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The effect of inhibition of temozolomide, an alkylating agent widely
used in cancer treatments, with carbonic anhydrase XIII protein was
investigated using docking studies. The stability of temozolomide in
the protein environment was assessed and analyzed by molecular
dynamics simulation. The topological and charge density variations
of temozolomide were studied in detail to perceive the primary insight
of the pharmaceutical actions.
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INTRODUCTION

Glioblastoma is considered as an aggressive primary brain
tumor when compared with the other malignancies of the brain
which occur less frequently (2% occurrence of all human
cancers) [1]. Despite the advanced surgical treatment, these
tumors are subject to frequent reoccurrences with serious
consequences. In most cases, the survival time of glioblastoma
patients remains shorter than a year even after treatment with
advanced radiotherapy. It was reported that the patients with
anaplastic gliomas have longer survival periods extended up
to 5 years but with severe side effects includes seizures and
progressive neurological disability [2]. Researchers have under-
gone their efforts with various chemotherapeutic drugs to improve
the survival time for many decades. It was strongly believed
that the blood-brain barrier was the primary hindrance in treating
glioblastoma with chemotherapies and thus the drugs that were
capable of crossing this barrier were selected preferentially
[3].

Temozolomide, a potential DNA methylating chemother-
apeutic drug, is used to prevent the growth of this aggressive
brain tumor and readily crosses the blood-brain barrier [4].
The biological activity of temozolomide is established by the
inhibition of carbonic anhydrases [5]. The intracellular pH of
malignant gliomas is alkaline, compared to the normal brain,
whereas the extracellular compartment is highly acidic. Carbonic
anhydrases catalyze the inter conversion between CO, and
bicarbonate with the release of a proton and are involved in
pH regulation and metabolism. At least 15 CA isoforms are
present in humans, 12 of which are catalytically active and
drug targets (CA I-1V, CA VI-VII, CA IX, CA XII-XIV, CA
VA, CA VB). Of the 15 carbonic anhydrase isoforms expressed
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in humans, only CA IX and CA XII have been implicated in
cancer [6]. These enzymes are trans-membrane proteins in
which their extracellular domain contains the catalytic activity,
positioning them in the regulation of tumor microenvironment.
The role of carbonic anhydrase XIII (CAXIII) in the chemo-
resistance of glioblastoma is unexplored.

In present study, we identified that the temozolomide is a
potential inhibitor of CA XIII from the molecular docking,
charge density analysis and the molecular dynamic simulation.
In drug design, the nature of the interaction between ligand
and protein, binding affinity, stability of ligand in the active
site of CA XIII are the essential parameters; therefore, the
molecular conformation, charge density distribution and the
electrostatic properties of ligand molecules were computed.
Furthermore, molecular dynamic simulation has been per-
formed for this CA XIII-temozolomide complex to understand
the stability of the molecule in the active site of the enzyme.
The present study gives the conformational behaviour, inter-
molecular interactions, stability and the binding free energy
of temozolomide—CA XIII complex.

COMPUTATIONAL DETAIL

Molecular docking: The crystal structure of the human
carbonic anhydrase isozyme XIII enzymes was retrieved from
the RCSB (PDB: 6G5U) [7] and prepared for the molecular
docking after removal of the chain B, water molecules (beyond
4 A) and adding hydrogen, charges, formal bond orders. Further,
the molecular docking studies have been performed by using
Schrodinger 2018 software [8]. Intermolecular interactions
such as hydrogen bonding, hydrophobic interactions were
analyzed with the help of PyMol [9]. The best conformer was
taken to perform the molecular dynamics based on score and
intermolecular interactions.

