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Abstract Molecular modeling of synthetic methyl-α-
Neu5Ac analogues modified in C-9 position was investigated
by molecular docking and molecular dynamics (MD) simula-
tion methods. Methyl-α-Neu5Ac analogues were docked
against cholera toxin (CT) B subunit protein and MD simula-
tions were carried out for three Methyl-α-Neu5Ac analogue-
CT complexes (30, 10 and 10 ns) to estimate the binding
activity of cholera toxin-Methyl-α-Neu5Ac analogues using
OPLS_2005 force field. In this study, direct and water medi-
ated hydrogen bonds play a vital role that exist between the
methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ)-
cholera toxin active site residues. The Energy plot, RMSD
and RMSF explain that the simulation was stable throughout
the simulation run. Transition of phi, psi and omega angle for
the complex was calculated. Molecular docking studies could
be able to identify the binding mode of methyl-α-Neu5Ac
analogues in the binding site of cholera toxin B subunit
protein. MD simulation for Methyl-α-9-N-benzoyl-amino-9-
deoxy-Neu5Ac (BENZ), Methyl-α-9-N-acetyl-9-deoxy-9-
amino-Neu5Ac and Methyl-α-9-N-biphenyl-4-acetyl-deoxy-
amino-Neu5Ac complex with CT B subunit protein was car-
ried out, which explains the stable nature of interaction. These
methyl-α-Neu5Ac analogues that have computationally ac-
ceptable pharmacological properties may be used as novel
candidates for drug design for cholera disease.
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Introduction

The family of sialic acid (Neu5Ac or NeuNAc) contains more
than 30 derivatives of naturally occurring neuraminic acid [1].
Among them N-Acetylneuraminic acid (Neu5Ac) is the most
predominant sialic acid found in the cell surface of glycopro-
teins and glycolipids that plays a vital role in the carbohy-
drate–protein recognizing events such as cell adhesion, leu-
kocytes extravasation and bacterial & viral infections. Sialic
acid has the ability to inhibit target proteins like sialoadhesins,
selectins, and hemagglutinin (influenza), it might show strong
antiviral or antibacterial and anti-inflammatory effects [2, 3].
Sialic acid exposes to the cellular environment and involves in
intrinsic & extrinsic communication and in defense mecha-
nism. It also protects epithelial tissues from harmful sub-
stances and infectious agents [4, 5]. Sialic acid acts as a
biological mask for cellular receptors. The TrKA tyrosine
kinase receptors, recognized as signaling receptors for
neurotrophin growth factor was activated by the removal of
2,3-linked Sialic acid from the Gal residues [6]. Sialic acid
acts as ligands for proteins or receptors of vertebrate cells,
viruses, bacteria, lectins, toxins, protozoa, mycoplasma and
antibodies [7]. In Methyl-α-Neu5Ac analogues, the hydroxyl
group at C-9 position of Neu5Ac glycerol side chain was
substituted by different functional group which was synthe-
sized based on Mitsunobu reaction [8].

Sialic acid binds to the toxins secreted by Vibrio,
Clostridium species, Escherichia coli and Bordetella pertussis
[9]. Cholera toxin (CT) is made up of AB5 hexamer with a
single A subunit and five B subunits. Bacterial enterotoxins
such as Escherichia coli heat-labile enterotoxin (LT), pertussis
toxin, diphtheria toxin, shigella toxin, and Pseudomonas
aeruginosa exotoxin A, are structurally and functionally re-
lated to cholera toxin. The biological functions of each of
these toxins are separated into distinct domains. Cell recogni-
tion and binding of CT and LT are carried out by the B-
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pentamer. After the binding of holotoxin to the cell membrane,
the A subunit is directed into the target cell. But, till now this
mechanism is not known in detail. The cell surface receptor of
CT and LT is the pentasaccharide which is linked to the
ganglioside (GM1) [10]. Neu5Ac acts as a significant mole-
cule for cholera toxin binding and drugs designed to inhibit
Neu5Ac binding could be able to prevent cholera infection
[11–13].

In the current study, the C-9 position of methyl-α-Neu5Ac
analogues were modified and modeled to analyze the binding
mode ofmethyl-α-Neu5Ac into the active site of cholera toxin
protein. Even though sufficient numbers of inhibitors were
already reported [14] for cholera toxin including recent mul-
tivalent inhibitor reported by Branson et al., 2014 [15] the
present methyl-α-Neu5Ac analogues were not yet studied as
monovalent/multivalent inhibitors against cholera toxin.
Hence, the present design and dynamics studies of
methyl-α-Neu5Ac analogues into the binding pocket of chol-
era toxin is an attempt to disclose additional information that
might be helpful for further design of potential multivalent
inhibitors against cholera. The 3D structure of cholera toxin B
subunit protein (PDB ID: 3CHB) [16] was downloaded from
protein data bank (PDB). Molecular modeling of methyl-α-
Neu5Ac analogues were accomplished using the chemical
drawing software chemsketch. Molecular docking is a tech-
nique to predict the binding orientation of two molecules
when bound to one another to form stable complex [17].
Docking of methyl-α-Neu5Ac analogues against cholera tox-
in protein was performed using Glide v5.7 software in
Schrödinger suite [18]. In the C-9 position of glycerol side
chain of each methyl-α-Neu5Ac analogue, the terminal hy-
droxyl group (OH) was substituted with different functional
groups. Seven methyl-α-Neu5Ac analogues were modeled
and docked as follows: methyl-α-Neu5Ac, methyl-α-9-N-
benzoyl-amino-9-deoxy-Neu5Ac (BENZ), methyl-α-9-N-
-(naphthyl-2-carbonyl)-amino-9-deoxy-Neu5Ac (NAP),
methyl-α-9-N-(biphenyl-4-carbonyl)-amino-9-deoxy-
Neu5Ac (BIP), methyl-α-9-N-biphenyl-4-acetyl-deoxy-ami-
no-Neu5Ac, methyl-α-9-N-acetyl-9-deoxy-9-amino-Neu5Ac
and methyl-α-9-deoxy-Neu5Ac. Protein-carbohydrate bind-
ing was reported for multivalent ligands designed for im-
proved inhibition for carbohydrate binding sites of bacterial
toxin such as CT, LT and shiga toxin [14]. And also this study
was carried out for the ADME prediction to identify the
pharmacokinetic properties of Methyl-α-Neu5Ac analogues.
Molecular dynamics simulation is a computational method to
calculate the physical movement and time- dependent behav-
ior of atoms and molecules in molecular system [19]. MD
simulation was done for CT-Methyl-α-9-N-benzoyl-amino-9-
deoxy-Neu5Ac (BENZ) complex, CT-Methyl-α-9-N-acetyl-
9-deoxy-9-amino-Neu5Ac complex and CT-Methyl-α-9-N-
biphenyl-4-acetyl-deoxy-amino-Neu5Ac complex to identify
the enhanced binding mode and stability in aqueous

