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Abstract: Quantitative structure—activity relationship (QSAR) and pharmacophore models have
been developed in the present study to predict mode of binding of highly active aminopyridazine
derivatives of y-aminobutyric acid (GABA) acting as selective GABA-A receptor antagonists
against induced coma. Descriptor-based QSAR model has been validated internally and by
calculating applicability domain. Pharmacophore model predicted the important structural
features including hydrophobicity and aromaticity at sixth position and aliphatic hydrophobic
substituents must be substituted at fourth position of the aminopyridazine nucleus. Thus, the
net aromaticity of the ligand may be enhanced by creating electron-rich environment nearer
to the 3-amino cationic center of the aminopyridazine ring that are very much crucial for the
inhibition of [*H] GABA-A receptor binding. The aromatic ligand may interact with the aromatic
amino acid residues of pentameric structure of target. Finally, structure-based molecular docking
study was performed for better interpretation of the mode of binding of the aminopyridazine
compounds toward GABA-A target. Theoretical modeling utilizing molecular descriptor-based
QSAR, pharmacophore generation, and molecular docking analysis of selective GABA-A
receptor antagonists has not yet been reported. Therefore, this study has significant impact for
designing of the highly active compounds in this series that are useful for the treatment of coma
induced by drugs or chemicals.

Keywords: GABA-A receptor antagonists, QSAR, pharmacophore, molecular docking,
induced coma

Introduction

In an attempt to wake comatose patients induced by intoxication of different chemicals,
including barbiturates, benzodiazepines, alcohols, and inhalational anesthetics, and
caused by different pathophysiological conditions, such as metabolic abnormalities,
central nervous system diseases, and acute neurologic injuries, scientists are concen-
trating in designing and developing the more potent drugs. For the comatose patients,
negative potential (CI7) ions are more inside the neuronal cell membrane. These
chloride ions can enter via opening of the ionotropic y-aminobutyric acid (GABA)-A
receptor. GABA is the major inhibitory neurotransmitter in brain. It is responsible for
the overall balance between neuronal excitation and inhibition that is vital for normal
brain function. Too much inhibition, or too little excitation, can lead to coma, depres-
sion, low blood pressure, sedation, or sleep. Too much excitation, or too little inhibi-
tion, can result in a range of conditions including convulsions, anxiety, high blood
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pressure, restlessness, and insomnia." GABA can produce
its actions by occupying membrane-bound GABA receptors
binding sites in the extracellular part of the receptor. There
are two classes of GABA receptors including GABA-A and
GABA-B. GABA-A receptors, also known as ionotropic
receptors, are ligand-gated ion channels, whereas GABA-B
receptors are G protein-coupled receptors that are also known
as metabotropic receptors.>

Comatose patients can be treated by reversing the cause
of coma (ie, glucose shock if low sugar), giving medication
to stop brain swelling, inducing hypothermia. Inducing
hypothermia on comatose patients provides one of the main
treatments for patients who suffered from cardiac arrest.
The comatose patients induced by overdose of the drugs
or chemicals that may cause direct activation of Cl™ ion
channels can be recognized by the fast response of neurons
to GABA-A receptor that is blocked by GABA-A receptor
antagonists including bicuculline and picrotoxin. Bicuculline
acts as a competitive antagonist to the GABA-A receptor.
Noncompetitive antagonist picrotoxinin can bind to another
site but effectively block the channel gating.>® Very few
specific GABA-A receptor blockers have been developed
yet.® But there is hardly any quantitative structure—activity
relationship (QSAR) and molecular modeling study of selec-
tive GABA-A receptor antagonists done.

Therefore, the design and development of GABA-A
receptor antagonists are crucial for the treatment of coma-
tose patients. A number of experiments have been carried
out for this purpose. But experimental approach needs a
lot of time, money, labor, and animal sacrifices. One of
the most sophisticated techniques is pharmacoinformatics-
based QSAR and drug design for predicting and modeling
of the potent GABA-A receptor antagonists via chloride ion
channel-blocking action.’

