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INTRODUCTION

In the last decades, several alkylsulfonate derivatives were
examined by pollsters in the spectroscopic and therapeutic field
due to their incredible pharmacological and biological activities
[1]. In therapeutic, several varieties of approaches for treating
chronic myeloid leukaemia (CML). However, alkylsulfonate
is governed in words and it sources less nausea and vomiting
than other DNA crosslinking agents. Maintaining patients in a
nearly symptom-free state for extended periods of time is, thus,
of great value and insight [2]. Alkylsulfonates are approved
by USFD administration for the treatment of chronic myeloid
leukemia [3].

(2R,3R)-Butanediol bis(methanesulfonate) (BBM) is an
alkylsulfonate crosslinking agent and its interaction with DNA
has explained by alkylating DNA crosslinking agents through
the molecular electrostatic potential surface analysis [4]. The
quantum chemical and docking methods were used to explain
the biological activities of alkylsulfonates in the context of their
electronic and molecular structures, reactivity and drug-enzyme
binding [5]. The computational predictions of active binding
sites on specific biological targets against BBM have also been
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reported [3]. When this molecule interacts with a protein, the
methanesulfonate groups, which are attached to the two ends
of the alkyl chain, are released resulting in the formation of
carbonium ions through hydrolysis [6]. The intramolecular
hydrogen bonding interactions in the conformers of alkyl-
sulfonates were identified as the active binding sites on selected
biological targets for alkylsulfonates [7].

According to the literature review, no studies have been
conducted on (2R,3R)-butanediol bis(methanesulfonate) (BBM)
molecule’s conformational geometry, NBO analysis, molecular
electrostatic potential (MEP) surface studies and molecular
docking. Hence, in present work, the optimized geometrical
parameters of BBM molecule were analyzed. Moreover, mole-
cular electrostatic potential (MEP) surface is plotted over
the optimized geometry to explicate the reactivity of BBM
molecule. The redistribution of electron density (ED) in various
bonding and anti-bonding orbital and hyper conjugation energies
of BBM were calculated by natural bond orbital (NBO) analysis.
The docking method was used to assess the biological activities
of the BBM molecule and its antimicrobial activity was also
studied.

This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This
license lets others distribute, remix, tweak, and build upon your work, even commercially, as long as they credit the author for the original
creation. You must give appropriate credit, provide a link to the license, and indicate if changes were made.
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EXPERIMENTAL

A pure sample of (2R,3R)-butanediol bis(methanesulfonate)
(BBM) molecule was purchased from Sigma-Aldrich, USA.
After inoculation, a sterile cork borer was used to create wells
in each of these plates, each measuring 10 mm in diameter and
arranged about 2 cm apart. Extracts from each drug were diluted
to 1 mg/mL stock solution in water. For this experiment, appro-
ximately 100 puL of various solvent extract concentrations to
the wells and let them diffuse at room temperature for 2 h. For
24 h, the plates were incubated at 37 °C and then the activity
index and the diameter of the inhibition zone were measured.

Computational details

Quantum chemical computations: The electronic struc-
ture of (2R,3R)-butanediol bis(methanesulfonate) (BBM) is
provided by the pubchem database and optimized wB97XD/
6-311++G (d,p) level of approximations using Gaussian 09W
software [8,9]. Hence, they are accurately predicting the mini-
mum energy structure [10]. The second order perturbation
energies from donor and acceptor species of BBM molecule
were predicted using NBO 3.1 program at wB97XD and cam-
B3LYP DFT functional with 6-311++G(d,p) basis set combina-
tions. Molecular electrostatic potential (MEP) of BBM mole-
cules have been performed by Gauss View 5.0 [11].

