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Abstract Molecular recognition has central role on the
development of rational drug design. Binding affinity and
interactions are two key components which aid to under-
stand the molecular recognition in drug-receptor complex
and crucial for structure-based drug design in medicinal
chemistry. Herein, we report the binding affinity and the
nonbonding interactions of azelaic acid and related com-
pounds with the receptor DNA polymerase I (2KFN).
Quantum mechanical calculation was employed to opti-
mize the modified drugs using B3LYP/6-31G(d,p) level of
theory. Charge distribution, dipole moment and thermo-
dynamic properties such as electronic energy, enthalpy and
free energy of these optimized drugs are also explored to
evaluate how modifications impact the drug properties.
Molecular docking calculation was performed to evaluate
the binding affinity and nonbonding interactions between
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designed molecules and the receptor protein. We notice
that all modified drugs are thermodynamically more
stable and some of them are more chemically reactive than
the unmodified drug. Promise in enhancing hydrogen
bonds is found in case of fluorine-directed modifications as
well as in the addition of trifluoroacetyl group. Fluorine
participates in forming fluorine bonds and also stimulates
alkyl, pi-alkyl interactions in some drugs. Designed drugs
revealed increased binding affinity toward 2KFN. A1, A2
and A3 showed binding affinities of —8.7, —8.6 and
—17.9 kcal/mol, respectively against 2KFN compared to the
binding affinity —6.7 kcal/mol of the parent drug. Signifi-
cant interactions observed between the drugs and Thr358
and Asp355 residues of 2KFN. Moreover, designed drugs
demonstrated improved pharmacokinetic properties. This
study disclosed that 9-octadecenoic acid and drugs con-
taining trifluoroacetyl and trifluoromethyl groups are the
best 2KFN inhibitors. Overall, these results can be useful
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for the design of new potential candidates against DNA
polymerase 1.

Keywords Rational drug design - Azelaic acid - Acne -
DNA polymerase I - Density functional theory -
Nonbonding interactions - Molecular docking

Abbreviations

AzA Azelaic acid

DFT Density functional theory

ADMET  Absorption, distribution, metabolism,
excretion, toxicity

QoM Quantum mechanics

CASTp  Computed Atlas of Surface Topography of
proteins

SDF Structure Data File

SMILES Simplified molecular-input line-entry system

HOMO  Highest occupied molecular orbital

LUMO  Lowest unoccupied molecular orbital

hERG Human ether-a-go-go-related gene

BBB Blood brain barrier

1 Introduction

Comprehension of molecular recognition has crucial
importance in applications like chemical catalysis, thera-
peutics and sensor design [1]. In biological systems,
molecular recognition plays a significant role in receptor-
ligand complexes [2]. The selective binding capability of a
molecular receptor to a ligand with high affinity involves
molecular recognition by means of non-covalent bonds
such as hydrogen bonds, ionic bonds and van der Waals
attractions along with hydrophobic interactions [3, 4].
Identification and quantification of these weak non-cova-
lent interactions are significant for structure-based ligand
design in medicinal chemistry [5]. Particularly, hydrogen
bond is an omnipresent component of molecular recogni-
tion and binding energy is at the heart of all molecular
recognition and enzyme catalysis [6]. Hydrogen bonding
phenomenon has been recognized in physics, chemistry
and biology because of its significance [7, 8]. Both
experimentally and theoretically, the physical and chemical
characteristics of hydrogen bond have been widely studied
due to its wide medical and engineering applications [9].
There has been particular recent interest in the intra- and
inter-molecular hydrogen bonds in the excited state [10].
Molecular recognition has important role on both molec-
ular level and macroscopic level. Macroscopic-scale
recognition by means of molecular recognition shows
positivity in the advancement of medical applications [11].
In the field molecular and supramolecular chemistry,
intermolecular hydrogen bonding plays an important role
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and has crucial effects in solute—solvent interaction [12].
Addition of fluorine, trifluoromethyl or trifluoroacetyl
groups in therapeutic agents influence conformation, cell
membrane penetration and pharmacokinetic properties;
moreover, such modification enhances metabolic durability
of the compounds and formation of more non-covalent
interactions—thereby increasing the binding affinity
[13-18].