QSAR-based property predictions, pharmacophore
modeling, and structure-based molecular docking are used
for analyzing mode of binding of the highly active lead
compounds. The success of any lead discovery depends on
the accuracy of the input data, prediction of appropriate prop-
erty using statistical tools, and most importantly validation
of the developed model. Validation is the process by which
the reliability and relevance of a procedure are established
for a specific purpose; for pharmacophore models, validation
must be mainly for robustness and prediction performances
of the models. Prediction of novel property parameters for
judging drug likeness of the compound is very important. In
the present work, QSAR and pharmacophore modeling of a
series of arylaminopyridazine derivative of GABA acting as a

selective and competitive GABA-A receptor antagonist have
been performed considering the structure of these chemi-
cal compounds. Then pharmacophore models have been
validated utilizing molecular docking of the highly active
compounds that interacted with the active binding sites of
human GABA-A receptor target. These observations may
help for the designing of potent and selective congeneric
GABA-A receptor antagonists against induced coma.

Materials and methods
Biological activity data

of aminopyridazine compounds

Biological activity is measured in terms of bioassays to calcu-
late the inhibitory concentration against specific microorgan-
ism or binding affinity toward the receptor target proteins.
Drug discovery often involves the use of QSAR to identify
chemical structures that could have good inhibitory effects on
specific targets and have low toxicity (nonspecific activity). In
the present study, a series of 33 aminopyridazine derivatives
of GABA acting as selective GABA-A antagonists have been
considered from the published literature.® These compounds
were synthesized by substituting different aromatic groups at
sixth position of pyridazine nucleus. Six-membered carbon
skeleton aromatic rings (such as phenyl) with substituents
introduced at 2, 3, or 4 position of the aromatic ring are more
active than five-membered heteroaromatic ring system (such
as thienyl). The substituents introduced at 2, 3, or 4 position
of the aromatic ring are Cl, F, NO,, OH, OCH,, and CH,. Cl,
F,NO,, and CH, are electron withdrawing in nature, whereas
OH and OCH, are electron donating in nature.

These compounds have specific binding affinity toward
GABA-A receptor antagonism. The biological activity of the
above 33 compounds are expressed in terms of the concentra-
tion of the inhibitors where the response binding affinity (K))
for the inhibition of [*’H] GABA-A receptor binding (uM) is
reduced by half. These K, values were converted into pK, which
is defined as negative log of K. All the structures along with
compound’s biological activity values are given at Table 1.

Computational section

Optimization of chemical structures

Structure optimization is performed to obtain the most
energetically stable geometry of chemical structures. The
structures of 33 aminopyridazine derivatives of GABA were
drawn using 2D Chemdraw. The drawn structures were then
converted into three-dimensional (3D) modules, and the 3D
geometries of all compounds were fully optimized using
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Table | Biological activity data

R

W ©
Compound Substituents K (uM) PK;
number R R, R, R,
| (CH,),COH CH, H CH, 23 -0.361
% (CH,),CONH, CH, H CH, 9l ~1.959
(CH,),c=N CH, H CH, 20 -1.301
CH, COH CH, H CH, 62 -1.792
(CH,),COH CH, H CH, 7 ~0.845
6 (CH,),COH CH, H CH, 10 ~1.000
7 (CH,),COH CH, H CH, 127 -1.103
8 (CH,),CH(CH,)CO H CH, H CH, 7 ~0.845
9 CH(CH,)(CH,),CO,H CH, H CH, 9 —0.954
10 (CH,),COH H H CH, 1.22 -0.086
I® (CH,),COH CH, H CH, 100 —2.000
12 (CH,),CO,H H CH, CH, 10.4 -1.017
130 (CH,),COH H C.H, H 100 ~2.000
14 (CH,),COH H C.H, H 106 ~1.025
I50 (CH,),COH CH, H H 319 ~1.503
16 (CH,),CO,H H H (CH,),CHCH, 223 —1.348
17 (CH,),COH H H C-CH,, 3.74 -0.572
I3 (CH,),COH H H cl 912 ~1.959
192 (CH,),CO,H H H a-THIENYL 0.58 0.236
20 (CH,),CO,H H H B-THIENYL 2.37 —0.374
21 (CH,),CO,H CH, H a-NAPHTHYL 2.64 —0.421
2 (CH,),CO,H H H 2-CI-CH, 1.37 -0.136
23 (CH,),COH CH, H 2-CI-CH, 2.14 -0.330
24 (CH,),COH CH, H 3-CI-CH, 0.45 0.346
25 (CH,),COH H H 4-CI-CH, 0.28 0.552
26° (CH,),COH H H 2,4,CL.CH, 0.56 0.251
27 (CH,),COH H H 4-F-CH, 127 -0.103
28 (CH,),COH H H 4-NO,CH, 1.37 -0.136
29 (CH,),CO,H CH, H 4-NO,CH, 2238 -1.357
30 (CH,),COH H H 4-CH,0-CH, 0.15 0.823
310 (CH,),COH CH, H 4-CH,0-CH, 031 0.508
32 (CH,),COH CH, H 4-OH-CH, 0.43 0.366
33 (CH,),COH CH, H 4-CH,-CH, 0.55 0.259