Molecular docking: The molecule (BBM) was docked with
the selected organism PDB antibacterial proteins using the
AutoDock4.2 software packages [12] and the docking results
were analyzed and visualized using Pymol software [13]. To
further understand the binding characteristics of alkylsulfonates,
molecular docking studies were conducted. For preparing the
targets, the Auto Dock Tool (ADT) graphical user interface

(GUI) was used and predefined scripts for adding the hydrogen
atoms, by removal of water molecules and Kollmann charges
to the residues. The ligand structure optimized to minimum
energy at wB97XD/6-3114++G (d,p) level of theory was intro-
duced and the conformation detection roots were identified using
ADT script. The Lamarckian genetic algorithm procedure was
used, which was implemented in the Auto Dock software. Each
enzyme had a search region (docking grid box) with a grid
size 60 A x 60 A x 60 A covered the active site of enzyme.
The dimensions of box were such that the whole working space
was contained within them. Molecule was docked in the funct-
ional areas of the protein of concern was performed in 10
separate runs, with each run beginning with a random set and
the minimal docking energy value was determined. The docked
conformation with the lowest binding energy was selected to
investigate the binding mode of the molecules.

RESULTS AND DISCUSSION

Geometricl parameters: The optimized structure of the
BBM molecule was obtained by using quantum chemical
computations at DFT/wB97XD/6-311++G (d,p) basis set (Fig.
1). Table-1 displays the results of a comparison between the
theoretical and experimental values for the geometric para-
meters of the BBM molecule. In BBM molecule, three C-C
bond lengths, fourteen C-H bond lengths, two C-O bond lengths,
six S-O bond lengths and two S-C bond lengths. The three C-C
bond lengths of BBM are smaller than the normal C-C single
bond of 1.54 A [14]. The C-O bond lengths by DFT/wB97XD/
6-3114++G(d,p) in the range of 1.42 A, it is nearly closest for
experimental value. The oxidation of BBM molecule occurs
at the C-O bonds and provides a plethora of data about the

TABLE-1
GEOMETRICAL PARAMETERS OF (2R,3R)-BUTANEDIOL BIS(IMETHANESULFONATE) (BBM)

Bond lengths Calcd. (13;) Expt. (A) Bond angles Calcd. (°) Expt. (°) Dihedral angles Calcd. (°) Expt. (°)
S;-0; 1.6191 1.631 05-S,-Oq 109.0 109.46 04-S;-05-C 91.2 88.08
S,-O4 1.4456 1.449 0;-S,-0, 108.2 109.47 S1-0;-C5-Hg 38.5 38.99
S;-0; 1.4457 1.449 0;-S;-Cy4 97.0 96.53 S,-0,-Cy-Cy 152.8 156.12
S,-Cs 1.7749 1.775 04-S;-0, 119.0 122.03 S,-0,-Cy-Cy, -82.4 -80.00
S,-0, 1.6191 1.630 04-S;-Cy4 110.2 108.16 S,-0,-Co-H;5 38.5 38.26
S,-Os 1.4456 1.449 0,-S,-Cj5 97.0 96.54 0,-Cy-C,4-05 67.6 63.38
S,-O4 1.4457 1.449 0;-S,-O4 119.4 122.02 C,,-Cy-Cy-05 -54.7 -58.00
S,-Ci3 1.7749 1.775 05-S,-Cj5 110.3 108.13 C,-Cy-C,-Cy, -177.1 -178.84
0;-Cyy 1.4548 1.426 S;-05-C 116.6 118.53 C,-Cy-C -H4 60.1 61.27
0,-C, 1.4548 1.426 0,-Co-C,, 108.5 108.41 H,5-Cy-C,(-O4 -178.6 -177.37
Cy-Cy 1.5221 1.535 C,-Cy-Hi5 106.4 107.24 H,5;-Co-C,-C,, 60.1 61.79
Cy-C, 1.5132 1.524 C,y-Co-Cy, 114.2 112.69 H,5-Co-C,o-Hi6 -62.8 -58.10
Cy-H;5 1.0950 1.097 0;-C,,-Cy; 108.5 108.65 0,-Cy-C,,-H,, -56.6 -52.93

