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The conformational stability of sulfonamide derivatives was examined in the active site of the Dihydropteroate
synthase enzyme. The best-docked conformer was identified via the molecular docking approach. Possible stable
packing of best-docked conformer was predicted and evaluated from the intermolecular interactions. Further, the
interactions of stable conformers with the active site residue were characterized by charge density analysis based

on Bader’s Quantum Theory of Atoms in Molecules.

Introduction

The folP gene encodes the enzyme dihydropteroate synthase (DHPS),
which converts p-aminobenzoic acid (pABA) and 6-hydroxymethyl-7,8-
dihydropterin-pyrophosphate  into  7,8-dihydropteroate =~ (DHPP).
Because higher eukaryotes lack the folate pathway, this reaction is an
important step in the biosynthesis of folate in bacteria and primitive
eukaryotes. This makes it a promising target for the development of
antimicrobial drugs [1]. The highly successful sulfa medications that
have been in use for more than 70 years are directed against DHPS.
However, the development of sulfa drug resistance has severely reduced
their usefulness [2,3] and has spurred numerous attempts to create new
families of DHPS inhibitors [4]. Sulfonamides are extensively used as
antibiotic drugs [5] for treating infections triggered by fungi and pro-
tozoa. However, there exist non-antibiotic sulfonamides [6], wherein
they have been deployed for treating diabetes. Drugs in the sulfa class
inhibit the formation of the folate intermediate 7,8-dihydropteroate by
inhibiting the enzyme dihydropteroate synthase (DHPS) [7], which
catalyzes the condensation of 6-hydroxymethyl-7,8-dihydropterin-pyro-
phosphate (DHPP) with p-aminobenzoic acid (pABA) in the production
of folate [8]. The sulfa medication sulfamethoxazole (SMX) in
conjunction with the DHFR inhibitor trimethoprim is an effective
treatment for a wide variety of bacterial infections [9]. Sulfonamide-
based medicines were once first-line alternatives, but they have been
pushed to the sidelines because of the prevalence of DHPS mutations in
many clinical isolates.

The catalytic and resistance mechanisms of DHPS have been the
subject of structural, computational, and mutagenesis research,

* Corresponding author.
E-mail address: stevepearlin@gmail.com (D.S. Arputharaj).

https://doi.org/10.1016/j.rechem.2022.100716
Received 15 September 2022; Accepted 5 December 2022
Available online 6 December 2022

according to Yun et al [10]. They were able to structurally identify
important steps in the enzyme-catalyzed process in crystalline DHPS.
The production of a novel cationic pterin intermediate by the S(N)1
reaction is supported by the results. They further demonstrate that
during catalysis, two conserved loops produce a substructure that de-
velops a distinct binding pocket for p-aminobenzoic acid, one of the two
DHPS substrates. The roles of the conserved active-site residues are
explained by this substructure, which also explains how sulfonamide
resistance develops, along with the pterin-binding pocket.

These drugs were also used widely for treating the infections in the
urinary tract caused by the bacteria Escherichia Coli (E.Coli) and they
are considered as a frontline treatment for pneumonia observed in AIDS
patient [11]. The present study focuses on the conformational stability
of 24 variants of sulfonamide drugs [Fig. 1] in the active site of the DHPS
enzyme. The stable packing of best-docked drug was predicted through
ab initio methods and the intermolecular interaction of the inhibitor
molecule in the active site of the DHPS enzyme was analyzed. Further,
the charge density analysis has been carried out via Bader’s Quantum
Theory of Atoms in Molecule (QTAIM) [12], to characterize the bonds.

