding
receptors [35-38]. That’s the reason we chose the docking
method as alignment tool for the current study. This study
hopes to shed some light on the efficiency of the docking

method to be utilized as alignment tool for 3D-QSARs.
Each ligand in the dataset was docked with both of the
receptor structures using GOLD docking program. The
subsequent top ranked conformations by GoldFitness
scores were utilized in CoMFA modeling. The chosen top
ranked docking solutions of each compound were well
occupied in the binding sites and expected to be the best
choice for CoMFA modeling. The selected top ranked
conformation of each compound resulted in an acceptable
model (modest ¢* value) but in terms of the external
predictability, the model was not satisfactorily stable and
failed to forecast the activities of test compounds accurately
(data not shown). The inherent deficiency of the docking
and then scoring is quite clear here and might be the main
reason of poor performance of this model. It is well
understood that the scoring functions are not able to rank
the similar compound’s docked conformations consistently.
That’s why, usually the superimpositions of the similar
compounds, using the scoring as a primary criterion, are not
guaranteed. Subsequently, the top ranked conformation of

Table 2 The rmsds (in A) calculated during self-docking and cross-docking simulations

Proteins —»
1JSV 1UNH 1UNL

6.74 7.28 1.85

1UNG
IUNG | 1.35

Ligands 1SV | 2.02
IUNH | 6.76
IUNL | 7.87

@ Springer

1.50 3.04 2.60
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Fig. 2 The 2D depiction of the docked conformations of most active compound 16b within the binding sites of the receptors a) CDK5 (PDB:
1UNG) b) CDK2 (PDB: 2WIH). 2D depiction is rendered from MOE ligand interaction [40]

one of the most active compound (16b) was utilized as a
template molecule in order to produce the appropriate
aligned conformations of the rest of the ligands. This
alignment method was found to produce improved results
over the first method. The final aligned conformations of all
the ligands are represented in Fig. 3. Scheme 2 is presented
to describe overall scheme of the conformational sampling
and CoMFA modeling.

CoMFA model

Forty-one of a total of forty-eight compounds were
randomly selected as training set to develop the CoMFA
model. The remaining seven compounds were used as test
set for external validation of the CoMFA model. PLS
analysis resulted in satisfactory ¢* and > values, exhibiting
the robustness of the selected model. Table 3 contains
summary of the final PLS analysis. In the CoMFA model
with the receptor CDK5/p25 (PDB ID: 1UNG), the leave-
one-out cross-validated value ¢> was 0.737. On the other
hand, the non-cross validated value 7> was also satisfactory,
i.e., 0.930. The steric fields in both the cases were
contributed more than the electrostatic fields. The applica-
bility of CoOMFA model was validated by predictions of the

activities of the test compounds and found well correlated
with predictive r-squared of 0.78. The predicted and
experimental activities of training and test compounds with
residuals by 1UNG model are reported in Table 1. The

Fig. 3 Structural alignment of the compounds by database alignment
method using top most docked conformation of compound 16b as
template. The aligned ligands are surrounded by the binding site of the
receptor CDK5/p25 (PDB: 1UNG) and is rendered in surface.
Hydrogen atoms are omitted for clarity purposes
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Scheme 2 Overall scheme of
the conformational sampling
and CoMFA modeling

(Al of the top ranked docked conformations of | [

[ Construction of 3D ligand structures

l

[ Most suitable minimized conformation generated by OMEGA2.0 from

OpenEyes was selected

[

ﬂ
g

I

All ligands were docked into the binding site of
the CDES/p25 receptor using GOLD

The active compound (16h) was docked in
the binding site of CDK5/p25 using GOLD

ﬂ

1

each ligand were retrieved from the GOLD
output

Top ranked conformation was used as a
template to superimpose rest of the ligands

J

J

i The top ranked docked conformations of each
ligand were incorporated in CoMFA modeling

The aligned conformations were then
incorporated in CoMFA modeling

.

l

Resulted in acceptable ¢, but the
predictive-r" was poor.
Hence, not proceeded further

Resulted in the robust model with internal
(acceptahle qz) and external predictions
{acceptable pmd.il:tiv&r))

|

Final selected model was used for further

analysis
Table 3 Results of the COMFA and CoMSIA analyses for the training and test set compounds
CoMFA CoMSIA
1UNG
S,E,H,D,A ™" S,E® S,E,H® S,E,H,A™ S,E,H, D™
7 0.737 0.779 0.683 0.723 0.718 0.780
SEP * 0.455 0.424 0.508 0.467 0.479 0.422
No. of 5 6 6 5 6 6
components ©
e 0.930 0.972 0914 0.918 0.927 0.972
SEE ¢ 0.235 0.152 0.264 0.255 0.243 0.150
Field 0.770, 0.230 0.190, 0.104, 0.392, 0.613, 0.387 0.289, 0.178, 0.262, 0.162, 0.220, 0.135,
contributions 0.212, 0.101 0.533 0.490, 0.086 0.406, 0.239
F-value” 93.287 193.916 60.238 78.185 72.223 198.591
Predictive - 0.78 0.95 0.81 0.78 0.81 0.93
squared ¢