environment. MD simulation was done using the software
Desmond v3.0 [20].

Materials and methods

Molecular modeling of methyl-α-Neu5Ac analogues

Modifications done in C-9 positions of each methyl-α-
Neu5Ac analogues were shown in (Table 1). The methyl-α-
Neu5Ac analogues were modeled based on the literature [8].
Seven methyl-α-Neu5Ac analogues were modeled and drawn
using chemical drawing software ACD/chemsketch in which
2D structure was converted into 3D representation. Using
ACD/chemsketch, the user can sketch the chemical structures
of organics, organometallics and polymer structures. And also
using this, we can calculate other molecular properties like
molecular weight, density, molar refractivity etc. (http://www.
acdlabs.com/resources/freeware/chemsketch). The initial
conformation of C-9 substituted glycerol side chain of
methyl-α-Neu5Ac analogues are defined as follow: χ1=0
when C5-C6 cis to C7-C8; χ2=0 when C6-C7 cis to C8-C9.

Molecular docking of methyl-α-Neu5Ac analogues
against cholera toxin

The three dimensional structure of cholera toxin protein (PDB
ID: 3CHB) [16] was downloaded from protein data bank
(PDB). The active site residues of cholera toxin protein struc-
ture were analyzed using PDBsum pictorial database. Tertiary
structure of cholera toxin protein and methyl-α-Neu5Ac ana-
logues were imported to Maestro v9.0 environment [21] to
investigate molecular docking binding affinity of methyl-α-
Neu5Ac analogues towards cholera toxin. Each atom of pro-
teins and ligands must be fixed before molecular docking for
accurate prediction of binding affinity and interactions. The
cholera toxin protein structure was preprocessed using protein
preparation wizard in maestro v9.2. Hydrogen atoms were
added to cholera toxin protein which subsequently was min-
imized with the OPLS_2005 force field [22] and the impact
molecular mechanics engine sets the maximum RMSD value
of 0.03 Å. Impref (Impact Refinement module) minimization
was preformed which was the final step in protein preparation
process which is used to refine the protein structure. The
chemical compounds were prepared using LigPrep tool from
Schrödinger suite which is used to convert 2D to 3D structure.
From each single input, ligPrep produce a single, low energy,
three dimensional structure with correct chiralities with differ-
ent stereo chemistries, tautomers, ionization states and ring
conformation. The compounds with poor pharmacological
properties were eliminated based on molecular weight and
functional group present in it [23, 24]. Glide (grid-based
ligand docking with energetics) is the docking methodology
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which was performed for a thorough search of positional,
orientational and conformational space of the ligands. To
locate the ligands into the active site of receptor, glide uses
series of hierarchical filters, such as, ligand conformation, site-
point search, diameter test, subset test, greedy score, refine-
ment, grid minimization (Monte carlo), final scoring (glide
score), top hits [25]. A receptor grid [25] 20×20×20 Å was
generated around the active site residues of cholera toxin
protein using Glide v5.7 [18]. Molecular docking calculation
was performed using Glide v5.7. The prepared, optimized and
minimized ligands were flexibly docked in the receptor grid
box using Monte Carlo based simulation algorithm (MCSA).
Two subsequent docking methods, glide standard precision
(SP) and extra precision (XP) were used. SP docking is default
which is used to screen large number of ligands of unknown
quality. XP docking is more powerful which has perceptive
procedure and its run time is longer than SP. During XP
docking, 10,000 poses were generated for each ligand which
was highly accurate and report the best docked structure based
on the energy term Emodel. The best pose of each structure
was further ranked based on XPGscore. The least XPGscore
for a ligand indicates better binding affinity towards active site
residues.

ADME prediction

Absorption, Distribution, Metabolism, and Excretion
(ADME) properties were predicted using the program,
QikProp. It is quick, accurate and easy to predict the ADME
activity of organic structures, which has physically and

pharmaceutically relevant properties. It also compares the
chemical properties with 95 % of known drugs [26, 27]. It
was used to predict the Pharmaceutical properties for the
prepared ligands which was assessed through Lipinski’s rule
of five [28]. In QikProp, total 44 properties can be predicted
for the chemical compounds. The properties analyzed for the
analogues were hydrogen bond donors, hydrogen bond ac-
ceptors, molecular weight, water partition coefficient
(QPlogPo/w), Predicted brain/blood partition coefficient
(QPlogBB), Lipinski’s rule of five (LROF) and predicted
gut-blood barrier & cell permeability (QPPCaco) for the esti-
mation of absorption and distribution of drug molecules with-
in the body.