Materials and methods
Molecular docking

The coordinates of all 24 ligands were obtained from the reported
crystal structures. The crystal structure of DHPS in the complex form
[1AJ0] was obtained from the Protein data bank. The protein Prepara-
tion Wizard tool [13] was used for preparing the enzyme and before the
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Fig. 2. Sulfamethoxazole.
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Table 1
Induce Fit docking score values of SMA-DHPS complex.
Sulfonamide Derivatives docking score glide gscore glide emodel glide energy Prime Energy IFD Score
(KJ/mol) (KJ/mol)
Sulfamethoxazole (SMA) —6.637 —6.637 —72.265 —202.66 —48580.8 —587.19
4-amino-N-(3,4-dichlorophenyl)-benzene-sulfonamide —5.883 —5.883 —62.86 —196.765 —48510.6 —585.6
4-amino-N-(4-ethylphenyl)-benzene-sulfonamide —6.609 —6.609 —65.867 —191.602 —48390.5 —584.89
4-amino-N-(2,5-dichlorophenyl)-benzene-sulfonamide —6.127 —6.127 —59.189 —178.268 —48428.1 —584.86
4-amino-N-(4-nitrophenyl)-benzene sulfonamide —6.105 —6.105 —59.353 —189.012 —48424.8 —584.8
4-amino-N-(2-bromo-4-nitrophenyl)-benzene-sulfonamide —5.688 —5.688 —61.634 —195.2 —48452.4 —584.71
4-amino-N-(5-chloro-2-methylphenyl)benzene-sulfonamide —6.122 —6.122 —53.777 —174.285 —48400.1 —584.52
4-amino-N-(4-methoxyphenyl)-benzene-sulfonamide —5.682 —5.682 —55.148 —173.105 —48427.7 —584.41
4-amino-N-(4-chlorophenyl)-benzene-sulfonamide —5.688 —5.688 —61.644 —193.61 —48423.9 —584.37
4-amino-N-(3,4-dimethyl-5-isoxazolyl)-benzene-sulfonamide —6.436 —6.436 —73.446 —206.748 —48360.3 —584.36
N-(4-nitrophenyl)-benzene-sulfonamide —5.636 —5.636 —58.85 —185.698 —48294.7 —582.77
N-(2-nitrophenyl)-benzene-sulfonamide —5.415 —5.415 —50.652 —160.419 —48270 —582.25
N-(4-chlorophenyl)-benzene-sulfonamide —5.532 —5.532 —48.872 —157.553 —48231.9 —581.92
N-(2,5-dibromophenyl)-benzene-sulfonamide —5.059 —5.059 —53.576 —179.209 —48211.4 —581.2
N-phenyl-benzene-sulfonamide —5.613 —-5.613 —55.69 —174.808 —48133.6 —580.82
N-(2-chloro-3-pyridinyl)-benzene-sulfonamide —5.425 —5.425 —53.847 —174.126 —48113.9 —580.4
N-(2,3-dichlorophenyl)-benzene-sulfonamide —5.282 —5.282 —47.633 —157.754 —48116 —580.28
N-(2-chlorophenyl)-benzene sulfonamide —5.321 —5.321 —46.664 —153.942 —48108.9 —580.23
docking study, the water molecules and ions were removed from the
. . . Table 2
complex. Ligprep Module [14] was incorporated for preparing all the : . .
. . . Ligand-Protein Interactions.
ligands and the Induced Fit docking approach [15] was employed for the
docking process. Among the 24 ligands, the sulfamethoxazole (SMA), Interactions Distance Type
. . . A
[Fig. 2] was found to have the best docking score and this lowest energy (Al
complex was considered for further analysis. The docking score values of ARG63:HE...SMA: 2.782 Hydrogen Bond
all the ligands were listed in Table 1. The intermolecular interactions Algcles HH1 1962 Hvd Bond
. . . . rogen bon
between SMA and DHPS were visualized by Maestro and PyMol [16]. SMA:O1 yeros
LYS221:HZ1... 2.047 Hydrogen Bond
SMA:02
Crystal structure predicu:on ARG255:HH12... 2.283 Hydrogen Bond
SMA:01
. L. . ARG255:HH22... 2.680 Hydrogen Bond
The geometry of the parent molecule was initially optimized in the SMA:O1 yeros
gas phase using the DFT [17] method via B3LYP/6-31 g(d) basis set SMA:H1...THR62: 1.908 Hydrogen Bond
operations with the Gaussian 09 software [18]. Using the MOLPAK 0G1
package [19], the common space groups P1, P-1, P2, Pm, Pc, P21, P2/c, SI\’([)A:§7-~ASP185: 1.889 Hydrogen Bond
D.
P21/m, P2/m, P21/c, Cc, C2, C2/c, Pnn2, Pba2, Pnc2, P221, Pmn21, YS9 HES.. 5072 Hydrogen Bond
Pma2, Pca2l, Pna2l, Pnma, and Pbca were searched for dense crystal SMA:02
packings. By executing sequential orientations of the core parent LYS221:HE3... 3.021 Hydrogen Bond
molecule in all frequent coordination geometries and creating the SMA:N3
necessary coordination patterns with unit cell volume as a function, the LYSSISIT;;ZZ”' 2.252 Hydrogen Bond