C-Cy, 1.5132 1.524 Cy-C,-C, 114.2 112.36 0,-Cy-C|,-H,,; 63.6 65.91
Cio-Hig 1.0955 1.097 C,-C;-Hy; 110.2 111.28 0,-Cy-C,,-H,, -176.6 -174.26
C,;-H, 1.0904 1.096 C,-C;;-Hyo 109.6 110.97 C,-Cy-C,-Hy, 63.7 69.57
C-Hyg 1.0923 1.094 H,;-C,,-Hg 108.9 108.79 C,-Cy-C,-H,, -176.2 -171.09
C;-Hyo 1.0905 1.094 H,;-C,,-H,o 108.6 106.71 C,-Cy-C -H,, -56.3 -51.76
Ci,-Hy 1.0891 1.095 Hs-C,-Hyo 108.4 107.78 H,5-Cy-C,,-H,, -176.5 -117.82
Ci,-H,, 1.0905 1.094 Cy-C,-Hy 110.2 111.25 0;-C,-C,;-H}; -56.5 -52.50
C,-H,, 1.0923 1.095 Cy-C,-H,, 110.6 111.06 0;-C,-C,;-Hyg -176.6 -173.91
Ci:-Hys 1.0878 1.092 Cy-Cj,-H,, 109.8 111.13 0;-C,-C,;-Hyo 63.6 66.17
Ci5-Hyy 1.0896 1.092 H,-C,,-H,, 108.0 108.75 Cy-C,-C,-Hy; 63.7 68.84
Ci3-Hys 1.0878 1.092 S,-C5-H,, 106.1 108.12 Cy-C,-C,-Hyg -56.3 -52.56




750 Babila et al.

Asian J. Chem.

n

Fig. 1. Optimized structure of (2R,3R)-butanediol bis(methanesulfonate)

biological properties of molecule. Since like charges repel one
other and unlike charges attract each other, homonuclear bond
lengths are larger than heteronuclear bond lengths [15].

NBO analysis: The natural bond orbital calculations were
performed on the titled compound (BBM) to explicate the possible
charge delocalization between the donor (lone pair, bonding)
and acceptor (anti-bonding) orbital. The electron occupancy of
bonding (o), anti-bonding (6*) and lone pair (n) orbital of the
BBM molecule were to explore the bond order between the
atoms and the strength of non-covalent interactions, efc. A
DFT theory at wB97XD/6-311++G(d,p) and cam-B3LYP/6-
311++G (d,p) basis functional were implemented for NBO
analysis. The stabilization energy E® associated with various
donors orbital (i) and acceptor orbital (j) were calculated [16]
and the results are presented in Table-2.

The occupancy of electrons and energy on n, ¢ and ¢*
orbital of BBM molecule on both sides of bond S-O in wB97XD
and cam-B3LYP levels were found to be equal. This indicates
both the achiral nature of the stereogenic axis along the S-O
bond and a high degree of symmetry [17]. The occupancies

and the energies of certain NBOs, which are prone to charge
delocalization are presented in Table-3.

The prominent stabilization energy of about 43 kcal/mol
was obtained for the interactions n3 (Os) — 6*(S,-O.), n3 (O,)
— 0%(51-03) and n3 (Og) — 6*(S,-0,4) at wB97XD/6-311++G
(d,p) level. These interactions give strong stabilization to the
molecule. Occupancy of the C-C sigma bonds is nearly equal
to 1.97e for both wB97XD and cam-B3LYP levels, which are
sp® hybridized [18]. The compositions of H-bonded NBO in
terms of natural atomic hybrid are shown in Table-4.

Hybrids related to central carbon atoms S,-C,3and O3-C,o
were protonated sp*** and sp>”® by forming the NBOs of the
BBM molecule. The O;-C hybrid orbital of the s-character
sp*** enables the O5-Cy bond to become significantly more stable
[19]. A C1i-Hs bond at Cy; through sp*'®hybridization in BBM
molecule confirms that the acidity of the donor C-H group, as
well as its potential hydrogen bond strength, increases while
changing the hybridization of C atoms from sp” to sp and is
further elevated by the surrounding electron withdrawing atoms.

Molecular electrostatic potential (MEP) surface studies:
Predicting the reactive charges of electrophilic and nucleophilic
reaction for the study of intermolecular hydrogen bonding
contact is significantly assisted by using the MEP, which is
built with the region around the molecule due to the species
distribution [20]. Table-5 listed the calculated electrostatic
point charges (e) and electrostatic potential V(r) values on the
specific atoms as a result of the charge distribution.