2 Cross-validated correlation coefficient. ° Standard error of predictions. ¢ Optimum number of components obtained from cross-validated PLS analysis and
same used in final non-cross-validated analysis. ¢ Noncross-validated correlation coefficient. ©Standard error of estimate. {F-test value. € Correlation
coefficient for test set predictions. ™ CoMFA and CoMSIA with different field contributions such as steric (S), electrostatic (E), hydrophobic (H), donor

(D), and acceptor (A) fields
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Fig. 4 Plots of predicted and actual activities of compounds by the
models of a) CoMFA b) CoMSIA

correlation can be found in Fig. 4a. The collective
information from Table 3 and Fig. 4a suggesting that a
reliable CoMFA model is constructed. In order to further
ascertain the statistical significance of the final selected
model, an 18-fold cross-validation is performed. A
comparison between the ¢° and predictive- with this
cross-validation is presented as Fig. 5. The comparison
revealed that the average ¢* and the predictive-* values are
significantly better and hence further confirms the robust-
ness of the final selected CoMFA model.

CoMFA contour analysis

Figure 6 depicts the steric and electrostatic contour maps of
CoMFA (StDev*Coeff) model. Template compound 16b is
presented as a reference compound in the Fig. 6. The
favorable steric areas are indicated by green color, whereas
the disfavored steric areas are shown by yellow color. The
red contour represents that the electrostatically negative
substituents can enhance the biological activity while the

18-fold cross validation
; —4—predictive r-square  =li=g-square

0.54
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Fig 5 The comparison between the ¢* and the predictive-+* values
over 18-fold cross validation

blue color represents that the increasing positive charge can
enhance the biological activity at this region.

In Fig. 6 the green contour at near the phenyl ring of the
compound 16b is indicating that the sterically bulky group
at the phenyl ring can increase the activity of the compounds.

Fig. 6 Electrostatic and steric contour maps of CoMFA model. The
docked conformation of compound 16b (capped sticks in magenta) with
the receptor CDK5/p25 (PDB: 1UNG) was shown inside the fields as
reference molecule. The favorable steric areas with more bulk are
indicated by green contours, whereas the disfavorable steric areas are
shown by yellow contours. The favorable electrostatic areas with
positive charges are indicated by blue contour, whereas the favorable
electrostatic areas with negative charges are shown by red contour maps
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This observation is consistent in the sense that the compounds
8a, 8b, 17a and 17b with the Nitro group (compared with
the otherwise small H substituents at the same place) as the
meta substituents are among the most active compounds in
the series. Another green contour near the phenyl ring
substituted on the thiophene ring is depicting the favorable
interactions with the steric bulk. Hence the compounds
bearing phenyl group substituted at the thiophene ring (i.e.,
16a, 16b, 17a, 17b, 14a and 14b) are relatively more active
than their methyl substituted (i.e., 7a, 7b, 8a, 8b, 5a and Sb)
counterparts. Furthermore, the compounds pairs 4a, 4b and
13a, 13b bearing phenyl rings as sterically bulky substituents
are among the active compounds. All these compounds have
phenyl ring as the sterically bulky substituents in the same
green contour region.

In Fig. 6 the yellow contour on the back side of the
green contour is indicating that the compounds bearing big
substituents near yellow contour are interacting badly and
are detrimental to the steric complementarity and hence to
the bioactivity. While examining the compounds 9a to 9 h
and 18a to 18 h, it was observed that all these compounds
are amongst the lowest active compounds in the series.
When these compounds were placed in the contour maps,
the substituents on the aromatic ring, attached with the
thiadiazine ring, are approaching the yellow contours and
hence they all are lowest active compounds.

In Table 3 the fraction of the steric and electrostatic field
indicates the large contribution of steric fields and hence
dominate the correlation with the biological activity. A large
red colored contour beyond the yellow sterically disfavored
region is indicating the non-co linearity of the electrostatically
negative substituents with the receptor at this region. On the
other hand, the blue colored contour map is indicating the
favorable possibility to increase the electrostatically positive
groups in order to enhance the biological activities. Unfor-
tunately there are not many compounds present in the
database which could come into contact with the electrostatic
contour regions and that’s why, the information about the
requirements of electrostatic complementarity are quite
limited. In order to investigate the electrostatic complemen-
tarity, another 3D-QSAR method named CoMSIA is per-
formed. The details are in the following section.