Note: “Test set; boutlier.

MM2 force field using a value of 0.01 as dielectric constant
considering Chem3D Ultra.’

These energetically minimized stable conformations
were then taken into consideration for the computation
of theoretical structural descriptors for further QSAR
modeling.

Calculation of structural descriptors

The fully optimized structures of all aminopyridazine com-
pounds were incorporated into molecular descriptor calcula-
tion module of PreADMET software,'° which is a web-free

leading provider of tools in the area of structure prediction,
structural proteomics, bioinformatics, chemoinformatics,
and rational drug design. Theoretical molecular descriptors
are the mathematical quantification of molecules that play a
fundamental role in chemistry, pharmaceutical drug design,
environmental protection, and computational and structural
biology.'""* A total of 201 molecular descriptors, including
constitutional, geometrical, and physicochemical, are calcu-
lated solely from the structure of the molecules. Prior to the
model development, these were reduced to 71. The reduction
in the descriptors was due to keeping a constant value for,
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or nearly, all of the compounds and for those that perfectly
correlated (7=1.0) with other descriptors. These descriptors
are well-known properties for understanding the spatial
orientation of molecules, pharmacokinetic profiles, and their
interactions with the biological substrates and drug-like
molecules at the atomic level.!* Table 2 contains calculated
descriptors data that are used for the QSAR modeling utiliz-
ing regression analysis.

Statistical analysis

To make a correlation between response and predictor
variables, regression analysis is carried out. In the present
study, compound’s binding affinity toward [*H] GABA-A
receptor is taken as the response variable, whereas structural
descriptors solely calculated from the chemical structure of
33 aminopyridazine derivatives of GABA were considered as
predictor invariants. As the number of calculated descriptors
is not so larger than the number of compounds, multiple linear
regression is suitable in this study for QSAR modeling."
MINITAB software'® has been used to develop QSAR
equation taking forward selection as variable selection tools
considering F-value =4.0. This QSAR model can explain the
influences of descriptors toward ligand’s GABA-A receptor
binding affinity.

Pharmacophore modeling

To focus on the mode of binding of these congeneric
ligands toward antagonism of GABA-A receptor by block-
ing chloride ion channels, pharmacophore for the highly
active molecules has been generated. The pharmacophore
model can depict the assessment of 3D features encoding
bioactivity of a series of active molecules having common
binding mode to the biological target.'”!* Therefore, 3D
pharmacophore is based upon the assumption that all the

Table 2 Molecular descriptors used in this study

structurally diverse molecules can bind in a common binding
mode to the biological target. These 3D properties include
six pharmacophoric features such as hydrogen bond donor,
hydrogen bond acceptor, hydrophobicity of the moiety,
aromatic rings, positive ionization properties (cation), and
negative ionization properties (anion).?%

Pharmacophore modeling attempt for the amin-
opyridazine compounds was carried out using the software
Portable InteLigand Scout (Version 2.02). Ligand Scout is a
software tool that allows the rapid and transparently deriving
3D chemical feature-based pharmacophores from structural
data of macromolecule ligand complexes in a fully automated
and convenient way.?*