Molecular dynamic simulations

Molecular dynamic (MD) simulation was performed for the
docking complex of CT- methyl-α-9-N-benzoyl-amino-9-de-
oxy-Neu5Ac (BENZ) for 30 ns, CT-Methyl-α-9-N-acetyl-9-
deoxy-9-amino-Neu5Ac for 10 ns and CT-Methyl-α-9-N-bi-
phenyl-4-acetyl-deoxy-amino-Neu5Ac for 10 ns to evaluate
the stability, conformational change and to get insights of the
natural dynamic at different timescales. Simulation was per-
formed using Desmond v3.0 [20] which was implemented in
Schrödinger package for 30, 10 and 10 ns simulation time.
Desmond is a new explicit solvent MD simulation program
which was developed by D.E. Shaw research laboratory. It has
the features of highly scalable parallel execution, periodic
boundary conditions, pressure coupling like isotropic, semi-
isotropic and anisotropic and ensembles like NPT, NVT,

Table 1 Methyl-α-Neu5Ac analogues withC-1/C-2/ and C-9 Modification

Sl. No Methyl-α-Neu5Ac derivatives Substituent

R1 R2 R3

1 Methyl-α-Neu5Ac H CH3 OH

2 Methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ) H CH3 C6H5CONH

3 Methyl-α-9-N-(naphthyl-2-carbonyl)-amino-9-deoxy-Neu5Ac (NAP) H CH3 C10H7CONH

4 Methyl-α-9-N-(biphenyl-4-carbonyl)-amino-9-deoxy-Neu5Ac (BIP) H CH3 C12H9CONH

5 Methyl-α-9-N-biphenyl-4-acetyl-deoxy-amino-Neu5Ac H CH3 C13H10CONH

6 Methyl-α-9-N-acetyl-9-deoxy-9-amino-Neu5Ac H CH3 CH3CONH

7 Methyl-α-9-deoxy-Neu5Ac H CH3 H
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NVE, NPAT, NPγT etc. [20]. The MD simulation for the
cholera toxin- methyl-α-Neu5Ac analogues complex was
performed by applying OPLS_2005 force field. The system
was embedded with TIP3P water model [29] and neutralized
by replacing solvent molecules with counter ions Na+ and Cl−.
The full system of CT- methyl-α-9-N-benzoyl-amino-9-de-
oxy-Neu5Ac (BENZ) complex consists of approximately
19,470 atoms, CT-Methyl-α-9-N-acetyl-9-deoxy-9-amino-
Neu5Ac complex composed of 19,517 atoms and CT-
Methyl-α-9-N-biphenyl-4-acetyl-deoxy-amino-Neu5Ac
complex contains 19,627 atoms. This was simulated
through a multistep protocol, devised in Desmond. Non
hydrogen solute atoms were restrained in NPT ensemble
(constant number of atom (N), pressure (P) and tempera-
ture (T)) and the system is equilibrated for the simulation
time of 24 picoseconds (ps) at the temperature of 300 K.
During MD simulation, the system was studied for the
simulation time of 30,000, 10,000 and 10,000 ps. The
particle-mesh Ewald (PME) algorithm was used to calcu-
late the Long-Range electrostatic interaction [30, 31].
SHAKE algorithm was applied to all the hydrogen atoms
[32] and van der Waals was set to a cutoff value of 9 Å.
Trajectories structural data frames were collected for every
4.8 ps during the simulation run. Energy fluctuations,
RMSD for backbone and heavy atom of the cholera
toxin- methyl-α-Neu5Ac analogues complex was analyzed
in the trajectory data. RMSF for backbone and side chain
of each residue for cholera toxin protein were monitored
for consistency. The inter molecular hydrogen bonding
interaction of cholera toxin- methyl-α-Neu5Ac analogues
complex was assessed for stability. The backbone torsion
angles phi ( ), psi (ψ) and omega (ω) for the active site
amino acid residues and χ1, χ2 torsions for three
methyl-α-Neu5Ac analogues at C-5, C-6, C-7, C-8 and
C-9 position were calculated.

Result and discussion

Retrieval of cholera toxin B subunit (3CHB)

Cholera toxin B subunit protein (PDB ID: 3CHB) in complex
with GAL-NGA-GAL-GLC-SIA (GM1) of Vibrio cholera
was retrieved from protein data bank (PDB). The 3CHB
protein consists of 103 amino acid residues in each B subunits.
The active site residues were defined using PDBSum data-
base. The active site residues of cholera toxin, GLU:11,
TYR:12, HIS:13, GLY:33, LYS:34, GLU:51, GLN:56,
HIE:57, ILE:58, GLN:61, TRP:88, ASN:90 and LYS:91 were
considered as important binding site residues. These residues
were involved in intermolecular hydrogen bond with GAL-
NGA-GAL-GLC-SIA.

Molecular docking

Methyl-α-Neu5Ac analogues were bound to cholera toxin
protein with inter molecular hydrogen bonding in addition to
hydrophobic and van der Waals force.