search for dense crystal structures of SMA was conducted globally. From
90 to 90 rotation in 10 steps, the packings of the SMA molecule inside
the threshold contacts of the adjacent fragments of the parent molecules
were created. In the multidimensional grid, the SMA’s direction and
repetition led to the creation of 6859 hypothetical structures. The PMIN
[19] procedure used the repulsion potential field alone as the inner
lattice minimization to minimise the lattice energy of these starting
structures. The inner lattice minimizations of the hypothetically densest
SMA molecule structures with the smallest cell volume produced in the
frequently encountered 31 space groups were carried out using the
DMACRYS algorithm [20], which included a repulsion-dispersion po-
tential field of the type (1)

U= > [t ] exp [~ (Bi+ BuwRa/2] - (CiCw)'’/Ry (D)

i€lke2

where molecules 1 and 2 of different kinds contain atoms i and k,
respectively. The FIT potential was parameterized by Williams and Cox
[21] with additional terms for the hydrogen atoms bound to nitrogen,
which were later fitted by Coombes et al [22], and this potential field
was used in the lattice minimization. The inner lattice minimization
corrected the disparity of the PMIN lattice minimization with repulsion
alone potential, so validating the correctness. The set of multipoles
produced by the GDMA [23] method was examined at the MP2 level by
MP2/6-31G(d,p) basis set operation. This allowed for a detailed analysis

LYS221:HZ2...SMA 2.716 Hydrogen Bond;Electrostatic [Pi...Cation;

Pi...Donor Hydrogen Bond]

ARG255:NH1... 3.644 Electrostatic [Pi...Cation]

SMA
SMA...PHE190 3.617 Hydrophobic [Pi...Pi Stacked]
PHE190...SMA 5.224 Hydrophobic [Pi...Pi T...shaped]
SMC10...PRO64 4.829 Hydrophobic [Alkyl]
PHE190...SMC10 4.029 Hydrophobic [Pi...Alkyl]
SMA...ARG63 4.835 Hydrophobic [Pi...Alkyl]