DNA polymerases are key enzymes in DNA molecule
synthesis from deoxyribonucleotides, the building blocks
of DNA. The primary role of DNA polymerases is to
replicate the genome accurately to ensure the conservation
of genetic information from generation to generation [19].
DNA polymerase has to form hydrogen bonds for base
pairing from an existing single template strand and free
nucleotides in solution, and to do so with high specificity
for forming correct pairs rather than incorrect ones
[20, 21]. Replicative DNA polymerases are essential in all
living organisms for DNA synthesis using the genomes
[22]. It participates in the process of DNA replication
which is the first evidence of the existence of an enzymatic
activity capable of synthesizing DNA [23]. E. coli Pol 1
was the first DNA polymerase to be isolated and the first
polymerase whose structure was solved [24]. Bacterial
DNA polymerase I is involved in bacterial DNA synthesis
and lesion repair [25]. In this study, we used the Klenow
fragment of DNA Pol I (E. coli) crystal structure which is a
cleaved product of protease subtilisin [26]. Mentioned
Klenow fragment has DNA polymerase and 3'-5" editing
exonuclease enzymatic activity, which are located on
separate structural domains of the molecule [27]. Amino
acid sequence homology showed that the 3’ — 5’ exonu-
clease active site of E. coli DNA polymerase I is conserved
for both prokaryotic and eukaryotic DNA polymerases
[28].

Acne is one of the most common follicular, sometime
chronic inflammatory diseases of skin mostly occurring in
younger people. It virtually happens to everyone and can
be characterized by many features such as pimples,
abscess, blackhead, cysts and in some cases scarring
[29-32]. In the time of adolescence, it occurs due to the
excess production of androgenic hormones such as testos-
terone. Other reasons such as hyper-proliferation of ker-
atinocytes, inflammation and bacterial colonization in the
hair follicles can also lead to the formation of acne
[33, 34]. It is the most common skin disorder in USA
costing over 3 billion dollars per year in the terms of
treatment of acne and loss of productivity [29, 35].

Azelaic acid [AzA, formula (CH,),(CO,H),] is a natu-
rally occurring saturated dicarboxylic acid. It is used as a
topical cream to treat mildly to moderately inflamed acne
[36, 37]. It has many proposed mechanisms of action such
as antimicrobial, anti-inflammatory, antioxidant and
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keratinolytic reaction. It is also non-toxic, non-teratogenic
and non-mutagenic [38, 39]. AzA is reported to have potent
inhibitory effect on replication of DNA because it inter-
feres with activities of enzymes such as DNA polymerases
which are required for DNA synthesis. In keratinocytes,
AzA can hinder cell proliferation by competitively
inhibiting DNA synthesis [28, 29]. In some studies, it was
found that AzA is used in dose- and time-dependent
manner to exert its anti-proliferative cytostatic effects on
keratinocytes [29-31]. Moreover, AzA can also prevent
growth and proliferation of abnormal melanocytes by
inhibiting DNA synthesis along with other mechanisms
[32]. On topical application, azelaic acid (20 %) is effec-
tive in rosacea, comedonal acne and inflammatory acne
treatment [36, 40]. Microbial cellular protein synthesis can
be inhibited by the azelaic acid’s antimicrobial action that
may help to stop the proliferation of acne causing bacteria
such as Propionibacterium acnes and Staphylococcus epi-
dermidis [36, 41]. It was successfully used in the clinical
treatment of seven cases of lentigo maligna in that remis-
sion of the lesions was observed [42]. Protein synthesis is
significantly more sensitive to the action of AzA than both
RNA and DNA synthesis [43].

In this study, we employ density functional theory to
optimize azelaic acid and its related compounds. Thermo-
dynamic properties and frontier molecular orbitals of those
drugs are also explored in details. Molecular docking cal-
culation has been performed to understand the nonbonding
interaction between designed drugs with DNA polymerase
I (2KFN). Some of these drugs show a better binding
affinity and nonbonding interaction with the target mole-
cule in comparison with azelaic acid.