CT- methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ)
complex

The analogue Methyl-α-9-N-benzoyl-amino-9-deoxy-
Neu5Ac (BENZ) has the lowest XPG score of −7.55 and glide
energy of −41.48 kcal/mol. The analogue was bound to chol-
era toxin protein with three hydrogen bonds as follows: the
oxygen atom (O) interacted with atom HE21 of polar side
chain residue GLN:61 with a intermolecular hydrogen bond
distance of 2.012 Å, the hydrogen atom 49 (H) [OH of C-8]
interacted with oxygen atom (O) of non-polar residue ALA:97
with a distance of 1.860 Å, the hydrogen atom 35 (H) [OH of
C-4] interacted with oxygen atom (O) of non-polar residue
ILE:99 with a distance of 1.712 Å (Fig. 1).

CT- Methyl-α-Neu5Ac complex

The analogue Methyl-α-Neu5Ac had an XPG score of −7.42
and glide energy of −37.58 kcal/mol. The analoguewas bound
to cholera toxin protein with five hydrogen bonds. They were,
the H-bond formed by the hydrogen atom 41 (H) [OH of C-8]
with oxygen atom (O) of basic polar side chain residue HIS:13
with a distance of 2.012 Å, the H-bond formed by the hydro-
gen atom 39 (H) [OH of C-9] with oxygen (O) of basic polar
side chain residue HIS:13 with a distance of 1.924 Å, the H-
bond formed by the oxygen atom (O) with HE1 of non-polar
side chain residue TRP:88 with a distance of 2.010 Å, the H-
bond formed by the oxygen atom (O) with HD22 of polar side
chain residue ASN:90 with a distance of 1.757 Å & the H-
bond formed by the oxygen atom 41 (O) with HZ1 of basic
polar side chain residue LYS:91 with a distance of 1.874 Å.

CT- Methyl-α-9-N-acetyl-9-deoxy-9-amino-Neu5Ac
complex

The analogue Methyl-α-9-N-acetyl-9-deoxy-9-amino-
Neu5Ac had an XPG score of −7.13 and glide energy of
−41.37 kcal/mol. The analogue was bound to cholera toxin
protein with five hydrogen bonds. They are, the hydrogen
atom 42 (H) [NH of C-9 substituent] formed a H-bond with
oxygen atom (O) of basic polar side chain residue HIS:13 with
a distance of 2.066 Å, the hydrogen atom 44 (H) [OH of C-8]
formed a H-bond with oxygen atom (O) of basic polar side
chain residue HIS:13 with a distance of 1.793 Å, the oxygen
atom (O) formed a H-bond with HE1 of nonpolar side chain
residue TRP:88 with a distance of 2.201 Å, the oxygen atom
(O) formed a H-bond with HZ1 of basic polar side chain
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residue LYS:91 with a distance of 1.781 Å& the oxygen atom
(O) formed a H-bond with HD22 of polar side chain residue
ASN:90 with a distance of 1.884 Å.

CT- Methyl-α-9-N-biphenyl-4-acetyl-deoxy-amino-Neu5Ac
complex

The analogueMethyl-α-9-N-biphenyl-4-acetyl-deoxy-amino-
Neu5Ac had an XPG score of −6.74 and glide energy of
−48.75 kcal/mol. The analogue was bound to cholera toxin
protein with five hydrogen bonds. They were, the H-bond
formed by the hydrogen atom 56 (H) [OH of C-8] with
oxygen atom (O) of basic polar side chain residue HIS:13
with a distance of 2.188 Å, the H-bond formed by the oxygen
atom (O) with H of basic polar side chain residue HIS:13 with
a distance of 2.114 Å, the H-bond formed by the oxygen atom
(O) with HD22 of polar side chain residue ASN:90 with a
distance of 2.162 Å, the H-bond formed by the oxygen atom
68 (O) with HZ1 of basic polar side residue LYS:91 with a
distance of 1.797 Å& the H-bond formed by the oxygen atom
(O) with HE22 of polar side chain residue GLN:61 with a
distance of 2.201 Å.

CT- Methyl-α-9-deoxy-Neu5Ac complex

The analogue Methyl-α-9-deoxy-Neu5Ac had an XPG score of
−6.66 and glide energy of −37.96 kcal/mol. The analogue was
bound to cholera toxin protein with five hydrogen bonds. They
were, the H-bond formed by the hydrogen atom 40 (H) [OH of
C-8] interacted with oxygen atom (O) of basic polar side chain
residue HIS:13 with a distance of 1.913 Å, the H-bond formed
by the oxygen atom (O) interacted with HE1 of nonpolar side

chain residue TRP:88 with a distance of 2.050 Å, the H-bond
formed by the hydrogen atom 27 (H) [OHof C-4] interactedwith
oxygen atom (O) of polar side chain residue GLN:56 with a
distance of 2.002 Å, the H-bond formed by the oxygen atom (O)
interacted with HD22 of polar side chain residue ASN:90 with a
distance of 1.800 Å & the H-bond formed by the oxygen atom
41 (O) interacted with HZ1 of basic polar side chain residue
LYS:91 with a distance of 1.848 Å.

CT- Methyl-α-9-N-(biphenyl-4-carbonyl)
-amino-9-deoxy-Neu5Ac (BIP) complex

The analogue Methyl-α-9-N-(biphenyl-4-carbonyl)-amino-9-de-
oxy-Neu5Ac (BIP) had an XPG score of −6.55 and glide energy
of −39.72 kcal/mol. The analogue was bound to cholera toxin
protein with four hydrogen bonds. They were, the H-bond
formed by the interaction of the hydrogen atom 55 (H) [OH of
C-8] with oxygen atom (O) of basic polar side chain residue
HIS:13 with a distance of 1.893 Å, the H-bond formed by the
interaction of the hydrogen atom 53 (H) [NH of C-9 substituent]
with oxygen atom (O) of basic polar side chain residue HIS:13
with a distance of 2.390 Å, the H-bond formed by the interaction
of the oxygen (O)withHD22 of polar side chain residueASN:90
with a distance of 1.736 Å & the H-bond formed by the interac-
tion of the oxygen 65 (O) with HZ1 of basic polar side chain
residue LYS:91 with a distance of 1.985 Å.