of the electrostatic interactions as well as the intermolecular binding of
the SMA molecules. Based on energy ranking, the lattice-minimized
SMA molecules that met the Born criterion for mechanical stability
and had valid eigenvalue representations were listed in Table 3. The
second derivative properties computed from the Cij elements of the
Hessian matrix were used to confirm the SMA molecule’s thermody-
namic stability. In the current study, the nonzero representation from
the symmetry requirements was removed to re-minimize the erroneous
hypothetical structures produced with negative eigenvalues.
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Fig. 3. The SMA-DHPS complex showing (a) 2D and (b) 3D intermolecular interactions.
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Table 3
List of Predicted crystal structures together with reproduced experimental structure (Exp).
D Space group Ulattice kJ/mol a (;\) b (10\) c (10\) a(()) ﬁ((’) yz) Volume density (g/ cm®)
AK P2,/c —152.66 13.59 5.45 15.84 90.00 103.99 90.00 1137.65 1.48
AH P21 —151.41 8.77 5.38 14.07 90.00 68.49 90.00 617.51 1.36
FC P21/c —150.84 14.71 5.23 16.80 90.00 113.04 90.00 1188.10 1.42
CA P-1 —148.97 8.16 5.58 13.54 89.53 102.10 75.26 581.52 1.45
FA P21/c —146.68 8.16 26.85 5.60 90.00 105.55 90.00 1181.96 1.42
AM P21/c —146.47 8.37 20.27 7.04 90.00 101.78 90.00 1168.04 1.44
BF Pm —146.23 14.22 15.45 5.28 90.00 90.00 90.00 1159.96 1.45
AV Pna2, —146.18 14.22 15.46 5.28 90.00 90.00 90.00 1160.26 1.45
Exp C2/c —145.91 15.70 5.54 26.93 90.00 90.74 90.00 2343.54 1.44
DD C2/c —145.91 15.70 5.54 26.93 90.00 90.71 90.00 2343.62 1.44
AB P-1 —144.14 8.99 6.92 13.35 96.03 128.04 78.29 640.93 1.31
CB Pbca —143.66 5.53 15.83 27.49 90.00 90.00 90.00 2406.54 1.40
CcC Pbca —143.64 5.53 15.83 27.49 90.00 90.00 90.00 2406.56 1.40
AZ P2,212; —136.30 12.52 11.09 9.01 90.00 90.00 90.00 1251.26 1.34
CE Pbcn —135.10 18.50 6.87 18.74 90.00 90.00 90.00 2381.63 1.41
CD P2, /c —135.07 18.51 6.87 18.74 90.00 90.00 90.00 2381.80 1.41
AP P2,2,2 —-132.22 13.97 13.60 6.29 90.00 90.00 90.00 1195.31 1.41
AY Pca2, —132.12 15.39 8.42 10.01 90.00 90.00 90.00 1297.60 1.30
BH Pca2, —132.06 15.43 8.41 10.01 90.00 90.00 90.00 1299.21 1.29
DB Cc2 —129.49 15.05 7.76 14.00 90.00 58.04 90.00 1386.71 1.21
AQ P212121 —127.21 8.89 13.23 10.13 90.00 90.00 90.00 1190.10 1.41
AS Pna2, —124.39 14.15 16.10 5.48 90.00 90.00 90.00 1249.55 1.35
BB P1 -117.17 25.80 8.68 5.66 90.00 90.00 90.00 1267.41 1.33
BA P2,2,2 —116.93 25.78 8.69 5.66 90.00 90.00 90.00 1267.65 1.33
BD Pna21 —113.57 14.71 8.42 10.75 90.00 90.00 90.00 1330.59 1.26
AA P1 —104.01 8.84 5.50 11.94 125.71 56.00 137.22 310.79 1.35
AF P2, —100.70 10.39 7.00 9.09 90.00 111.89 90.00 612.95 1.37
DA Cc —97.04 10.08 12.79 13.08 90.00 122.32 90.00 1424.46 1.18
AU Pna2, —96.08 13.61 5.35 17.94 90.00 90.00 90.00 1304.98 1.29

Results and discussion
SMA-DHPS complex

The DHPS enzyme having 282 residues, is folded into eight a-helix
stacked around the outside of nine f-strands. The assessment of the
binding affinity of SMA against the active site residues of DHPS was
done by molecular docking approach. The binding pocket of DHPS
comprises hydrophobic and electrostatic regions framed by ARG63,
LYS221, ARG255, THR62, ASP185, PHE190, and PRO64 residues.
Moreover, the ligand interaction with protein was predominantly sta-
bilized by 10 hydrogen bonds. The NH, NHj, and SO, groups dominate

most of the H-bond interactions with residues. The complete list of in-
teractions in the SMA-DHPS complex was tabulated in Table 2. Fig. 3
poses both the 2D and 3D ligand interaction with protein.