2 Methodology and Computational Details

2.1 Optimization of Ligands Using Quantum
Mechanical Calculations

Quantum mechanical (QM) methods allow us to calculate
internal energies precisely and interpret various types of
complicated interactions between ligands and target pro-
teins such as hydrogen bonds, hydrophobic interactions and
electrostatic interactions [44]. The QM calculation was
simulated using density functional theory employing
Becke’s (B) [45] exchange functional combining Lee, Yang
and Parr’s (LYP) correlation functional [46] in Gaussian 09
program package for all drugs [47]. Pople’s 6-31G(d,p)
basis set was used for all calculations. Initial geometry of
azelaic acid was taken from the crystal structure [48]. The
optimized structure of azelaic acid was manipulated
replacing hydrogen with —CF;, —COF;, F, glycine, hydra-
zide and methoxy groups. These modified compounds,

labeled from Al to A8 sequentially presented in Fig. 1,
were then optimized using the same level of theory. For
each of the molecules, internal electronic energy, enthalpy,
free energy and dipole moment were explored.

Same level of theory was used to do the molecular
orbital calculations. Hardness (1) and softness (S) of all
drugs were also calculated from the energies of frontier
HOMOs and LUMOs considering Parr and Pearson inter-
pretation [49, 50] of harness in DFT and Koopmans theo-
rem [51] on the correlation of ionization potential (/) and
electron affinities (E) with HOMO and LUMO energy (e).
The following equations are used for Hardness () and
softness (S):

1 = [e(LUMO — ¢éHOMO] /2
S=1/n

2.2 Preparation of Target Protein Structure
for Docking

The modified drugs were subjected to molecular docking
study with DNA polymerase I (2KFN). Crystal structure
was collected from the Protein Data Bank (PDB) database
(PDB ID: 2KFN) [52]. The crystal structure was checked
followed by energy minimization done with Swiss-Pdb
Viewer software packages (version 4.1.0), whereas the
crystal structure has some issues related to improper bond
order, side chains geometry and missing hydrogen(s) [53].
The highest binding pocket area and volume of active
binding site of the protein structure was calculated using
CASTp [54]. The highest pocket area and volume of
optimized protein structure was found to be 1975.7 A? and
5492.6 A3, respectively. CASTp calculations also provided
the amino acid residues present in the active site along with
their residue number (Figure S1). PyMol (version 1.3)
software packages were used to erase all the hetero atoms
and water molecules before docking [55]. Finally, we
saved both the proteins and ligand structures in .PDBQT
format as it is the only one supported file format that
required by Autodock Vina (Vina) software (version 1.1.2,
May 11, 2011) for docking analysis [56].

2.3 Analysis and Visualization of Docking Results

Molecular docking is an important tool in computational
drug design which can predict the predominant binding
mode(s) of a ligand with the target protein [57]. To dock
the compounds against 2KFN, the center grid box was set
at 58.204, 12.252 and 96.186 A and box size was set at
61.970, 87.051 and 73.760 A in x, y and z direction,
respectively. In the current work, rigid docking was per-
formed using Autodock Vina [58]. During rigid docking
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Fig. 1 Optimized structure of d
Azelaic acid(A) and its modified L
derivatives

(A1,A2,A3,A4,A5,A6,A7 and

A8)

for all the ligands, all rotatable bonds are converted into
non-rotatable and then binding affinities are predicted by
using Autodock Vina docking protocol. A detailed analysis
of residues involved in the interaction between ligands and
target protein was conducted to visualize and interpret the
hydrogen bond interactions, hydrophobic interactions of
the best poses of drugs with the respective protein using the
Accelrys Discovery Studio 4.1 [59], and LigPlot+ version
v1.4.5 [60].

2.4 Pharmacokinetic Parameters

AdmetSAR online database has been utilized to predict the
data related to drug absorption, metabolism and carcino-
genicity for azelaic acid and its modified derivatives [61].
Structure Data File (SDF) and simplified molecular-input
line-entry system (SMILES) strings were utilized
throughout the generation process.

3 Results and Discussion

The image of frontier molecular orbitals of A and Al is
displayed in Fig. 2. Interactions of A, A1, A2 and A3 with
2KFN are presented in Fig. 3. Figure 4 illustrates a more
precise view of the interactions, including the hydrophobic
binding sites of A, A1 and A2. Hydrogen bond surface of
2KFN with A, A1, A2 and A3 is shown in Fig. 5. The
stoichiometry, electronic energy, enthalpy, free energy and
dipole moment of all drugs are reported in Table 1. The
HOMO and LUMO energies, gap, hardness and softness of
all drugs are presented in Table 2. The binding affinity and
all nonbonding interaction of all drug-receptors complexes
are summarized in Table 3. Partial charges of A, Al, A2
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and A3 are illustrated in the supplementary Figure S2, and
graphs for atomic charges of A, A1, A2 and A3 are given in
Fig. 6 and Figure S3.