CT- methyl-α-9-N-(naphthyl-2-carbonyl)
-amino-9-deoxy-Neu5Ac (NAP) complex

The analogue Methyl-α-9-N-(naphthyl-2-carbonyl)-amino-9-
deoxy-Neu5Ac (NAP) had an XPG score of −6.52 and glide

Fig. 1 Methyl-α-9-N-benzoyl-
amino-9-deoxy-Neu5Ac (BENZ)
at the binding site of Cholera
toxin B subunit protein (Note:

H-bond (side chain),
H-bond (backbone))
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energy of −31.40 kcal/mol. The analogue was bound to chol-
era toxin protein with four hydrogen bonds. They were, the H-
bond formed by the interaction of the oxygen 61 (O) with
HD22 of polar side chain residue ASN:90 with a distance of
1.856 Å, the H-bond formed by the interaction of the hydro-
gen atom 52 (H) [OH of C-7] formed H-bond with OE1 of
acidic polar chain residue GLU:51 with a distance of 1.918 Å,
the H-bond formed by the interaction of the oxygen atom (O)
with HE22 of basic polar side chain residue GLN:61 with a
distance of 2.400 Å& the H-bond formed by the interaction of
the hydrogen atom 43 (H) [NH of C-5] with (O) of basic polar
side chain residue GLN:56 with a distance of 2.071 Å. As
reported earlier NMR titrations explain the importance of
sialic acid-Siglec5 binding [33]. The complete molecular
docking profile is shown in Table 2. The earlier protein-
carbohydrate report explains that methyl-α-Neu5Ac ana-
logues show better binding affinity towards the binding assays
of Siglecs [8].

Pharmacology (ADME) prediction

Lipinski rule of five was used to evaluate the drug likeness or
pharmacological activity of the chemical compounds which
could be an orally active drug in human beings [34, 35].
Lipinski rule of five predicted for the docked analogues are
shown in Table 3. The above observation has revealed that the
Methyl-α-Neu5Ac analogues are pharmacological active
compounds. H-bond donors, H-bond acceptors, Molecular
weight, LROF (Lipinski rule of five), QPlogPo/w, QPlog
MDCK, QPlogS, QPP Caco are the properties that can be
used to judge the analogues as potential drug candidates.
Molecular weight of each analogue falls between the ranges
of 307–500 Da. QPlogS values of the analogues are within the
tolerable range of 95% of existing drugmolecule. (QPP Caco)
gut-blood barrier and cell permeability of the analogues are in
the acceptable range. The seven analogues have acceptable
pharmacological properties (Table 3) and these analogues may
be used as potential drug molecule for the cholera disease.

Molecular dynamic simulation

In the present study, the dynamic properties of cholera toxin
complex with Methyl-α-9-N-benzoyl-amino-9-deoxy-
Neu5Ac (BENZ), Methyl-α-9-N-acetyl-9-deoxy-9-amino-
Neu5Ac and Methyl-α-9-N-biphenyl-4-acetyl-deoxy-amino-
Neu5Ac were analyzed from trajectory data obtained from 30
10 and 10 ns MD simulation run respectively. Since the
flexibility of the protein molecule was not taken into deliber-
ation in molecular docking technique, the internal motion of
the receptor-ligand complex was explained in detail using
molecular dynamic simulation. In flexible condition the
receptor-ligand complex was treated in the solvent. In our
current study, binding mode of CT- Methyl-α-9-N-benzoyl-

amino-9-deoxy-Neu5Ac (BENZ) complex, CT- Methyl-α-9-
N-acetyl-9-deoxy-9-amino-Neu5Ac complex and CT-
Methyl-α-9-N-biphenyl-4-acetyl-deoxy-amino-Neu5Ac com-
plex were analyzed by MD simulation using software
Desmond. The conformational changes which occurred after
MD simulation, are more stable and was closer to the physi-
ological condition. The binding orientation of chemical com-
pound calculated through MD simulation shows strong inter-
action between the receptor-ligand molecules [36–39]. In
order to check the conformational variation of CT-
Methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ)
complex, the trajectory data was plotted for RMSD (Fig. 2a
and b), RMSF (Fig. 3) and Energy (Fig. 4).

MD simulation
for CT-Methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac
(BENZ) complex

The RMSD (root mean square deviation) value of protein
backbone and heavy atoms were taken into consideration.
RMSD plot revealed that the complex was comparatively stable
throughout the simulation time. The backbone atoms of RMSD
graph clearly indicated the fluctuations between the ranges of
0.9–2.0 Å and the heavy atoms show fluctuations between the
range of 1.3–4.0 Å during 30,000 ps. The RMSF (root mean
square fluctuation) value of backbone and the side chain of each
active residue of cholera toxin were analyzed. The RMSF
backbone fluctuated within the limit of 0.5–3.0 Å and the side
chain residue fluctuations were within the limit of 0.7–3.5 Å.
Maximum backbone fluctuations were up to 3.3 Å and the
maximum side chain fluctuations were up to 4.4 Å. The energy
calculation under simulation quality analysis revealed that the
total energy of the system was −49850.844 Kcal/mol, potential
energy was −62140.633 Kcal/mol, temperature was 298.644 K
and the volume was 94930.369 Å3. The energy plot explains
that the energy of the whole system was stable throughout the
simulation in 30 ns simulation run. Even though the total energy
seems to increase during the initial simulation period, it gets
equilibrated after 25 ns. However, the energy component re-
sponsible for structural stability is potential energy (E_P) which
is well equilibrated during the simulation (−62140.633 Kcal/
mol) (Fig. 4).