Molecular docking

Very recently, X-ray crystal structure of human GABA-A
receptor has been solved (Protein Data Bank [PDB] code
4COF).” Therefore, these compounds were further sub-
jected to molecular docking study to explore the interac-
tions between aminopyridazine ligand and human GABA-A
target. Molecular docking helps to study the ligand—receptor
interaction for identifying the active binding sites of target
protein. It helps to obtain the most energetically stable
geometry of ligand—receptor complex, so that the energy of
interactions between ligand and receptor would be minimal.
The minimum energy of interaction can be represented by
different scoring functions such as dock score, piecewise
linear potential score, potential of mean force score, and steric
and electrostatic score. This score is used to predict the bind-
ing affinity of a ligand toward receptor. This utility allows
screening a set of compounds for lead optimization.?* %
In the present article, molecular docking calculations
were carried out by using ArgusLab 4.0.1 dock engine,**3!
which is a freeware. It uses Ascore as scoring function.®

Descriptor classes Descriptor names

Constitutional
descriptors

Number of rotatable bonds, fraction of rotatable bonds, number of rigid bonds, number of rings, number of single
bonds, number of double bonds, number of H-bond acceptors, number of H-bond donors, number of amino groups

tertiary, number of amide groups, number of ester groups, number of halogen atoms, molecular mass, number of total

atoms, and ratio of donors to acceptor
Geometrical
descriptors

2D-VSA hydrophobic_unsat, 2D-VSA other, 2D-VSA polar, fraction of 2D-VSA polar, 2D-VSA Hbond, 2D-VSA
Hbond donor, 2D-VSA Hbond all, fraction of 2D-VSA Hbond, topological PSA, 2D-VDW surface, 2D-VDW volume,

2D-VSA hydrophobic, fraction of 2D-VSA hydrophobic, 2D-VSA hydrophobic_sat, and number of stereo centers

Physicochemical
descriptors

Polarizability_Miller, SKlogP value, water solubility, vapor pressure, buffer solubility, SK_MP, AMR value (calculated
molecular refractivity index), Polarizability_ MPEOE, SKlogS value, SKlogPvp, SKlogS_buffer, SK_BP, solvation-free

energy, AlogP98 value, AlogP98 002C, AlogP98 006C, AlogP98 008C, AlogP98 016C, AlogP98 017C, AlogP98 019C,
AlogP98 041C, AlogP98 047H, AlogP98 067N, AlogP98 073N, AlogP98 075N, AlogP98 094Br, AlogP98 084F, AlogP98
089Cl, AlogP98 094Br, AlogP98 001C, AlogP98 003C, AlogP98 005C, AlogP98 046H, AlogP98 050H, AlogP98 052H,
AlogP98 0560, AlogP98 0580, AlogP98 0590, AlogP98 0600, AlogP98 068N, and AlogP98 072N
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Ascore represents a probability-based score that considers
different parameters such as hydrogen bond donors, hydro-
gen bond acceptors, nt-stacking, and nonpolar hydrophobic
interactions. ArgusLab docking tool is designed to enable
flexible docking of ligands to perform a full conforma-
tional and positional search within a rigid binding site. This
structure-based methods support QSAR and pharmacophore
modeling for predictions of promising structural require-
ments necessary for the design of inhibitors.

The crystal structure of human GABA-A receptor
used in the present exercise (PDB code: 4COF) was freely
accessed and downloaded from the Brookhaven Protein
Databank (http://www.rcsb.org). Water molecules and all
HET bound molecules except BEN A 500 (benzamidine)
were removed from the PDB file of the target protein. This

cocrystallized HET benzamidine molecule was considered
as a reference to make the binding site for the ligand X-ray
group. The generated binding cavity consists of all active
residues having at least one atom within 3.5 A from any
atom in the cocrystallized ligand X-ray group. The opti-
mized highly active molecule number 30 was docked into
active binding cavity of GABA-A target considering grid
resolution (angle) of 0.4 degrees as default value. Argus-
Lab allows free rotation of the ligand inside the cavity so
as to generate a number of 150 poses. The best complex
pose with minimal interaction energy of —9.71 kcal/mol
has been taken into consideration for better explanation of
mode of interaction between the ligand and active amino
acid residues of the receptor protein.