Molecular dynamics and binding free energy calcu-
lation: The initial coordinates from molecular docking were
used to create the topology files for the molecular dynamic
simulations using antechamber (ligand molecule) and leap
(complex) modules with the Gaff and AMBER ff14SB [10]
force fields using AMBERTOOLS 14 package [11]. The complex
system was immersed in a water box with an orthorhombic
shell of TIP3P at 9 A distance of a minimum solute-wall [12]
after neutralizing the system by adding counter-ions (Na®).
Further, the system was minimized using steepest descent and
conjugate gradient methods to remove the steric clashes and
annealing was processed from 0 to 300 K using canonical ense-
mble (NVT) [13]. The complex was subjected to production
phase and extended up to 10 ns in 2 fs time step at constant
temperature (300 K) and pressure (1 bar) using isothermal-
isobaric ensemble (NPT) [14]. The SHAKE algorithm is used
to constrain the non-polar hydrogen atoms. The molecular
dynamic trajectories were taken to analyze the root mean square
deviations (RMSD), the root mean square fluctuations (RMSF),
the radius of gyration (R,) and intermolecular interactions with
the help of VMD and CPPTRAJ software [15-17]. Further,
the MM/GBSA of the CA XIII-TMZ complex was calculated
using the following equations:

AG AG

bind complex receptor

~{AG o T AG ) (1)

This all terms were easy way to calculate from MMPBSA.py
implemented in AMBERTOOLS 14 package [18,19] by using
1000 frames (MD trajectories) and the LCPO algorithm.

QTAIM analysis: To understand the molecular geometry,
topological and electrostatic properties of temozolomide along
with active site residues, a single point energy DFT calculation
was performed at B3LYP/6-311G level [20] using Gaussian03
software [21]. The Bader’s quantum theory of atoms in
molecules (AIM) was used to determine the electron density
at the bond critical point (bcp) of the molecule using AIMPAC
software [22] and mapped by using wfn2plot and denprop
available in XD2006 software [23]. The hydrogen bonding
interaction of temozolomide with active site residues has been
investigated and the corresponding bond topological charact-
eristics were analyzed using QTAIM approach. The electro-
static potential (ESP) map of the molecule has been generated
from the 3Dplot in WinXPRO software [24] package.

RESULTS AND DISCUSSION

Interaction of temozolomide with target protein: The
interaction of temozolomide drug towards CA XIII was anal-
yzed from the molecular docking. Fig. 1 represents the orien-
tation of temozolomide molecule towards the binding site of
the CA XIIL

Table-1 lists the different docking scores of the ten best
poses of the ligand in the CA XIII binding site. In which, the
best pose exhibits the lowest docking score and IFD score, the
values are —5.27 and —524.19 kcal/mol, respectively. It was
observed that the expected active site amino acids were involved
in the interactions with ligand. Amongst, the residues THR201,
GLN94, SER199 and HIS121 were considered active parti-
cipants in the binding region which forms the strong inter-
actions with temozolomide molecule.

TABLE-1
DIFFERENT BINDING SCORE AND ENERGY
(kcal/mol) VALUES OF THE 10 BEST POSES

S. No. Docking Glide Glide IFD score
score model energy
1 -5.27 -46.50 -34.17 -524.19
2 -5.48 -50.12 -36.47 -524.10
3 -5.52 -50.50 -37.26 -523.95
4 -4.62 -46.83 -34.38 -523.39
5 -4.93 -45.37 -33.85 -523.34
6 -4.62 -40.46 -31.61 -522.93
7 -3.88 -41.52 -36.43 -522.24
8 -3.86 -31.43 -25.68 -522.05
9 -3.80 -41.40 -31.25 -522.04
10 -2.82 -38.16 -30.71 -521.25

The possible interactions of TMZ with amino acids of
CA XIII are listed in Table-2. A strong hydrogen bond inter-
action was framed from formaldehyde and acetamide groups
of temozolomide. In docking, four strong H-bond interactions
were noticed; the oxygen atom of formaldehyde group with
GLNO94; oxygen atom of acetamide with THR201 and HIS121
residues and the nitrogen atom of acetamide with SER199,
respectively. Among the H-bond interactions, the oxygen atoms
[01/02] of the ligand which makes their H-bond with THR201,
GLNO94 and HIS121 was considered as the strongest with the
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Fig. 1. View of the intermolecular interactions in the docked complex (a) 3D and (b) 2D plot

interacting distances 2.22, 2.22 and 2.70 ;\, respectively. The
stabilization of the ligand molecule in the active site was further
established from other weak interactions such as n-6, w-alkyl
and alkyl interactions (Table-2).