Structure close to real and hydrogen bonding interactions

Table 3 depicts the list of the lattice-minimized crystal structure of
SMA molecules encountered for different space groups and they are
ranked on basis of energy. From this table, it was clear that the structure,
DD, with —145.91 KJ/mol reflects the experimental structure [24] well
and the packing is stable at the C2/c spacegroup of monoclinic system,
which is highly correlated with the reported X-ray structure [exp]. Fig. 4
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Fig. 4. Energy landscape of predicted crystal structures along with the minimized experimental structure.

Table 4
Intermolecular interactions for predicted (DD) and experimental (EXP) crystal
structures.

H-Bond Donor...Acceptor [A] Donor-H......... Acceptor []
DD/EXP DD/EXP
N1-H1...02 3.5/3.2 164/165
N2-H4...S1 3.3/- 107/-
N2-H4...02 3.0/- 134/-
N2-H7...01 2.9/3.3 126/141
N2-H4...01 3.5/3.3 128/163
C5-H5...01 3.4/3.6 144/145
C8-H8...N3 3.3/3.2 131/158
C10-H10...03 3.5/3.7 166/152
C10-H10...N3 3.5/- 142/-
C10-H9...N3 3.6/3.6 142/137

shows the dense crystal energy landscape with the generated optimized
crystal structures together with the minimized experimental SMA
structure within the region from -97 KJ/mol to -153 kJ/mol. The
thermodynamic stability of the predicted structure [DD] was further
confirmed by their strong H-bond interactions [Table 4] and the same
was compared well with that of the real structure. Moreover, the indi-
vidual contribution of atoms in the H-bonding interactions was well
exploited from the 2D fingerprint plot of Hirshfeld surface (HS) [Fig. 5]
using the Crystal Explorer package [25].

The maximum contact contribution towards the total HS surface is
identified from O...H/H...O interactions with 30.8 % and 32.8 % for
both predicted and experimental crystal structures. These were origi-
nated by NH2 groups interacting with oxygen atoms of the SO, group
[N2-H4...01, N2-H402, N2-H7-'O1], CH of aniline ring and NH
group with oxygen atoms of SO2 [C5-H5-O1, N1-H1-‘02] and methyl
group with the oxygen of isoxazole ring [C10-H10'O3]. These were

highlighted by sharp spikes at a short distance in the fingerprint plot.
Next to this, H"H contacts contribute with 28.9 % (predicted) and 27.8
% (Exp) with the least distance, d(H6, H9) of 2.56 A for predicted crystal
structure, and the equivalent distance in the experimental structure is
2.83 A. The least contribution is calculated for N*"H/H'"'N interactions
involved in the isoxazole ring [C8-H8'N3. C10-H9 N3 and C10-
H10'N3] and the corresponding percentage values for predicted and
experimental crystal structures were 15.8 % and 13.6 % respectively.
These interaction contributions were well established from the contact
enrichment ratio and %contacts listed in Table 5.

Energy between molecular pairs

The symmetric molecules of the SMA crystal structure of both real
and predicted structures were stacked antiparallel and framed the rib-
bon pattern [Fig. 6]. This orientation was predominantly stabilized by
N2-H7'01 and N2-H4''O2 H-bond interactions. The four main aspects
of molecular interaction energy—electrostatic, polarisation, dispersion,
and exchange-repulsion were calculated using monomer wavefunctions
at B3LYP/6-31G(d,p) levels along with Grimme’s D2 dispersion cor-
rections which are incorporated in Crystal Explorer package [25]. The
energies of all interactions between the molecular pairs are listed in
Table 6 for both predicted and real crystal structures and the values were
found to be coherent. Five molecular pairs were identified with signif-
icant intermolecular energy, Eiy ranges from -23.3 to —38.3 KJ/mol.
The first molecular pair is framed from the N2-H4''S1, N2-H4'*02 and
N2-H7:-01, H-bond interactions with the total energy of —39.4 KJ/mol
[real] and —38.3 KJ/mol [DD]. This molecular pair is highly stabilized
from 27 % of electrostatic and 71 % of dispersion energies. 50 %
contribution of these energies was found for the second molecular pair
stabled from N1-H1"*O2 interaction with E;, values were -32.1 KJ/mol
and —38.2 KJ/mol for predicted and real crystal structures respectively.
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Table 5
Nature of intermolecular contacts on the Hirshfeld surface by chemical types.