3.1 The Electronic Structure of Azelaic Acid
(A) and it’s Modified Derivatives

Modifications of azelaic acid with trifluoroacetyl group,
trifluoromethyl group, glycine and hydrazide significantly
influence the structural properties including energy, partial
charge distribution and dipole moment. After introduction
of these groups, more negative values are observed for the
energy, enthalpy and free energies. These results demon-
strate that after modification, structures become more
stable than the parent structure (Table 1). Free energy is a
pivotal criterion to represent the interaction of binding
partners where both the sign and magnitude are important
to express the likelihood of biomolecular events occurring.
Positive free energy values indicate that energy is required
to drive the interaction and binding will not occur spon-
taneously [62]. All the values in this inquiry are negative
(Table 1) meaning the binding will occur spontaneously
without any extra energy expenditure. Appreciable changes
are observed for Al, A2, A3 and A4, hence suggesting
9-Octadecenoic acid, trifluoroacetylated and trifluo-
romethylated molecules are energetically and configura-
tionally more preferable. The highest free energy change is
observed for A2. Here, one hydrogen atom is replaced with
trifluoroacetyl group at the position C-1 which changes the
free energy of the structure from —653.356 Hartree to
—1103.687 Hartree. However, in case of A5, A6, A7 and
A8, these values are marginally changed.

The calculated dipole moments of these drugs have also
changed. Elevated level of dipole moment enhances the
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Fig. 2 Frontier molecular
orbitals (HOMO and LUMO) of
A and Al

HOMO (A)

Fig. 3 Nonbonding interactions
of A, Al, A2 and A3 with
2KFN generated by Discovery
Studio

polar nature of a molecule [63]. The dipole moment of
AzA is found to be 2.363 Debye, and here all modified
drugs except A2 and A7 show increased dipole moment
(Table 1). Large increase is observed in A1 (7.244 Debye)
and A3 (7.810 Debye). Elevated dipole moment can pro-
mote hydrogen bond and nonbonded interactions in drug-
receptor complexes which in turn can lead to increased
binding affinity [64-66]. Therefore, for A1l and A3,
increased dipole moment resulted in increased binding
affinity against 2KFN.

Polarity of chemical bonds often dictates the structure
and reactivity [67]. The dipole moment is just a vector,

but it does not give the polarity of the molecule. A
number of different methods have been proposed for
assigning partial charges to the atoms of a molecule,
including both quantum chemical and empirical schemes
[68]. Three different methods (Mulliken, NBO and Hir-
shfeld) are used here to compute the atomic partial
charges of our parent compound A and modified com-
pounds Al, A2, A3. In A, C-1 and C-9 atoms show
positive charge when calculated with Mulliken and NBO
methods, however, show slightly negative value with
Hirshfeld method (Fig. 6). Similarly, 12-O and 13-O
atoms exhibit negative charge with Mulliken and NBO

@ Springer
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Table 1 Stoichiometry, electronic energy, enthalpy, Gibbs free energy in Hartree and dipole moment (Debye) of Azelaic acid and its derivatives

Glu3s7

A

Fig. 4 Nonbonding and hydrophobic binding sites of A, Al and A2 with 2KFN generated by LigPlot+

Name Stoichiometry Electronic energy Enthalpy (Hartree) Gibbs free energy (Hartree) Dipole moment (Debye)
A CoH;604 —653.295 —653.294 —653.356 2.363
Al Cy3H3,04 —1005.651 —1005.650 —1005.742 7.244
A2 Cy1H,5F505 —1103.612 —1103.611 —1103.687 2.285
A3 CyoH5F304 —990.305 —990.304 —990.375 7.810
A4 C3H2oN,06 —1069.157 —1069.156 —1069.244 3.471
A5 CoHoN4O, —724.119 —724.118 —724.189 6.406
A6 CoH,sFO, —752.536 —752.535 —752.599 3.210
A7 CoHsFO, —752.526 —752.524 —752.590 1.870
A8 C11H2004 —731.849 —731.848 —731.920 3.001

Table 2 Energy (atomic unit) of HOMOs, LUMO, Gap, Hardness and Softness of all drugs