Topological properties of ligands and interactions with
protein: The topological analysis of electron density was
carried out for temozolomide molecule with the neighboring
interacting amino acids (within contact distance around 4 A)
in the active site of CA XIII. The critical point (cp) search has
been carried out for all interactions and found a (3, —1) type of
cp for these interactions. Further, the deformation electron
density maps are also plotted, which reveals the charge accum-
ulation in the bonding region, lone pair positions of atoms in
the molecule. The Laplacian of electron density map displays
the charge concentration and the charge depletion at the cp’s
of chemical bonds. Further, the topological properties of strong
intermolecular interactions are also calculated to understand
the electron density at, cp which helps to characterize the
intermolecular interactions.

TABLE-2
HYDROGEN BONDING DETAILS OF THE INTERACTIONS OF
DOCKED MOLECULE TMZ WITH TARGET CA XIII PROTEIN

Interactions Distance Type
02....HN/THR201 222
O1....HN/GLN9%4 222 H-bond
02... HC/HIS121 2.70
N6-H6....O/SER199 2.99
Imidazole.... HC/LEU200 2.80 -G
Imidazole....VAL123 4.18
Imidazole....VALI145 4.99
Tetrazine....VAL123 4.92
Tetrazine.... VAL202 447 m-Alkyl
Tetrazine....LEU200 5.07
C5.... HIS96 4.47
C5...VAL202 4.86 Alkyl

The electron density and Laplacian of the electron density
mappings of the molecule show the covalent bonding regions
and lone pairs of the oxygen atoms that are shown in Figs. 2
and 3. The topological properties of the electron density of

Fig. 2. Deformation (a) and Laplacian electron density (b) map of covalent bonds of TMZ molecule in the active site of CA XIII. The blue
colour represents positive contours (solid lines), the red colour represents negative contours (dotted lines)
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(d) N6H6...O/SER199

Fig. 3. Laplacian of electron density map of intermolecular interactions of TMZ and CA XIII enzyme obtained from DFT calculation in
contour and relief mode (range: -250 to +250 eA'S) [a-d]. Contours are drawn in logarithmic scale, 3.0 2% eA'S, where, N=2,4 and 8
x 10", n =-2,-1, 0, 1, 2. Blue (solid lines): positive contour and red (dashed lines): negative contour
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the molecule both in the gas phase and in active site are listed
in Table-3.

TABLE-3
TOPOLOGICAL PROPERTIES OF ELECTRON DENSITY
OF TMZ IN THE GAS PHASE (B3LYP/6-311G) AND

IN THE ACTIVE SITE OF CA XIII
Bonds pbcp(r) Vzpbcp(r)
Gas Active site Gas Active site
C(2)-C(1) 2.152 2.104 -21.064 -20.194
C(1)-N(1) 1.993 2.109 -18.158 -16.648
N(3)-C(4) 2.472 2.496 -26.933 -26.049
C(2)-N(3) 2.181 2.351 -24.715 -23.482
N(1)-C(4) 2.083 2.066 -15.265 -15.552
N(2)-C(3) 2.144 2.204 -25.449 -26.638
N(1)-C(3) 2.034 1.956 -23.72 -22.121
N@4)-C(1) 2.236 2.244 -27.383 -27.334
N(5)-N(22) 2.235 2.275 -12.98 -13.56
N(4)-N(5) 3.018 2.717 -24.137 -18.997
C(6)-C(2) 1.825 1.997 -16.742 -20.062
N(6)-C(6) 2.19 2.306 -24.501 -22.88
0(2)-C(6) 2.745 2.736 -0.535 -1.965
C(3)-0(1) 2.813 2.716 -0.536 -3.799
N(2)-C(5) 1.727 1.699 -16.293 -15.686
H(6)-N(12) 2.32 2.31 -44.119 -44.264
C(4)-H(1) 1.988 1.987 -27.727 -27.57
H(2)-C(5) 1.921 1.923 -24.755 -24.772
C(5)-H(3) 1.921 1.926 -24.749 -25.004
H(4)-C(5) 1.943 1.922 -25.595 -25.06
N(12)-H(5) 2.314 2.329 -44.222 -44.512