MEP generally allows to shows the charged regions of a
molecule in terms of colour grading. The presence of electro-
philic and nucleophilic sites can be predicted accurately using
this method. There is a positive potential for free neutral atoms,
and it is maximum in the nucleus [21]. In BBM molecule shows
the electronegativity oxygen atoms represents red region and
methyl group and sulfur atoms indicates the electropositive
blue region. Based on these findings, it is clear that the comp-

TABLE-2
SECOND ORDER PERTURBATION THEORY ANALYSIS OF FOCK MATRIX OF BBM IN NBO BASIS

Donor NBO; Acceptor NBO(j) E@ E(:]//:E?ZXDM L 11-'-3-+_C]‘;(d2 w) E(? EZ:;E;:LYPM L 1];-':;} ((151)1 )
(e (EH G~ (a.U.

G (S,-Oy) o* (S,-04) 0.51 1.48 0.54 1.45
n2 (Og) 6*(C5-Hys) 0.82 0.83 0.65 0.80
nl(0;) 6*(C,4-Hy) 0.83 1.19 0.59 1.14
n2(0;) c*(C,;-Hyg) 0.94 0.93 0.82 0.89
6 (Cy-Cyp) 6*(S,-0;) 1.31 0.9 2.32 0.86
G (S,-05) 6*(S,-0;) 1.90 1.10 1.90 1.10
o (Co-C)) *(C,-Cy)) 2.46 1.2 2.42 1.16
6 (S,-C,) 6*(S,-0;) 3.38 0.95 3.11 0.91
G (S,-Cp3) o*(S,-0,) 3.4 0.95 3.11 0.91
n2(0;) *(C,y-Cy)) 49 0.91 5.81 0.87
o (Cy-Hyg) o*(05-C,) 6.72 0.89 6.41 0.87
n2(0;) 6*(S,-Og) 8.04 0.81 10.62 0.77
n2(0Os) 0*(5,-C,5) 16.07 0.58 19.45 0.54
n2 (Og) 6*(S,-05) 25.53 0.75 23.80 0.72
n2(0,) 6*(S,-Og) 25.56 0.75 23.80 0.72
n3(0s) o*(S,-0,) 43.21 0.53 40.33 0.49
n3(0g) 6*(S,-0,) 43.73 0.53 39.39 0.5
n3(0,) o*(5,-0;) 43.74 0.53 39.39 0.5
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TABLE-3
OCCUPANCY OF THE INTERACTING NBOs WITH THEIR CORRESPONDING ENERGIES OF BBM MOLECULE
Occupancy (e) Energy (kcal/mol)
Parameters wB97XD cam-B3LYP Aocc(e) WB97XD cam-B3LYP AE (keal/mol)
6 (5,-C) 1.9737 1.9744 0.0007 -0.8045 -0.7900 0.0145
0 (Cy-Cyp) 1.9782 1.9738 0.0044 -0.7494 -0.7355 0.0139
6 (Cy-H5) 1.9717 1.9710 0.0007 -0.6230 -0.6044 0.0186
nl(0;) 1.9630 1.9612 0.0018 -0.7500 -0.7186 0.0314
n2(05) 1.8124 1.8122 0.0002 -0.3826 -0.3704 0.0122
n3(0y) 1.7804 1.7787 0.0017 -0.3804 -0.3659 0.0145
o*(S;-Cys) 0.1603 0.1574 0.0029 0.1927 0.1732 0.0195
o*(S,-04) 0.1451 0.1401 0.005 0.3618 0.3357 0.0261
6*(05-C,p) 0.0480 0.0466 0.0014 0.3011 0.2805 0.0206
0*(Cy-C,) 0.0369 0.0336 0.0033 0.4417 0.4210 0.0207
o*(C-Hye) 0.0234 0.0248 0.0014 0.4578 0.4439 0.0139
o*(C,-Hyg) 0.0047 0.0053 0.0006 0.4882 0.4567 0.0315
6*(C3-Hypy) 0.0042 0.0048 0.0006 0.4441 0.4238 0.0203
0*(C,4-Hy) 0.0072 0.0069 0.0003 0.4508 0.4297 0.0211
TABLE-4
COMPOSITION OF H-BONDED NBO IN TERMS OF NATURAL ATOMIC HYBRIDS
B97XD
Bond (A-B) ED ) A B
A (%) B (%) ” 5 (%) b (%) s (%) b (%)
S,-O;4 30.6 69.4 sp*1 19.0 78.6 18.4 81.5
S,-Ci5 49.9 50.1 sp*8? 25.8 72.8 20.3 79.4
0;-Cyy 70.2 29.8 sp*¥ 332 66.8 17.6 82.1
C,;-Hyy 61.2 38.8 sp>16 24.1 75.9 99.9 0.3
TABLE-5
MEP ANALYSIS USING wB97XD BASIS SET OF BBM MOLECULE
Atoms Charge (e) V(r) (a.u.) Atoms Charge (e) V(r) (a.u.) Atoms Charge (e) V(r) (a.u.)
S, 1.2063 -58.9960 Cin -0.4049 -14.7724 H,, 0.1371 -1.1110
S, 1.2081 -58.9961 G -0.4416 -14.7724 H,, 0.1371 -1.1101
0O, -0.4772 -22.3083 Cp -0.4839 -14.7172 H,, 0.1225 -1.1048
(O -0.4750 -22.3083 Cy -0.4804 -14.7172 H,, 0.1778 -1.0528
Os -0.5586 -22.3668 Hs 0.0234 -1.0786 H,, 0.1847 -1.0501
Oy -0.5580 -22.3668 Hy, 0.0213 -1.0786 H,; 0.1769 -1.0534
0O, -0.5633 -22.3668 H 0.1280 -1.1110 Hy 0.1769 -1.0528
Oy -0.5644 -22.3668 Hyg 0.1118 -1.1048 H,, 0.1836 -1.0500
C, 0.3565 -14.6809 Hy, 0.1278 -1.1101 Hyq 0.1764 -1.0534
Cuo 0.3513 -14.6808 - - - - - -