Results and discussion
QSAR modeling

QSAR model for the whole data set of 33 aminopyridazine
derivatives of GABA has been developed using a combina-
tion of constitutional, geometrical, and physicochemical
descriptors calculated solely from the structure of these
chemical compounds.

The QSAR model in terms of multiple linear regression
is given as

pK; =-2.80+(0.371) no of H-bond acceptors
—(0.021) no of H-bond donors +(0.528) AlogP98
+ (0.150) SKlogS —(0.0045) topological PSA
— (0.00798) molecular volume
+ (0.00996) molecular weight
— (0.544) no of stereo centers

(1

At N=33, R>=0.344, PRESS =25.6141, and S=0.778,
where N is the number of observations, R is the square root of
multiple R? for regression, PRESS is predictive sum of squared
deviation, and S is the standard error of estimation.

The descriptor-based QSAR model can explain only
34.4% of the variances of GABA-A receptor antagonism
for the studied compounds. The result is not so satisfactory.
Therefore, the data set has been studied for further statistical
validation by calculating normal probability distribution of
the residuals (Figure 1) and residual versus fitted plot of the
response data (Figure 2), respectively.

Normal probability plot of the residuals
(response is pK)

40+

Percent
an
2

Figure | Normal probability distribution of the residuals.
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Residuals versus the fitted values
(response is pK)

1.0

0.5+

0.0

-0.5

Residual

-1.0

-1.54

-2.0

-2.0 -1.5

-1.0

Fitted value

Figure 2 Residual versus fitted plot of the response data.

Normal probability distribution of the residuals graph has
shown that compound 11 is bit a far from the regression line.
The statistical analyses predicted that the compound 11 is out
of fit in the applicability domain (—1.0 to 1.0) of the response
data. The applicability domain of a QSAR is the physicochemi-
cal, structural, or biological space, knowledge, or information
on which the model has been developed and for which it is
applicable to make predictions for new compounds. The
applicability domain of a QSAR should be described in terms
of the most relevant parameters, that is, usually those that are
descriptors of the model. This result gives some input for fur-
ther in-depth structural study about compound number 11.

In a next attempt, compound number 11 has been deleted
from the data set and again QSAR was modeled which
follows as

pK, =—3.15+(0.350) no of H-bond acceptors
—(0.170) no of H-bond donors + (0.855) AlogP98
+ (0.198) SKlogS +(0.0057) topological PSA
—(0.0071) molecular volume
+ (0.0089) molecular weight

— (0.682) no of stereo centers
)

AtN=32, R’>=0.50, PRESS =21.955, and $=0.683. Values
of structural invariants modeled in the QSARs are given in
Table 3.

From the QSAR Equation 2, it is clear that R? value
is dramatically increased to 0.50 if compound number 11
is not taken into consideration. Descriptors with positive
coefficients, such as number of H-bond acceptors, molecu-
lar AlogP98, SKlogS, topological polar surface area (PSA),
and molecular weight, give positive impacts upon GABA-A
receptor antagonism, whereas number of H-bond donors,
molecular volume, and number of stereo centers having
negative coefficients can produce reverse effects on the
biological activity. Increasing the values of H-bond accep-
tors, molecular AlogP98, SKlogS, molecular topological
PSA, and molecular weight may increase binding affinity
of the ligand toward receptor cavity. H-bond acceptors and
topological PSA are responsible for enhancing the polarity
character of the molecule. Molecular AlogP98, SKlogS,
and molecular weight contribute lipid solubility of the
ligand. Another important statistical metric is the 7-value
associated with the model, defined as the descriptor coef-
ficient divided by its standard error.3*3* Descriptors with
large |7] values are important in the predictive model and,
as such, can be examined in order to gain some under-
standing of the nature of property or activity of interest
(Table 4).