DD EXP
atom H C N (o] S HC atom H C N o S HC
Surf% 14.38 23.59 9.89 14.97 2.73 34.45 Surf% 14.6 23.46 9.87 14.78 2.73 34.56
H 1.25 H 1.28
C 1.26 5.42 C 1.21 5.43 %contacts
N 0.87 1.26 0.41 %contacts N 0.84 1.25 0.43
(0] 14.38 4.44 0.16 0.21 [¢] 14.36 4.4 0.16 0.22
S 2.47 0.06 0.63 0 0 S 2.59 0.04 0.57 0 0
HC 7.23 27.13 14.56 9.51 2.26 6.47 HC 7.19 27.27 14.41 9.42 2.38 6.55
E E
H 0.61 H 0.62
C 0.2 1.07 Enrichment C 0.19 1.07 Enrichment
N 0.33 0.31 0.5 N 0.32 0.31 0.53
(0] 3.46 0.68 0.06 0.1 [¢] 3.47 0.68 0.06 0.11
S 3.17 0.05 1.28 0 0 S 3.23 0.03 1.13 0 0
HC 0.68 1.63 2.15 0.89 1.13 0.48 HC 0.68 1.64 2.15 0.89 1.16 0.48
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Fig. 6. Packing pattern in the unit cell of (a) Predicted and (b) Experimental crystal structures.

The third molecular pair contradicts the previous one, as 71 % of elec-
trostatic and 29 % of dispersion energies contribute towards the total
energy for the interaction N2-H4'‘O1 and C5-H5'"O1. The average Etot
values for the fourth and fifth molecular pairs were 31 KJ/mol [real] and

25 KJ/mol [DD], with 37 % and 63 % contributions of electrostatic and
dispersion energies. On the whole, it was noted that molecular packing
is highly stabilized by dispersion energies in both real and predicted
crystal structures.
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Table 6
Energy components (kJ/mol) for predicted DD structure (first line) and exper-
imental (EXP) (second line) between the molecular pairs.

Symm.operator Centroid Ecol Epol Edgis Erep Eiot
Distance
x+1/2,y+1/2,z 8.33 -33.2 —6.1 —-14.4 39.4 -27.9
8.49 —-14.2 —4.4 —-9.6 10 —20.4
Xy, -z+1/2 13.25 2.4 —08 -37 1.1 —0.6
12.75 0.7 -1.2 -6 3.8 -3
x+1/2,y+1/2, 8.74 -12 -2 -19.8 13.1 -23.3
-Zz+1/2
8.22 -16.7 —-2.4 —24.3 15.8 —30.8
X, ¥, 2 5.54 -16.6 —-6.7 —28.9 25 -32.1
5.48 -27.9 -9.1 -31.1 40.7 —38.2
X, -y, -Z 7.80 -10.8 —-2.5 —28.7 18.5 —26.9
7.17 -10.9 -3.6 —28.9 13.8 -30.9
x+1/2,-y+1/2, 6.48 -13.1 -5 —41.2 24.5 —-38.3
-Z
6.65 -12.6 -3.5 —44 23.9 —-39.4
X, -y, -Z 8.12 4.2 -0.7 -9 0.8 —-3.4
7.82 3.2 -1.2 —-14.5 5.3 -7
Table 7
Topological properties of closed shell interactions of SMA in active site.
Bonds p(r) V2p(r) V() G(r) H(r) Einter
eA=3®  eAS KJ/mol  KJ/ KJ/ KJ/mol
mol mol
H1...THR62: 0.19 1.93 —54.91 53.74 -1.16 —27.45
0G1
H7...ASP185: 0.17 2.07 —50.28 53.32 3.04 —25.14
OD2
O1...ARG63: 0.15 1.71 —44.51 45.52 1.01 -22.26
HH21
02.LYS221: 0.14 1.52 —41.45 41.41 —0.04 —20.72
HZ1
01-ARG255: 0.10 1.14 —27.86 29.41 1.55 —13.93
HH12
N3...LYS221: 0.12 1.3 —28.8 30.3 1.6 —14.4
HZ2
0O1...ARG255: 0.04 0.58 —10.20 12.97 2.78 —5.10
HH22
0O1...ARG63: 0.03 0.49 —7.90 10.57 2.67 -3.95
HE
Table 8