ound interacted with the biological molecules at the molecular
level [22]. From MEP (Fig. 2), the oxygen atoms (O3, Ou, Os,
Og, O; and Og) attached to sulfur atoms (S; and S,) are electro-
philic in nature. Since the electropositive atoms S; and S, are
linked with three electronegative oxygen atoms, and the surro-
unding surfaces appear to be red. The cloud charge transfer
was occurred between the ranges of -4.533 e to 4.533 e on
the wB97XD-basis set.

The electrostatic potential values of the atoms S, and S,
calculated by wB97XD basis set were 58.9960 a.u. Also, the
atom Hjs is reported to have a lower positive electrostatic point
charge of 0.1118, which shows the less electronegative nature
of atoms. The atom Os has a lower negative electrostatic point
charge of —0.5586, demonstrating that less electropositive
atoms tend to have lower values for this property.

Molecular docking: Drug discovery now heavily relies
on the capacity to predict the chemical interactions between
the active compounds and targets (proteins displaying biological
activity). Moreover, the chemical processes and selectivity can
be uncovered through docking studies of the lead compound
with many protein targets [23]. The protein was prepared for
docking by eliminating the water molecules. The docking pro-
tocol anticipated the same conformation within the acceptable
range of 2 A [24]. The binding energy of BBM molecule with
antibacterial proteins were SDXF, 1UKC, 4NQ6 and 4LJH
were calculated as -5.65, -5.22, -4.92 and -3.83 kcal/mol.

The non-bonding interactions, such van der Waals and
hydrophobic contacts can be explained through stability of
the binding energy. Comparing all the proteins docked with
BBM molecule, the 4NQ6 protein has lowered the inhibition
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constant of 248.58 uM. It has been predicted more biological
activity than the other studied proteins. Table-6 shows docking
parameters using AutoDock of BBM molecule, whereas Fig. 3
shows the docked molecule of BBM with antibacterial protein.

Antimicrobial activity: The antimicrobial activities of
BBM molecule against for fungal and bacterial strains are listed
in Table-7. Based on the results, it is established that the BBM
molecule has nearly the same antifungal activity against Candida
sp. as comparable to standard drug ketoconazole, and that it
also has nearly the same antibacterial activity against E. coli
as comparable to standard drug cotrimoxazole.