Molecules ¢HOMO-1 (Hartree) ¢éHOMO (Hartree) ¢LUMO (Hartree) Gap (Hartree) n (hardness) S (softness)
A —0.2745 —0.2691 0.0108 0.2799 0.1399 7.148
Al —0.2701 —0.2382 0.0123 0.2505 0.1253 7.981
A2 —0.2869 —0.2717 —0.0661 0.2056 0.1028 9.728
A3 —0.2766 —0.2756 0.0059 0.2815 0.1408 7.105
Ad —0.2445 —0.2445 —0.0297 0.2149 0.1074 9.311
A5 —0.2359 —0.2350 0.0394 0.2745 0.1372 7.289
A6 —0.2773 —0.2713 0.0078 0.2792 0.1396 7.166
A7 —0.2815 —0.2715 —0.0018 0.2697 0.1349 7.416
A8 —0.2690 —0.2685 0.0162 0.2847 0.1424 7.025

methods, but positive values are observed in case of electronegative atoms (such as O, F) tend to be much
Hirshfeld method. In A1, A2 and A3, however, all atoms more negative when calculated with NBO method than
show consistent sign of charge when calculated with  the corresponding charges when calculated with Mulliken
different methods. In A, A1, A2 and A3, charges of the or Hirshfeld method (Fig. 6 and Figure S3).
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Table 3 Binding energy and nonbonding interaction of Azelaic acid and its modified derivatives after rigid docking

Compund Docking against DNA polymerase I(2KFN)
Binding H-bond Halogen bond Hydrophobic interaction Electrostatic interaction
Zr(l(f;g/?nol) (Amino acid... Qistance (Amino acid... Doistance (Amino acid... Qistance (Amino acid... Qistance

Ligand atom) (A) Ligand atom) (A) Ligand atom) (A) Ligand atom) (A)

A —6.7 Thr358[N-H...0] 2.19 - - - - - -
Thr358[0...H-0O] 2.13
Glu357[C-H...0] 2.42
Asp355[0...H-0] 2.13

Al —8.7 Asp355[0...H-0] 2.67 - - - - - -
Met647[0...H-0O] 2.56
Asn649[N-H...0] 3.00

A2 —8.6 Thr358[N-H...F]  2.04 Glu357[C...F] 3.64 - - - -
Asp355[0...H-0] 2.77 Glu357[C...F] 3.64
Tyrd23 [O-H...F] 2.57 Glu357[0...F] 3.05
Tyrd423[O-H...F] 245 Thr356[0...F] 3.15
Asp501[0...H-0] 2.09

A3 -79 Asp355[0...H-0] 2.17 Glu357[0...F] 3.59 Phe473[Alkyl...Pi] 4.38 - -
Asp424[0...H-0] 2.53

A4 —-7.8 Thr358[N-H...0] 2.94 - - - - - -
Glu357[C-H...0] 3.61
Asp355[0...H-N] 2.74
Thr356[0...H-N]  2.15
Tyr423[0O-H...0] 2.63
Lys481[0...H-C] 2.67

A5 —-7.7 GIn419[0...H-N] 1.89 - - - - Asp424[0...H-N] 2.32
GIn483[0...H-N] 2.87 Asp424[0...H-N] 2.60
Leud84[0...H-N] 2.66 Asp424[0...H-N] 2.99
Thr485[C-H...N]  2.62 Asp355[0...H-N] 2.32
Phe486[N-H...0] 2.77

A6 -7.2 Asp355[0...H-0] 2.02 - - Phe473[Alkyl...Pi] 4.90 - -
Asp424[0...H-0] 2.65
Phe486[N-H...O] 2.18

A7 —6.8 Thr358[N-H...0] 1.85 Thr358[N-H...F] 2.55 - - - -
Thr358[N-H...F]  2.55 Glu357[C-H...F] 2.40
Thr358[0...H-0] 2.69 Thr356[0...F] 3.18
Glu357[C-H...0] 2.82
Glu357[C-H...F]  2.40