Among the C-N bonds in the imidazole ring, C4-N3 bond
in both gas phase and active site exhibits high electron density

at the bep and the values are 2.47 and 2.50, respectively. This
characteristics of this bond were well established from the
high negative Laplacian values, -26.9 and -26.0, which shows
that the charges are highly concentrated in its binding region.

The average electron density at the bcp of C-N bonds in
the imidazole ring is ~2.13 calculated for both gas and active
site environment. The QTAIM analysis of homogenous N-N
bonds [N2-N5 and N5-N4] reveals that electrons are highly
localized in the bonding region of N5-N4 bond, where the
electron density and Laplacian values are 3.02 and -24.1 in
the gas phase. The respective values were feebly reduced [2.72
and -19.0] in the active site environment, as the N5-N4 bond
is slightly stretched by 0.5 in protein surrounding. There is no
significant difference was found for N2-N5 bonds, as their p
and del2rho values were 2.23/2.27 and -13/-13.1, respectively.
As expected, the value of p at the bep of C=0 bonds in formal-
dehyde and acetamide groups is high among all other bonds
of TMZ, both in gas and active site and the average values are
2.78 and 2.73 A, respectively. On contrary, the negative sense
of the corresponding Laplacian values is very low, as their
average values are -0.53 and -2.88, respectively. This discre-
pancy is due to the different behaviour of Gaussian and Slater-
type radial functions at the vicinity of the bcp and a similar
trend were studied in the various report [25-27].

The bond critical point search on these interactions produ-
ced a (3, —1) type of critical points between atoms in temozol-
omide and the neighboring amino acid of temozolomide-CA
XIII complex. The H-bond topological parameters are listed
in Table-4. The positive value of the Laplacian confirms that
these interactions are a closed-shell type of interaction. Fig. 4

TABLE-4
TOPOLOGICAL PROPERTIES OF INTERMOLECULAR INTERACTIONS
Bond Prep (1) V2p,, (1) e V(r) G@r) H(r) d1 a2 D
02....HN/THR201 0.10 1.02 0.05 -0.07 0.07 0.00 1.358 0.892 2.250
Ol...HN/GLN94 0.10 1.42 0.44 -0.08 0.09 0.01 1.318 1.003 2.321
02...HC/HIS121 0.04 0.52 0.19 -0.02 0.03 0.01 1.579 1.161 2.741
N6....O/SER199 0.02 0.35 0.42 -0.02 0.02 0.00 1.797 1.660 3.457
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Fig. 4. Difference of (a) electron density pu,(r) and (b) the Lapalacian of electron density V>pue,(r) of TMZ molecule in the gas phase and in

the active site of CA XIII
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shows the relief plot of Laplacian of electron density of hydrogen
bonding interactions. On the whole slight variations were
observed in the topological characteristics of temozolomide
in the gas phase and active site for N4-N5, C6-C2 and C=0
bonds. This difference established the interaction of temozo-
lomide ligand with amino acids of CA XIII.

The relief illustrates the alignment of lone pairs of O atoms
involved in the intermolecular interaction. The contacts
02....HN/THR201 and Ol1....HN/GLN94 has the highest
electron density value, 0.10 e/A® which shows the strength of
the contact.