Conclusion

In this work, quantum chemical computations were used
to perform a thorough analysis of the optimized geometry on
the structure, natural bond orbital analysis of (2R,3R)-butane-
diol bis(methanesulfonate) (BBM). The optimized geometry
calculations of BBM molecule were based on DFT/wB97XD
basis set, which shows the influence of long range interactions.
Molecular electrostatic potential (MEP) predicts the reactive
region of the BBM molecule and that region shows the inter-
molecular interactions with the biological molecules. The pro-
minent stabilization energy of approximately 43 kcal/mol were

. Docked protein (2R,3R)-butanediol bis(methanesulfonate)
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TABLE-6
DOCKING PARAMETERS OF (2R,3R)-BUTANEDIOL BIS(IMETHANESULFONATE)
Protein (PDB ID) Type of organism Bonded residues Bond distance (A) coInns}tlelltr)llttl((:llll\/I) Bl?gég%;‘:ﬁ;gy

HIS’ 229 2.8
HIS 161 2.0
. . MET 437 2.6

SDXF Candida albicans ARG’ 344 20 72.27 -5.65
MET’437 2.1
GLY’436 2.6
HIS’ 440 2.8
SER’133 22
GLY’127 32

1UKC Aspergillus niger SER’210 2.0 148.03 -5.22
ALA’211 2.3
GLY’128 1.9
GLY’127 1.9
ASN’180 1.8
HIS 210 2.1
. ASP’90 2.6

4NQ6 Bacillus cereus HIS’ 149 20 248.58 -4.92
HIS’88 1.8
HIS’86 1.8
ASP’47 3.5
Pseudomonas ARG’48 1.9

4LH aeruginosa GLY’46 3.2 1.57 mM -3.83
GLY’43 2.3

TABLE-7 2. R. Mckenna, S. Neidle, R. Kuroda and B.W. Fox, ActaCryst., C45, 311
ANTIMICROBIAL ACTIVITY OF PLANT EXTRACT (1989);
AGAINST FOR FUNGAL AND BACTERIAL STRAINS OF https://doi.org/10.1107/S0108270188011291
(2R,3R)-BUTANEDIOL BIS(METHANESULFONATE) 3. T. Karthick and P. Tandon, J. Mol. Model., 22, 142 (2016);
RTIOR https://doi.org/10.1007/s00894-016-3015-z
Pathogens = Zone of inhibition (mm) a't 39 ML 4. V.Kumar, G. Jain, S. Kishor and L.M. Ramaniah, Comput. Theor. Chem.,
Positive control (mm) Size of inhibition (mm) 968, 18 (2011):
Candida sp. 25 23 https://doi.org/10.1016/j.comptc.2011.04.034
Escherichia coli 23 21 5. L Novak and B. Kovac, Chem. Phys. Lett., 498, 240 (2010);

https://doi.org/10.1016/j.cplett.2010.08.073
obtained for the interactions n3 (Os) = 6%(S,-0,),n3 (07;) = & E IW?‘{“EFO’C Y. Hirf;k'{v iscilgzvzgo(l)i) Mizutani, M. Kojima and S.
*(Q._ QL T awanishi, Cancer Sci., 95, ;
6*(51-05) and n3 (Os) — 6¥(S-Ox). The binding energy of https://doi.org/10.1111/j.1349-7006.2004.tb0323 1.
the BBM molecule with the SDXF protein was determined to 7.  T. Karthick, P. Tandon, S. Singh, P. Agarwal and A. Srivastava,

be -5.65 kcal/mol during the docking method, indicating the Spectrochim. Acta A Mol. Biomol. Spectrosc., 173, 390 (2017);
more enhanced the antibacterial interaction. In antimicrobial . ;‘/t[ml;:// do‘-ori/ }()Al 016/ 1-2&2016-0;)-231 71 eonn)
o e . . . . eytur an . AvInca, eterocyc. ommun., N N
actlylty of BBM molecule against the fupgal and bacterial hitps://doi.ore/10.1515/he-2020-0118
strains molecule shows the enhanced activity. 9.  M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb,
J.R. Cheeseman, G. Scalmani, V. Barone, G.A. Petersson, H. Nakatsuji,
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