A8 —6.2 Asp501[0...H-C] 2.56 - - Met458[Alkyl] 4.86 - -

HOMO and LUMO are acronyms for highest occupied
molecular orbital and lowest unoccupied molecular orbital,
respectively. Frontier molecular orbital theory tells us
HOMO and LUMO play an important role in many
chemical reactions [69]. The HOMO-LUMO gap is related
to the chemical hardness and softness of a molecule
[70, 71]. High kinetic stability and low chemical reactivity
are associated with a large HOMO-LUMO gap [72]. A

small HOMO-LUMO gap signifies low kinetic stability,
because addition of electrons to a high-lying LUMO and/or
removal of electrons from a low-lying HOMO is energet-
ically favorable in any potential reaction [72-74]. HOMO-
LUMO gap as well as hardness and softness was calculated
for the modified drugs (Table 2). In this analysis, we found
that drug with trifluoroacetyl group (A2) has the lowest
HOMO-LUMO gap and the highest softness, which may
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contribute to its higher chemical activity than AzA and
other modified drugs. A decreased HOMO-LUMO gap in
most of the modified drugs promotes softness which makes
them relatively more polarizable and chemically more
reactive compared to AzA. However, in A8, addition of
methoxy group increased the energy gap significantly, thus
lowering the chemical reactivity.

3.2 Interaction and Binding Affinity of Azelaic Acid
(A) and Modified Azelaic acid (A1, A2 and A3)
with 2KFN

We use 9-Octadecenoic acid as Al. The first pose of Al,
A2 and A3 agreed most with the first pose of A, so values
associated with these poses were chosen for studying
interaction and binding affinity. A is the parent drug azelaic
acid (AzA), and A2 is one of the modified drugs where
trifluoroacetyl group was added to position 2C of AzA.
Trifluoroacetyl group is already being integrated in many
inhibitors of enzymes as a key functional group which has
shown exceptionally high potency [75-77]. Addition of
trifluoroacetyl to AzA caused significant changes to
energy, partial charge distribution and dipole moment. We
found improved electronic energy, enthalpy and free
energy for A1, A2 and A3 compared to A. In modified drug
A3, trifluoromethyl (—CF3) group has been incorporated
into the middle (5C) of the AzA. CF3 group has great
significant application in agrochemical dyes and pigments,
pharmaceuticals, polymers and material chemistry when
CF3 incorporated to different organic molecules [78—80].
Strong electronegativity and hydrophobic nature are two
critical characteristics of trifluoromethyl group which can
be used in drug design to develop selective functionality
which are connected to physiochemical, biological and
pharmacological properties [81]. In some modified mole-
cules, halogen bonds, absent in AzA, are observed due to
the presence of halogen molecule(s). Some recent studies
showed halogen bonding similar to hydrogen bonding
plays a crucial role in both biological and chemical system
[82-87]. In our study, A2, A3 and A7 show several halogen
bonds (Fig. 3).