Topological properties obtained at B3LYP/6-311++G(d,p) of closed shell in-
teractions of SMA in solid state.

Bonds p(r) V2p(r) V() KJ/ G(r) H(r) KJ/ Einter
eA™3  eAS mol KJ/mol  mol KJ/mol

C1-S1 1.39 —-9.47 —526.61 134.34 —392.27 —263.31
C1-C2 2.04 —19.72 —1058.02 260.43 —797.59 —529.01
C2-C3 2.10 —20.71 —1113.11 274.49 —838.62 —556.55
C3-C4 2.04 —19.98 —1038.16 247.05 —791.11 —519.08
C4-C5 2.04 —19.98 —1037.49 246.64 —790.85 —518.74
C5-C6 2.09 —20.67 —1111.25 274.09 —837.17 —555.63
C6-C1 2.04 —19.70 —1057.67 260.53 —797.14 —528.83
C4-N2 2.07 —21.75 —1482.70 445.15 —1037.55 —741.35
S1-N1 1.44 —-12.18 —877.95 273.07 —604.88 —438.97
N1-C7 2.00 —20.84 —1344.33 388.35 —955.97 —672.16
C7-N3 2.46 —24.70 —2177.25 752.25 —1425.00 —1088.63
N3-03 2.08 —-8.40 —1257.34 514.26 —743.08 —628.67
03-C9 1.97 —5.25 —2067.15 962.11 —1105.04 —1033.57
C9-C8 2.21 -22.38 —1287.65 339.05 —948.60 —643.82
C8-C7 1.96 —18.08 —980.48 244.07 —736.42 —490.24
C9-C10 1.75 —15.50 —755.55 166.74 —588.81 —377.78
H4-02 0.11 1.40 —29.22 33.61 4.39 —14.61
H701 0.11 1.43 —29.81 34.38 4.58 —14.90
H1-02 0.04 0.56 —9.43 12.36 2.93 —4.72
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Fig. 7. Electrostatic potential maps plotted over the electron density isosurface
at 0.001 au. Blue dots: Positive potential; Red dots: Negative potential. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 9
Electrostatic energies of predicted and experi-
mental crystal structures.

D Eelect [KJ/mol]
AK —600.404
AH —601.659
FC —831.361
CA —625.09
FA —397.48
AM —792.45
BF —632.202
AV —646.428
Exp —1061.48
DD —-1061.9
AB —677.808
CB —487.854
CcC —481.997
AZ —895.794
CE —489.946
CD —484.926
AP —594.128
AY —637.223
BH —629.274
DB —1356.03
AQ —667.766
AS —671.532
BB —292.88
BA —286.186
BD —340.996
AA -332.21
AF —412.542
DA —707.096
AU —367.355

Closed shell interactions in the active and crystal phase

The strength of the intermolecular interactions between ligand and
protein was validated from the electron density analysis using the
QTAIM approach [12]. In the SMA-DHPS complex, the p(r) and Vzp(r) at
bond critical point of all possible H-bond interactions were calculated
using the Multiwfn package [26] and the values were listed in Table 7.
The interaction energies were calculated based on Espinosa’s relation-
ship [27]. It is revealed that among the interactions, the NH group of the
SMA ligand makes strong binding with the oxygen atom of THR62 res-
idue with the energy value of —27.9 KJ/mol.