T-values of the modeled parameters denote that number of
H-bond acceptors, AlogP98, molecular weight, and number
of stereo centers are important predictors responsible for
producing binding affinity toward receptor.
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Table 3 Calculated structural invariants of a series of aminopyridazine derivatives of y-aminobutyric acid

Comp no Calculated structural properties
No of H-bond No of H-bond AlogP98 SKlogS Molecular Molecular Molecular No of stereo
acceptors donors (mol/L) PSA (A?) volume (A%) weight centers

| 3 4 2.32 -2.10 63.92 287.75 308.789 I
2 2 4 1.79 -2.62 68.92 295.37 273.00 I
3 | 3 2.25 -2.94 53.02 288.92 334.24 |
4 3 3 1.56 -2.16 63.94 253.16 245.282 I
5 3 4 1.84 -2.01 63.92 269.84 339.219 |
6 3 4 2.80 -2.52 63.92 305.65 322816 |
7 3 4 3.28 -2.97 63.92 323.56 381.300 I
8 3 4 2.63 -2.57 63.94 302.88 367.273 2
9 3 4 2.77 -2.95 62.43 301.21 363.273 2
10 3 4 2.15 -2.39 62.21 262.73 339.219 I
Il 3 4 3.54 —3.44 63.64 337.7 370.860 |
12 3 4 2.25 -2.29 6l1.41 281.77 353.246 |
13 3 4 1.96 -2.88 62.17 262.21 294.762 I
14 3 4 2.26 -2.30 60.58 279.50 353.246 |
15 3 4 1.25 —1.04 64.74 215.24 271.148 |
16 3 4 2.24 -2.08 62.38 261.98 319.229 I
17 3 4 2.58 -2.12 62.40 291.03 345.267 |
18 3 4 1.25 —1.47 63.15 205.14 253.109 |
19 3 4 2.02 -1.92 63.23 256.49 345.245 |
20 4 4 1.82 -2.48 63.23 258.48 345.245 |
21 3 4 3.77 —4.10 28.52 337.08 358.849 |
22 3 4 2.74 -2.87 62.21 278.05 373.664 |
23 3 4 291 -2.58 63.92 303.07 343.234 |
24 3 4 3.03 -3.03 63.92 305.01 343.234 |
25 3 4 2.86 -3.33 62.21 279.92 329.260 |
26 3 4 3.46 -3.77 61.17 295.32 363.652 |
27 3 4 2.42 -2.89 62.21 268.64 312.152 |
28 5 5 1.74 -2.89 100.47 292.93 384.216 |
29 5 5 1.91 -2.60 102.18 317.94 353.786 |
30 4 4 2.24 —2.65 69.75 294.57 369.245 |
31 4 4 241 -2.38 71.46 319.59 383.272 |
32 4 5 2.06 —1.96 81.53 298.29 324.788 |
33 3 4 2.72 -2.56 63.92 308.69 322816 |

Abbreviation: PSA, polar surface area.

Further robustness of the QSAR modeling has been
done by dividing the data set (N=32) into training and
test set approach and also by formulating several QSAR
models using different types of descriptors, and results
were compared in terms of prediction accuracy and

Table 4 T-values of the modeled parameters

Predictor variables T IT|

No of H-bond acceptors 1.17 1.17
No of H-bond donors -0.32 0.32
AlogP98 1.67 1.67
SKlogS 0.60 0.60
Topological PSA 0.29 0.29
Molecular volume -0.89 0.89
Molecular weight 1.71 1.71
No of stereo centers —1.31 1.31

Abbreviation: PSA, polar surface area.

statistical parameters including R%. Out of the 32 analogs,
62.5% of total compounds (20) have been considered as
training set and remaining 37.5% of the total compounds
(12) have been placed in the test set for the validation of
derived models. Test molecules are randomly selected

[3PS1]

and marked by “a” as given in Table 1. It was observed
that the training model based on the combination of
constitutional, geometrical, and physicochemical indices
contributes maximum impact on the GABA-A recep-
tor antagonism activity obtained in terms of R*=0.511,
whereas QSAR models under the framework of consti-
tutional, geometrical, and physicochemical indices alone
produces lower to moderate impacts in terms of R? values
of 0.471, 0.460, and 0.445, respectively. The validated

training QSAR model framed by the combination of
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constitutional, geometrical, and physicochemical indices
is given as follows.

pK, =—2.13+(0.586) no of H-bond acceptors
—(1.210) no of H-bond donors+(1.430) ALogP98
+ (0.048) SKLogS+(0.024) molecular PSA
—(0.013) molecular volume
+ (0.012) molecular weight
—(0.739) no of stereo centers

3)

At N=20, R*=0.511, PRESS =41.210, and $=0.630.