The binding affinities of A1, A2 and A3 with 2KFN have
considerably increased to —8.7, —8.6 and —7.9 kcal/mol,
respectively, from —6.7 kcal/mol of A. Improved hydrogen
bonding observed in A2 not only contribute in increasing
binding affinity but can also enhance binding specificity
[88, 89]. In biology, hydrogen bonding is essential for DNA
structure. Depending on the nucleotide sequence, a regular
helical structure of the DNA helix is dictated by specific
hydrogen bonding patterns [90]. In the A2-2KFN docked
structure, multiple nonbonded interactions were observed.
In a literature, it is suggested hydrogen bond of <2.3 A can
increase binding affinity by several magnitude [91]. A strong
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fluorine hydrogen bond with Thr358 (2.04 A)and a strong
hydrogen bond with Asp501 (2.09 10%) are observed in A2-
2KFN complex. Thus, strong hydrogen bonding is the most
significant contributing factor in increasing binding affinity
of A2 with 2KFN. Non-covalent interactions such as
hydrogen bond, halogen bond and hydrophobic interaction
are involved in the binding of modified drug A3 with 2KFN
(Fig. 3). The A3-2KFN complex is stabilized by two
hydrogen bonds, one hydrophobic interaction and one
halogen bond (Table 3). A strong hydrogen bond with
Asp355 (2.17 A) is present. Moreover, fluorine bond inter-
actions with Glu357 are observed in case of both A2 and A3.
Hydrogen bond interactions with residue Asp355 are
observed in A and all other derivatives of A except for AS,
A7 and A8. The structures and reactivity of many molecular
systems can be determined by intermolecular hydrogen
bonding [92, 93]. Among various factors, hydrogen bonding
is the one which can affect selectivity of nucleotide incor-
poration by a DNA polymerase [94]. For drug binding,
hydrogen bonds have important function in determining the
accuracy of ligand binding [91]. The most notable fact here
is that the F atoms of the -COCF3 group in A2-2KFN
complex interacted with amino acids to form strong halogen
bond interactions. We observed four fluorine bonds (halogen
bond) in A2-2KFN complex and one in A3-2KFN complex
(Fig. 3) which may have positive effect on the protein—li-
gand stability, as well as in the binding affinity and selec-
tivity. In one study, it was reported that stability of protein—
ligand may be increased due to the establishment of a
halogen bond and thus contributes to the binding affinity and
selectivity [20]. A2 has the highest softness among the
modified drugs which may promote the polarizable nature of
the drug that can simulate greater nonbonding interactions
with the receptor [21]. Hydrogen bond surface shows resi-
dues such as Asp355, Met647, Glu357, Asp501, Asp424,
Thr356 help in creating strong acceptor regions and residues
such as Thr358, Asn649, Tyr423 help in creating strong
donor regions on the drug-protein interaction surface
(Fig. 5). Nonbonding contacts surrounding azelaic acid and
its modified forms (A1, A2 and A3) in 2KFN are involved
the following amino acid residues Glu357, Asp355, Asp
501, Thr358, Asp424, Tyrd23, Thr356, Met647, Asn649
(Fig. 3). Derbyshire et al. reported to have observed inter-
actions with Glu357, Asp355, Asp 501, Thr358, Asp424,
Tyr423 while using deoxycytidine monophosphate (dCMP)
or deoxythymidine monophosphate (d{TMP) as substrate or
inhibitor in their studies [27, 95]. In our study, we also
observed such interactions while using AzA and other
modified compounds. This observation helped to confirm
that AzA and its derivatives are binding at the desired
binding site of DNA polymerase after molecular docking.
Phe473 was found to donate its m-electrons cloud toward
the alkyl chain and the carbon attached to F of the drug, thus
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Fig. 5 Hydrogen bond surface
of 2KFN with A, Al, A2 and
A3

~ Asp501
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forming few m-stacking interactions. A distinct alkyl-pi
interaction (4.38 A) with Phe473 is also observed in A3
(Fig. 3). Neighboring aromatic rings in protein—ligand com-
plexes from diverse families can preferably form X...w
interactions with organic halogens. Clearly, these interactions
can be exploited in structure-based drug design [20]. Aromatic
surface shows residues such as, Tyr423, Phe473 help to create
strong face region in drug-protein interaction surface of
2KFN, whereas Glu357, Thr358, Asp355 and Asp501 helps to
create strong edge region during interaction surface.

3.3 Interaction and Binding Affinity of Azelaic Acid
(A) and Modified Azelaic Acid (A4, A5 A6, A7
and A8) with 2KFN

Glycine, hydrazide and methoxy groups are used as func-
tional group in A4, A5 and A8, respectively. In case of A6
and A7, fluorine is used as functional group for modifica-
tion. The third pose of A4 is chosen as it agreed most with
the first pose of A, so values associated with this pose were
chosen for studying interaction and binding affinity. The
binding affinities of A4, AS and A6 with 2KFN are —7.8,
—7.7 and —7.2 kcal/mol, respectively. Hydrogen bonding
has considerably increased in both A4 and AS. A strong
hydrogen bond with Thr356 (2.15 A) is observed in A4
along with two non-conventional hydrogen bonds Glu357
(3.61 A) and Lys481 (2.67 A) which could be the major
contributing factor for improved binding of A4 with 2KFN.
Basically, the CH...O bonding termed as non-conventional
hydrogen bond, slightly weaker than its classical OH...O
hydrogen bond, is believed to be critical in a large number
of biomacromolecules’ crystal structures [96, 97]. Several
electrostatic interactions are observed for AS with Asp424
and Asp355. A strong hydrogen bond with Gln419 (1.89
10\), absent in A-2KFN complex, is found in A5-2KFN
complex along with several other hydrogen bonds. These

interactions could be the key factors for the improved
binding of A5 with 2KFN. In A6, an alkyl-pi interaction
with Phe473 (4.90 1&) and three hydrogen bonds are pre-
sent. Binding affinity of A7 against 2KFN (—6.8 kcal/mol)
has not increased compared to A, while in A8 binding
affinity has decreased to —6.2 kcal/mol. We noticed only
one hydrogen bond and one alkyl interaction in AS.
Hydrogen bond interactions have significantly decreased in
A8 which could be liable for its weaker binding affinity
with 2KFN.