Moreover, a similar analysis was carried out for SMA molecule in the
solid state from the search of (3,-1) type of critical point and the cor-
responding topological values calculated from B3LYP/6-311++G(d,p)
level of theory were listed in Table 8. The impact of N—H""O in-
teractions; N2-H4--02, N2-H7-*O1 and N1-H1'02, in packing stability
was well defined from their interaction energies and the values are
—14.61 KJ/mol, —14.90 KJ/mol and —4.72 KJ/mol respectively.
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Fig. 8. Scatterplot of inner and outer electrostatic potential V on the Hirshfeld surface for crystal structures (a) DD, (b) EXP and (c) DB. The contacts donated by
oxygen and by the hydrogen atom Hc from the inner molecule are highlighted in red and blue color, respectively. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Percentage of actual contacts in the real and predicted crystal packings.
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Electrostatic potential of predicted structures

The polar characteristics of the SMA molecule lifted from the pre-
dicted crystal structure were established from molecular electrostatic
potential (MESP) by evaluating the positive, Vsnax, and negative
extrema, Vgmin potentials on the molecular surface using the program
WFA-SAS [28]. The negative potential of the ligand in the active site was
enhanced due to the interactions with the residues ARG63, LYS221,
ARG255, THR62, and ASP185 [Fig. 7]. The donor and acceptor sites in
the predicted structures were well identified from strong positive Vgmax
potential values for the atoms 443.57 KJ/mol and strong negative
extrema, Vgnmin for the atoms 516.31 KJ/mol. Moreover, these values
were in good agreement with those calculated for real crystal structures.

The electrostatic energy was calculated from the electron density
multipolar model and the values are listed in Table 9 further it is
computed that Egjec and Ulygice Values are correlated by 17 %.

Further, the correlation coefficient Cyy [Fig. 8] between interior and
exterior potential was calculated for both experimental and predicted
structures, which reveals the complementarity of inner and outer po-
tential. In the experimental crystal structure, the polar hydrogen atoms
lie in the regions of the highest inner potential and the oxygen atoms are
at the origin of the electronegative areas. A similar trend was noted for
predicted crystal structure. Among the predicted structures, DB has the
highest E¢jec energy and thus has an additional H-bond network when
compared with experimental and DD crystal structures. In DB, the
hydrogen atom of NH2 forms six H-bonds with the atoms O1, 03, N2,
and N3. The Cyy correlation for the DB structure is —0.41 %, whereas the
equivalent values for experimental and DD crystal structures were
—0.12 %. The percentage of actual contacts in the real and predicted
crystal packings is shown in Fig. 9.

Conclusion

The stable conformer of sulfamethoxazole was established from the
various types of interactions with the amino acid residues ARG63,
LYS221, ARG255, THR62, ASP185, PHE190, and PRO64 residues. The
major contribution resulted from 10 hydrogen bonds framed by NH,
NH,, and SO, groups of a ligand with amino acid residues. The more
stable packing was predicted and ranked the hypothetical structures
based on the energy. From the energy landscape, it was determined that
structure DD of spacegroup C2/c highly resembled with experimental
structure with lattice energy of —145.91 KJ/mol. In both predicted and
experimental crystal structure, the majority contact contribution to-
wards the total HS surface is predicted from O"H/H""O interactions
with 30.8 % and 32.8 % respectively. The closed shell interactions be-
tween the stable ligand and active site residues were characterized by
QTAIM theory.
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