The hydrogen bond interaction for Methyl-α-9-N-benzoyl-
amino-9-deoxy-Neu5Ac (BENZ) and cholera toxin complex
(Fig. 5) was monitored for 6250 frames periodically collected
from trajectories. The molecular dynamic simulation trajecto-
ries reproduced intermolecular hydrogen bonding between
cholera toxin- Methyl-α-9-N-benzoyl-amino-9-deoxy-
Neu5Ac (BENZ) complex (Fig. 6, Table 4). The analysis
revealed that the water molecules play a vital role in cholera
toxin-Methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac
(BENZ) interaction. In the majority of the trajectories, active
site residues of cholera toxin were involved in hydrogen bond
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Table 3 QikProp (ADME) prediction for methyl-α-Neu5Ac analogues

Sl.No Analogue name Molecular
weight

H-bond
donors

H-bond
acceptors

LROF QPlogPo/w QPlog
MDCK

QPlogS QPP
Caco

1 Methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ) 426.42 4 8 2 −0.24 6.78 −1.93 8.36

2 Methyl-α-Neu5Ac 323.29 5 9 1 −1.83 5.02 −0.27 6.27

3 Methyl-α-9-N-acetyl-9-deoxy-9-amino-Neu5Ac 364.35 3 7 2 −2.06 4.85 0.10 3.13

4 Methyl-α-9-N-biphenyl-4-acetyl-deoxy-amino-Neu5Ac 485.547 5 9 3 0.9 11.64 −2.65 8.91

5 Methyl-α-9-deoxy-Neu5Ac 307.3 5 7 0 −0.89 21.38 −0.62 24.29

6 Methyl-α-9-N-(biphenyl-4-carbonyl)-amino-9-deoxy-
Neu5Ac (BIP)

499.52 4 7 3 1.10 7.37 −3.30 9.32

7 Methyl-α-9-N-(naphthyl-2-carbonyl)-amino-9-deoxy-
Neu5Ac (NAP)

476.48 5 9 2 0.54 6.78 −2.82 8.37

Table 2 Glide docking score, Glide energy and inter molecular hydrogen bond distance of Cholera toxin- Methyl-α-Neu5Ac analogues docking
complex

S.No Analogues name XPG
score

Glide energy
Kcal/mol

Ligand
Atom

Protein Inter molecular hydrogen
bonding distance (Å)

Residues Atom

1 Methyl-α-9-N-benzoyl-amino-9-
deoxy-Neu5Ac (BENZ)

−7.55 −41.48 O GLN:61 HE21 2.012

H49 ALA:97 O 1.860

H35 ILE:99 O 1.712

2 Methyl-α-Neu5Ac −7.42 −37.58 H41 HIS:13 O 2.012

H39 HIS:13 O 1.924

O TRP:88 HE1 2.010

O ASN:90 HD22 1.757

O42 LYS:91 HZ1 1.874

3 Methyl-α-9-N-acetyl-9-deoxy-9-amino-
Neu5Ac

−7.13 −41.37 H42 HIS:13 O 2.066

H44 HIS:13 O 1.793

O TRP:88 HE1 2.201

O48 LYS:91 HZ1 1.781

O ASN:90 HD22 1.884

4 Methyl-α-9-N-biphenyl-4-acetyl-deoxy-
amino-Neu5Ac

−6.74 −48.75 H56 HIS:13 O 2.188

O HIS:13 H 2.114

O ASN:90 HD22 2.162

O68 LYS:91 HZ1 1.797

O GLN:61 HE22 2.201

5 Methyl-α-9-deoxy-Neu5Ac −6.66 −37.96 H40 HIS:13 O 1.913

O TRP:88 HE1 2.050

H27 GLN:56 O 2.002

O ASN:90 HD22 1.800

O41 LYS:91 HZ1 1.848

6 Methyl-α-9-N-(biphenyl-4-carbonyl)-
amino-9-deoxy-Neu5Ac (BIP)

−6.55 −39.72 H55 HIS:13 O 1.893

H53 HIS:13 O 2.390

O ASN:90 HD22 1.736

O65 LYS:91 HZ1 1.985

7 Methyl-α-9-N-(naphthyl-2-carbonyl)-
amino-9-deoxy-Neu5Ac (NAP)

−6.52 −31.40 O61 ASN:90 HD22 1.856

H52 GLU:51 OE1 1.918

O GLN:61 HE22 2.400

H43 GLN:56 O 2.071
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through water bridges. As explained in the previous report
using NMR and molecular dynamic simulation study,
Carbohydrate-protein recognition of glycerol-Gal3C, lactose-
Gal3c, and apo-Gal3C complex were bound into the carbo-
hydrate binding site of Gal3C. Also, previous water dynamics
documented arginine (ARG) involved hydrogen bond with
carbohydrate through water bridging [40]. In the present MD
trajectories, ARG:67 of CT formed two water bridged H-

bonds (Table 5) and one direct H-bond with Methyl-α-9-N-
benzoyl-amino-9-deoxy-Neu5Ac (BENZ). This result sup-
ports the earlier work on interaction of N-acetylglucosamine
with ARG (R239) [41]. The atom 957 (O) of Methyl-α-9-N-
benzoyl-amino-9-deoxy-Neu5Ac (BENZ) formed H-bond
with atom (H) HH of TYR:12 with a H-bond distance of
2.210 Å, atom 48 (H) [OH of C-7] of Methyl-α-9-N-benzo-
yl-amino-9-deoxy-Neu5Ac (BENZ) formed H-bond with