3.4 Pharmacokinetic Properties of Azelaic Acid
and its Modified Derivatives

AdmetSAR calculation predicts all drugs are non-carcino-
genic. So, the modified drugs are expected to be safe for
topical use. All drugs are P-glycoprotein non-inhibitor, and
modified drugs containing glycine and hydrazide show
lower probability values. P-glycoprotein inhibition can
block the absorption, permeability and retention of the
drugs [98]. The drugs show positive response for blood
brain barrier (BBB) criteria, predicting that drugs will go
through BBB. However, azelaic acid and the modified
derivatives show weak inhibitory property for human ether-
a-go-go-related gene (hERG). Inhibition of hERG can lead
to long QT syndrome [99], so more study on this aspect is
necessary. We also calculated the inhibition constant of all
the drugs using E + I <> EI, where E is the enzyme and I is
the inhibitor molecule (the reference concentrations for all
the entities have been considered 1 mol L™" for the cal-
culations) and the relationship

lIle = —1I1K,‘,

where In K, = —AG/RT, AG = free energy of binding and
are presented in the last row of Table 4.

Table 4 Selected pharmacokinetic parameters of Azelaic acid and its derivatives (Probability values related to each of the parameters are given

in the parenthesis)

Parameters A Al A2 A3 A4 A5 A6 A7 A8
Blood brain barrier + + + + + + + + +
(0.7397) (0.7666) (0.9526) (0.9302) (0.8104) (0.9934) (0.8814) (0.8814) (0.9654)
Human intestinal absorption + + + + + + + + +
(0.5731) (0.7351) (0.8890) (0.8324) (0.6900) (0.9390) (0.7779) (0.7779) (0.7681)
P-glycoprotein inhibitor NI NI NI NI NI NI NI NI NI
(0.9845) (0.9809) (0.9600) (0.9688) (0.8804) (0.8279) (0.9709) (0.9709) (0.8864)
Human ether-a-go-go-related (hRERG) gene ~ WI WI WI WI WI WI WI WI WI
inhibition (0.9348) (0.9166) (0.9580) (0.9693) (0.8568) (0.9230) (0.9701) (0.9701) (0.9101)
Carcinogen NC NC NC NC NC NC NC NC NC
(0.8382) (0.8374) (0.7775) (0.7949) (0.6920) (0.5574) (0.7970) (0.7970) (0.6738)
Ki (at 298 K), nM 12,396.4 4252 503.3 1638.6 1939.6 22959 53349 10,472.8 28,805.1

NI Non-inhibitor, WI weak inhibitor, NC non-carcinogen
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Lower K; values of the Al (9-octadecenoic acid) and A2
(trifluoroacetylated) are reflective of their improved bind-
ing affinity against 2KFN.

4 Conclusion

In this study, we have shown the relation and binding
interactions between the designed drugs and 2KFN. Some
interesting features are revealed related to charge distri-
bution, dipole moment, enthalpy, free energy and molec-
ular orbitals with the help of density functional theory
calculation. Enhanced free energy and enthalpy make the
modified drugs thermodynamically more stable. Moreover,
HOMO-LUMO gap of modified drugs is reasonably lower
than azelaic acid, except for A3 and A8, indicating that
those compounds are chemically more reactive. The strong
binding affinity is found for A1-2KFN complex, and we
found that our best modified drug has low kinetic stability
and high chemical reactivity. Enhanced hydrogen bonding
between the modified drugs and 2KFN has important
contribution in higher binding affinity. Pi-alkyl interaction
is found in A3-2KFN complex, and fluorine bonds are
observed for modified compounds A2, A3 and A7 with
2KFN. In our study, we observed that Asp355 is an
important residue in drug-protein interaction as this residue
interacts with azelaic acid and most of its modified forms
(A1, A2, A3, A4, A5, A6). Pharmacokinetic calculation
predicts all drugs are non-carcinogenic. Therefore, modi-
fied compounds Al, A2, A3, and A4 can be potential
candidates for better performance.
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