The model 3 can explain maximum variance of 51.1% of
the GABA-A receptor antagonism of the studied compounds.
The model 3 was then used to predict the binding affinity
of'the test compounds. Observed and predicted binding affini-
ties for the test compounds were plotted and represented in
Figure 3. It is clear that all the points except two are seemed
to be nearer to the regression line. Therefore, good prediction
was done by the training model.

Prediction of mode of binding

using pharmacophore modeling

In the present study, highly active compounds including
25, 30, 31, and 32 have been selected for pharmacophore
model development considering highest active compound
(number 30) as reference. A unique lowest energy 3D structure
was generated for each mentioned ligand with the help of
Chem3D Ultra, where appropriate hydrogen was added to
all the structures and was subsequently subjected to energy
minimization using MM2 force field with a constant dielectric

O
Observed binding affinity

Figure 3 Plot of observed versus predicted binding affinity of the test compounds.

of 0.01. Ligand-based pharmacophore model generation
was performed with Ligand Scout using default settings.
The pharmacophore of the groups and subgroups has been
superimposed in order to get the common pharmacophore of
highly active aminopyridazine derivatives of GABA acting as
selective GABA-A receptor antagonists (Figure 4).

The earlier model can predict the mode of binding of
highly active congeners acting as GABA-A receptor antago-
nist via Cl” ion channel-blocking action. GABA-A receptor—
CI" ion channel complex is composed of five subunits such
as o, 2B,, and 27, pentamers. The subunits are thought to
be arranged around the channel like a rosette, and a-subunit
usually bears the GABA-binding sites. Pharmacophore
model clears that the highly active predicted ligand would
be aromatic in nature. The aromatic ligand may interact
with the aromatic amino acid residues of the pentameric
subunits. The sixth position of the aminopyridazine moiety
should be substituted by aromatic and hydrophobic groups;
the fourth position of this aromatic group associated to the
sixth position of the aminopyridazine nucleus should be con-
nected with hydrogen bond donor or hydrogen bond acceptor
group. The fourth position of the aminopyridazine should be
substituted by hydrophobic moiety; the third position of the
aminopyridazine should be substituted by hydrogen bond
donating groups (such as amino group). This amino group
contributed positively charged center, which is in proximity
with the negatively charged ionization of anionic group as
well as electron-rich environment contributed by w electron
delocalization of aromatic group and 2-butyryl side chain
of the aminopyridazine moiety. Linking a butyric side chain
to the N(2) nitrogen of a aminopyridazine nucleus may

-2 Predicted
binding affinity
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Hydrophobicity

H-bond acceptor

H-bond donor

Negative
ionization

Figure 4 Pharmacophore model of highly active compounds.

contribute hydrogen bond acceptor property necessary for
the receptor antagonism. Hydrogen bond acceptor is one of
the important properties for producing necessary biological
activity for these congeners. It has already been predicted by
the QSAR model Equation 2. QSAR modeling and statistical
analysis of these congeners assume intensive structural study
of compound number 11. Therefore, pharmacophore model
of this compound has been done for predicting the structural
features as shown in Figure 5.

Substitution of aromatic group at the fourth position
of the aminopyridazine nucleus produces more electron

Figure 5 Pharmacophore model of low active compound number | 1.
Abbreviations: H AR, hydrophobicity and aromaticity; HBD, hydrogen bond
donor; HBA, hydrogen bond acceptor; NI, negative ionization.

density or negative ionization nearer to the cationic center
of the aminopyridazine nucleus. This may contribute
detrimental effects to the GABA-A receptor antagonism.
Therefore, fourth position of the aminopyridazine must
be substituted by aliphatic hydrophobic moiety instead of
aromatic group.