Fig. 2 Interactions of Cholera
toxin- Methyl-α-9-N-benzoyl-
amino-9-deoxy-Neu5Ac (BENZ)
complex during 30 ns MD
simulation run. a MD simulation
Time vs RMSD of backbone
atom cholera toxin B subunit
protein. b RMSD of heavy atom
of cholera toxin B subunit protein
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atom (O) of ALA:64 with a distance of 2.374 Å, atom 49 (H)
[NH of C-9 substituent] of Methyl-α-9-N-benzoyl-amino-9-
deoxy-Neu5Ac (BENZ) formed H-bond with atom 828 (O) of
ALA:97 with a distance of 2.104 Å, atom 35 (H) [OH of C-4]
of Methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ)
formed H-bond with atom (O) of ILE:99 with a distance of
1.962 Å, atom 7 (O) of Methyl-α-9-N-benzoyl-amino-9-de-
oxy-Neu5Ac (BENZ) formed H-bond with atom 1655 (H) of
ILE:99 with a distance 1.938 Å and atom 55 (O) ofMethyl-α-
9-N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ) formed H-
bond with atom 1387 (HH12) of ARG:67 with a distance of
1.815 Å. Including the water bridged hydrogen bonds
(Table 5), totally eight hydrogen bonds were formed between

cholera toxin- Methyl-α-9-N-benzoyl-amino-9-deoxy-
Neu5Ac (BENZ) complex. The above analysis was shown
in Table 4. The present docking and dynamics simulation
suggest the enhanced binding of Methyl-α-9-N-benzoyl-ami-
no-9-deoxy-Neu5Ac (BENZ) with cholera toxin due to the
presence of aromatic ring at the C-9 modification. There is an
additional π-π stacking observed between the aromatic ring at
C-9 position of Methyl-α-9-N-benzoyl-amino-9-deoxy-
Neu5Ac (BENZ) with active site residue HIS:57 (Fig. 6).
Similar binding enhancement was reported by [8] for
Methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ) -
sialoadhesin binding.

From the above observation of cholera toxin-
Methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ)
complex, the active site residues ARG:67, ILE:99,
ALA:97 and TYR:12 (Fig. 7a & b and 8a & b) were
actively involved in intermolecular hydrogen bonding
during 30,000 ps simulation run. There are three different
types of backbone dihedral angle. They are phi ( ) angle
backbone atom C-N-Cα-C, psi (ψ) angle backbone atom
N-Cα-C-N and omega (ω) angle backbone atom Cα-C-
N-Cα respectively. In protein backbone due to the rigid
peptide bonds, phi ( ) and psi (ψ) angle decide the geom-
etry of the backbone without considering the omega (ω)
angle which would always be fixed in 180° [42]. In our
current study, torsion angle were predicted for the cholera
toxin active site residues ARG:67, ILE:99, ALA:97 and
TYR:12. The phi ( ) torsion angle of ARG:67 shows a
transition between the range of −80° to −50°, for psi (ψ)
angle transition between the range of −50° to −10° and

Fig. 3 RMSF of Cholera toxin- Methyl-α-9-N-benzoyl-amino-9-deoxy-
Neu5Ac (BENZ) complex during 30 ns simulation run. Red colour
indicates side chain and blue colour indicated backbone

Fig. 4 Energy components of the Cholera toxin- Methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ) complex during 30 ns molecular dynamic
simulation run
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omega (ω) angle preferred to be trans conformation. The
phi ( ) angle for ALA:97 transition occurred between the
range of −130° to −80°, for psi (ψ) angle transition was
between the range of 10° to 30° and omega (ω) angle
preferred to be trans conformation. The phi ( ) angle for

ILE:99 transition occurred between the range of −150° to
−100° and phi ( ) angle for TYR:12 transition occurred
between the range of −140° to −70°. Where psi (ψ) angle
and omega (ω) angle for ILE:99 and TYR:12 residues
prefer to be trans conformation of 180°.

Fig. 5 Hydrogen bond formed between Cholera toxin- Methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ) complex during 30,000 ps MD
simulation run

Fig. 6 Intermolecular H-bond
interaction of Cholera toxin-
Methyl-α-9-N-benzoyl-amino-9-
deoxy-Neu5Ac (BENZ) complex
after 30 ns MD simulation run
(Note: H-bond (side
chain), H-bond
(backbone), π-π
stacking)
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MD simulation
for CT-Methyl-α-9-N-acetyl-9-deoxy-9-amino-Neu5Ac
complex