Electrostatic potential: The electrostatic potential of the
temozolomide molecule both in the gas phase and the active
site environment is shown in Fig. 5. As observed there is a
negative potential in the vicinity of oxygen atoms [O1 and O2]
of both formaldehyde and acetamide groups of temozolomide
in the active site of CA XIII environment, whereas in gas phase
temozolomide, the negative potential is found only for formal-
dehyde oxygen atom [O1]. It was concluded that there are
strong hydrogen bond interactions between the oxygen atoms,
O1 and O2 with GLN94, THR201 and HIS121 amino acid
residues of CA XIII. The negative isosurface value of -0.05¢/A
is used to draw the negative surface (red) of temozolomide
exhibited both in the gas phase and active site.

Conformational stability and free energy calculation:
The docking tool helps to determine the binding affinity of
the drug-receptor complex; whereas, molecular dynamic is
used to understand the movement of the complex concerning
time and to assess the stability of the docked pose. In this
work, a new inhibitor against CA-XIII is approached, which
exhibits a potential activity as well as take over the full binding
cavity of the CA-XIII.

The root mean square deviation (RMSD) is the important
property to determine the atomic position of the protein-ligand
complex concerning initial coordinates. The average RMSD
of temozolomide-CA-XIII complex is ~2 A. The radius of
gyration (Rg) is used to examine the compactness of the protein.
The Rg of the complex shows that the complex has stable com-
pactness (~18 A). The root mean square fluctuation (RMSF)

(a)

is another important property to evaluate the backbone fluctu-
ation. In general, the loop regions are more fluctuating than
the secondary structures due to the deviation of intramolecular
interactions. Particularly, lesser fluctuations are noticed in the
active site regions (Fig. 6); this is strongly attributed due to
the effect of intermolecular interactions. To estimate the
binding energy of temozolomide-CA-XIII complex, the enthalpy
was calculated. The total enthalpy based binding energy is
-17.96 kcal/mol; calculated from the H-bond, electrostatic and
van der Waals interactions. This high polar value is attributed
to the fact that the ligand molecule contains highly polar groups
(Table-5).

TABLE-5
CONTRIBUTIONS OF VARIOUS ENERGY COMPONENTS
TO THE BINDING FREE ENERGY (kcal/mol) FOR
THE TEMO-HUMAN CARBONIC ANHYDRASE
ISOZYME XIII ENZYME COMPLEX

Binding energy MM/GBSA

AE,y, -27.6 (1.8)

AE gecirostatic -13.4 (3.2)

AGppgp 26.4 (2.2)

AGs, -3.3(0.1)

AE, (B -41.1 3.9)

AG,, 23.1(2.2)

AGu -18.0 (2.6)

Conclusion

Temozolomide drug was successfully docked in the active
site of carbonic anhydrase XIII protein using the glide docking.
The stability of the docking mechanism was determined by
IFD methods which analyzing the binding energy and docking
scores exhibiting the residues THR201, GLN94, SER199 and
HIS121 as an active participant in the binding region which
forms the strong interactions with temozolomide molecule.
The stability of the drug molecule in the active site was authen-
ticated from the possible hydrogen bond interactions which
prevailed in the binding. The variations in the energy density
and the nature of the chemical bonds of temozolomide in active

Fig. 5. Isosurface representation of ESP map of TMZ molecule in the (a) gas phase and b) the intermolecular interaction between the TMZ
and the active site residues of CA XIII. The positive (blue) surface value is 0.5 eA™ and the negative (red) surface value is —0.05 eA!
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Fig. 6. Trajectories from MD simulation for temo-CA-XIII complex. (a) RMSD; (b) Radius of gyration, (c) RMSF and (d) overlapped view
of temo-CA-XIII complex from molecular docking (pink) and MD simulation (blue)

site and isolated phase were studied in detail from QTAIM
approach. The corelative topological parameters of temozo-
lomide in the active and gas-phase exhibited the idle effect of
the carbonic anhydrase XIII protein on the chemical nature of
the ligand. The molecular dynamic simulation study of
temozolomide-CA-XIII complex reveals that the conformation
and the intermolecular interactions of temozolomide molecule
are significantly altered.
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