The pharmacophore models were developed based on two
important assumptions: 1) the free and receptor-bound con-
formations of all 33 aminopyridazine derivatives of GABA
are identical and 2) the ligand conformations obtained by ab
initio modeling followed by energy minimization are unique,
but these concepts are not always true, sometimes the same
ligand adopting multiple, equally probable conformations.
Therefore, both these assumptions should be better justified
by molecular docking study of aminopyridazine and human
GABA-A target.

Aminopyridazine and human

GABA-A target docking

From the docking study (Figure 6), it is clear that the sixth
position of the aminopyridazine moiety is surrounded
by hydrophobic and aromatic residues, such as LEU 99,
GLU 155, and TYR 97, respectively. The sixth aromatic
substituent has formed a m-stacking interaction with TYR
1493. The third position substituent is connected with TYR
205 (blue stick model) by a hydrogen bond with a distance of
2.49 A, and this moiety is interacted with hydrophobic amino

Research and Reports in Medicinal Chemistry 2015:5
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Figure 6 Best pose of highly active ligand 30 (stick model) docked with the human GABA-A target cavity represented by molecular surface.
Notes: The active residues within 4 A of the inhibitor are displayed. Green color dotted lines represent H-bonding.

acid residues including GLY 158 and THR 202. Carboxylic
group of N(2)-butyryl side chain has interacted with the GLN
1495 (pink stick model) and TYR 157 (white stick model) by
three hydrogen bondings having distances of 1.5 A, 1.87 A,
and 2.24 A, respectively. Hydrogen bond, hydrophobic, aro-
matic, and mt-stacking interactions play a major role for pro-
ducing GABA-A receptor antagonism activity. These findings
are perfectly correlated with the pharmacophore developed in

Aliphatic
hydrophobic
moiety

Figure 7 Structural requirements for designing highly active congeneric compounds.
Abbreviations: H AR, hydrophobicity and aromaticity; HBD, hydrogen bond
donor; HBA, hydrogen bond acceptor; NI, negative ionization.

the present models for the active ligands of aminopyridazine
derivatives of GABA.

Conclusion

In the present work, an attempt has been made for QSAR,
pharmacophore modeling, and structure-based molecular
docking to predict the mode of binding of active amin-
opyridazine congeners of GABA acting as selective GABA-A
receptor antagonist. Pharmacophore and docking models are
correlated that the sixth position of the 3-aminopyridazine
system should be replaced by aromatic and hydrophobic
groups that can contribute to aromaticity and hydrophobic
interactions with the residues such as LEU 99, GLU 155, and
TYR 97, respectively. The sixth aromatic substituent also
produced a m-stacking interaction with TYR 1493. Therefore,
w electron delocalization occurs in the pyridazine system of
positively charged center present at 3-amino position. This
may create electron-rich environment in proximity of the
cationic 3-amino center of the pyridazine system that may fast
enhance the binding affinity of the ligand toward GABA-A
receptor-mediated chloride ion channel-blocking activity.
N(2)-butyryl side chain formed three hydrogen bonds with
GLN 1495 and TYR 157 that are very crucial for producing

58 submit your manuscript

Dove

Research and Reports in Medicinal Chemistry 2015:5


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

QSAR and drug design of selective GABA-A receptor antagonists

biological activity. Statistical analyses detected outlier prop-

erty of compound number 11. It has been further searched the

reason behind this. It was predicted from the pharmacoph-

ore model that the fourth position of the aminopyridazine

nucleus must be replaced by the aliphatic hydrophobic group

instead of aromatic moiety that may impart negative effect

toward binding affinity of the ligand toward receptor site.

The study in this direction may help the synthetic chemist

in designing the promising aminopyridazine derivatives of

GABA that are beneficial for the treatment of induced coma

utilizing the following necessary model (Figure 7) formulated

using pharmacophoric features of highest active compound

number 30.
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