CoMSIA model

PLS analysis with the CoMSIA descriptors resulted in
satisfactory ¢ and #* values, exhibiting the robustness of
the selected model. Table 3 contains summary of the final
PLS analysis of COMSIA model. In the CoMSIA model, the
leave-one-out cross-validated value ¢* with combined steric
(S), electrostatic (E), hydrophobic (H), hydrogen bond donor
(D) and acceptor (A) fields was 0.779. On the other hand, the
non-cross validated value /> with all five descriptors

@ Springer

(SEHDA) was also satisfactory, i.e., 0.972. The CoMSIA
model was validated by predictions of the external test set
compounds and a high predictive r-squared of 0.95 was
found with all five CoMSIA descriptors. The predicted and
experimental activities of training and test compounds with
residuals by CoMSIA (SEHDA) model are reported in
Table 1. The correlation can be found in Fig. 4b.

CoMSIA contour analysis

Figure 7 demonstrates the steric and electrostatic contour
maps from CoMSIA model. The compound 16b was
presented as a reference compound. Comparing Fig. 6 with
Fig. 7, the first observation depicts that over all CoMFA and
CoMSIA models are showing the similar electrostatic and
steric contour maps. One major breakthrough, however, in
the case of CoMSIA is that the large electrostatic and steric
contours from CoMFA models (Fig. 6) are now relatively
small and mostly overlapped with the steric contours.
Therefore, the interpretation of CoMSIA steric and electro-
static contour analysis go in a similar way and hence,
represent the need of a sterically bulkly group on the phenyl
ring attached to the thiadiazine ring. For example the
compounds having large substituents in the shape of two
phenyl rings attached to thiadiazine ring (e.g., 4b) or large
bulky group in the form of naphthalene ring are very active
in the compound series. An overlapped blue contour is also
present at the same position where this sterically favored
green contour is present. Despite the presence of the
electrostatically positive contour at this region the steric
field is playing a major role in order to enhance the

Fig. 7 Electrostatic and steric contour maps of CoMSIA model. The
docked conformation of compound 16b (capped sticks in magenta) with
the receptor CDK5 (PDB: 1UNG), was shown inside the fields as
reference molecule. The favorable steric areas with more bulk are
indicated by green contours, whereas the disfavorable steric areas are
shown by yellow contours. The favorable electrostatic areas with
positive charges are indicated by blue contour, whereas the favorable
electrostatic areas with negative charges are shown by red contour maps
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biological activities. Alike of CoMFA, a similar steric
disfavored region in the form of yellow contour is present
which is supposed to interact badly with the large sub-
stituents present in the compounds from 9a to 9 h and 18a to
18 h. These compounds are the lowest actives in all series. In
Table 3 the contribution of steric and electrostatic fields
suggest that this is the steric complementarity which is
playing a dominating role in describing the biological
activity patterns within this compounds series. Another
stericly favorable area is present at the phenyl ring which
is attached to the thiophene ring and it behaves as a positive
additive in terms of attaining the fair biological activity. For
example small compound 10a is not even able to accom-
modate the complete binding cavity of the enzyme but still is
showing an observable amount of inhibition due to favorable
interaction with its sterically bulky group near this region.
A very interesting observation is observed when we overlaid
the CoMSIA hydrophobic contour maps with the most active
compound 16b. Figure 8 represents the CoMSIA hydropho-
bic fields with yellow contours as favorable hydrophobic area
while white contour is disfavored hydrophobic area around
the ligand. There is a large favorable hydrophobic region
encompassing the whole of the substituents attached to the
thiadiazine ring. A little distant from the large favorable area,
there is a small unfavorable hydrophobic region represented
by white contour present. A consistent trend is observed,
when a compound bearing enough substituent limiting at the
point of white contour is found poorly active (e.g., 3a, 3b,
12a and 12b) while the substituents which are larger enough
to cross this disfavored region and touching the favorable

Fig. 8 Hydrophobic contour map from CoMSIA. The docked
conformation of compound 16b (capped sticks in magenta) with the
receptor CDK5 (PDB: 1UNG), was shown inside the fields as
reference molecule. The favorable hydrophobic areas are indicated
by yellow contour, whereas the less favorable hydrophobic areas are
shown by white contour maps

region area are found most active in the series (e.g., 4a, 4b,
5a, 5b and so on). This observation is also consistent with the
receptor binding site because of the fact that the residues of
the receptor which are surrounding the substituents at
thiadiazine ring are all non-polar or lipophilic in nature and
hence creating a hydrophobic environment. The docking
diagram in Fig. 2a is depicting this situation very clearly.
Figure 9 represents the compound 16b surrounded by the
CoMFA steric and electrostatic contour maps while the
interacting residues from the receptor are depicted in green.
The interacting residues are clearly correlated with the
docking identified interactions and the contour analysis.

The studied compounds are really not making significant
hydrogen bonding interactions and hence the hydrogen bond
descriptors are considered to be describing the minor SAR
variations within the studied compounds. The statistics of
CoMSIA models in Table 3 also suggest that the combination
of steric (S), electrostatic (E) and hydrophobic (H) descrip-
tors is in reality effecting significantly on the value of ¢* and
hydrogen bond descriptors play no significant role. There-
fore, the discussions of the contour maps generated with the
CoMSIA hydrogen bond descriptors are omitted for current
study.

Selectivity profile

The compounds studied here are active not only against
CDKS5/p25 but CDK2 as well (See the reference [11]). In
order to understand the structural requirements which can
make the derivatives more selective toward one on the

Fig. 9 The CoMFA contour map with the interacting residues from
the receptor CDK5/p25. The docked conformation of compound 16b
(capped sticks in white) with the receptor CDK5/p25 (PDB: 1UNG)
was shown inside the fields as reference molecule
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other, we performed docking experiment of compound 16b
with the crystal structure of CDK2 (PDB ID: 2WIH) and
overlaid the top docked conformation within the contour
maps from both CoMFA and CoMSIA. As already clear
that the steric requirements are playing the major role in the
SAR of the compounds and CoMSIA steric contour maps
are clear in explaining the structure requirements, that’s
why the CoMSIA steric contour maps were utilized in order
to explain the selectivity requirements of the compounds.
Figure 10 shows the top ranked conformation of com-
pound 16b from both of the docking experiments, i.e.,
docked with receptor CDK2 (PDB ID: 2WIH) in white and
with 1UNG in magenta; overlaid on the CoMSIA steric
contour maps. Compound 16b, which is three fold selective
toward the CDK5/p25 (IUNG) protein (the activity of the
compound 16b against CDK2 given in the footnote of
Table 1), is surrounded by CoMSIA steric and electrostatic
contours. The analysis of Fig. 10 suggested that the
conformation of compound 16b from CDK2 docking (in
white, Fig. 10) is interacting badly with the steric require-
ments at the yellow contour. Similarly, the same conformation
is not satisfying the steric complementarity within the green
contours. The other conformation in Fig. 10 which resulted
when compound 16b is docked with the CDKS5/p25 (in
magenta, Fig. 10), is favorably interacting with each steric
contour map. This explains what is required to enhance the
selectivity profile in order to optimize the existing com-
pounds toward CDK5/p25 inhibitions. Although these two
proteins are very similar but the contour analyses, depicted
here, are giving insights in the details of the mechanism of
how the same compounds are interacting with these two
receptors. One can infer while comparing Fig. 10 and the
docked 2D diagrams (Schemela and b) that the steric contour

Fig. 10 The docked conformations of compound 16b with the
receptor CDK2 (capped sticks in white, PDB: 2WIH), and with the
receptor CDK5/p25 (capped sticks in magenta, PDB: 1UNG) were
shown inside the steric contour maps of the CoMSIA model

@ Springer

maps are well correlated with the binding sites since there are
not many spaces available in the case of CDK5/p25 receptor
at the phenyl ring substituted to the thiadiazole ring.
Therefore, the compounds bearing the large substituents at
this phenyl rings are relatively poor actives amongst all.

Conclusions

In order to develop a stable QSAR model to understand the
structural requirements of the inhibitors with respect to their
bioactivity profile enhancements against Cyclin-dependent
kinase 5/p25 (CDK5/p25), molecular docking and 3D-QSAR
modeling were carried out. Reliable 3D-QSAR models were
developed with two methods (i.e., COMFA and CoMSIA).
The obtained models were found satisfactory in terms of
excellent internal (¢>>0.7) and external predictivity (predic-
tive r-square>0.7). The top ranked docking conformation of
the most active compound is utilized as a template in the
step of conformational samplings. The docking analysis
revealed the important interactions between the receptor
active site residues and the compound’s functional groups.
Furthermore, the CoMFA and CoMSIA contour maps were
produced and explained as per the biological enhancements.
The contour maps were also correlated with the binding site
environment and resulted in the observation that steric
requirements are playing a major role in order to optimize
the biological activities of the compounds. The CoMFA and
CoMSIA contour analysis after correlating with the docked
orientation of the compound 16b suggested that there is still
some space available with the case of receptor CDK2 but
not in the case of CDK5/p25. This observation resulted in
drawing the conclusion that the inhibition selectivity of the
ligands could be achieved with the fine tuning of the steric
complementarity of the region near the phenyl ring attached
with the thiadiazine ring. Therefore, in general the sterically
bulky substituents at this position are in favor of the CDK2
while the less sterically bulky group would be selective
toward the CDK5/p25.

Additionally, the results reported here, demonstrated that
the combined docking and 3D-QSAR approach is the best
option in order to understand the binding orientation and
then the functional requirements of the compounds in a
hope to enhance the biological activities.
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