The hydrogen bond interaction for CT-Methyl-α-9-N-acetyl-
9-deoxy-9-amino-Neu5Ac complex was calculated for the
trajectory 10,000 ps obtained after MD simulation. Inter mo-
lecular hydrogen bonding was reproduced in MD simulation
trajectory data for the complex CT-Methyl-α-9-N-acetyl-9-
deoxy-9-amino-Neu5Ac. The atom (O) of Methyl-α-9-N-ace-
tyl-9-deoxy-9-amino-Neu5Ac formed H-bond with atom (H)
HD21 of ASN:14 with a H-bond distance of 1.928 Å, atom 48
(O) of Methyl-α-9-N-acetyl-9-deoxy-9-amino-Neu5Ac
formed H-bond with atom (H) HZ1 of LYS:91 with a distance
of 1.601 Å, atom (O) of Methyl-α-9-N-acetyl-9-deoxy-9-ami-
no-Neu5Ac formed H-bond with atom (H) HE22 of GLN:61

with a distance of 2.222 Å & atom (O) of Methyl-α-9-N-
acetyl-9-deoxy-9-amino-Neu5Ac formed H-bond with atom
(H) HE1 of TRP:88 with a distance of 1.729 Å. During MD
simulation, the above four hydrogen bonds show stable inter-
action towards the active site of CT (Fig. 9). In addition to that,
water bridging H-bond was formed as CT, GLN:61- H2O- (O)
of Methyl-α-9-N-acetyl-9-deoxy-9-amino-Neu5Ac. The ana-
logueMethyl-α-9-N-acetyl-9-deoxy-9-amino-Neu5Ac blocks
ASN:14, LYS:91, GLN:61 and TRP:88 residues of CT
through inter molecular hydrogen bonding. The previous
NMR spectroscopy study reported that, the sialic acid inhibits
the active site residues of rhesus rotavirus hemagglutinin
which is responsible for host specificity [43].

The conformational change occurred during MD simula-
tion (Fig. 10) was calculated for the active site residues of CT,
ASN:14, LYS:91, GLN:61 and TRP:88. The phi ( ) angle of

Table 4 Inter molecular hydrogen bond distance between Cholera
toxin-Methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ) complex
for 30 ns, CT- Methyl-α-9-N-acetyl-9-deoxy-9-amino-Neu5Ac complex

for 10 ns and CT- Methyl-α-9-N-biphenyl-4-acetyl-deoxy-amino-
Neu5Ac for 10 ns simulation run

Methyl-α-Neu5Ac analogues MD simulation (ns) Total NO. of interaction Protein Ligand atoms Distance Å

Residues Atoms

Methyl-α-9-N-benzoyl-amino-
9-deoxy-Neu5Ac (BENZ)

30 ns 6 ALA:97 O H49 2.104

TYR:12 HH O 2.210

ILE:99 H O 1.938

ILE:99 O H35 1.962

ALA:64 O H48 2.374

ARG:67 HH12 O55 1.815

Methyl-α-9-N-acetyl-9-deoxy-9-
amino-Neu5Ac

10 ns 4 ASN:14 HD21 O 1.928

LYS:91 HZ1 O48 1.601

GLN:61 HE22 O 2.222

TRP:88 HE1 O 1.729

Methyl-α-9-N-biphenyl-4-acetyl-
deoxy-amino-Neu5Ac

10 ns 5 TRP:88 HE1 O 1.894

HIS:13 H O 1.853

ASN:90 HD22 O 1.765

HIS:57 HE2 O 2.061

GLN:61 HE22 O 1.671

Table 5 Inter molecular hydrogen bond through water bridges, Cholera
toxin-Methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ) complex
for 30 ns, CT- Methyl-α-9-N-acetyl-9-deoxy-9-amino-Neu5Ac complex

for 10 ns and CT- Methyl-α-9-N-biphenyl-4-acetyl-deoxy-amino-
Neu5Ac for 10 ns simulation run

Methyl-α-Neu5Ac analogues MD simulation
(ns)

Total NO. of
interaction

Protein Bridging
water

Distance
Å

Ligand
atoms

Distance
Å

Residues Atoms

Methyl-α-9-N-benzoyl-amino-9-deoxy-
Neu5Ac (BENZ)

30 ns 2 ARG:67 HH11 H2O 1.637 H48 2.991

ARG:67 HH22 H2O 2.090 O 3.148

Methyl-α-9-N-acetyl-9-deoxy-9-amino-
Neu5Ac

10 ns 1 GLN:61 HE22 H2O 3.453 O 1.958

Methyl-α-9-N-biphenyl-4-acetyl-deoxy-
amino-Neu5Ac

10 ns 1 ASN:90 HD21 H2O 1.935 O 2.651
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ASN:14 shows a transition between the range of 30° to 90°,
for psi (ψ) angle transition occurred between the range of
−40° to 40° and omega (ω) angle preferred to be trans con-
formation of 180°. The phi (φ) angle of LYS:91 prefers in
some trajectory to be in trans conformation, but majority of
the trajectory transition occurred between the range −170° to

−90°. Psi (ψ) angles in some of the trajectory are in trans
conformation, however majority of the trajectory transition
occurred between the range of 130° to 180° and omega (ω)
angle preferred to be trans conformation of 180°. For
GLN:61, phi (φ) angle transition occurred between the
range of 100° to 40°, for psi (ψ) angle transition occurred

Fig. 7 The conformational plot of Phi ( ), Psi (ψ) and Omega (ω) for the amino acid residues (A) ARG:67 and (B) ILE:99 of Cholera toxin-Methyl-α-9-
N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ) complex during 30 ns molecular dynamic simulation

Fig. 8 The conformational plot of Phi ( ), Psi (ψ) and Omega (ω) for the amino acid residues (a) ALA:97 and (b) TYR:12 of Cholera toxin- Methyl-α-
9-N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ) complex during 30 ns molecular dynamic simulation run
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Figure 9 (a) Hydrogen bond pattern and (b) Intermolecular H-bond interaction between CT- Methyl-α-9-N-acetyl-9-deoxy-9-amino-Neu5Ac complex
for 10 ns simulation run (Note: H-bond (side chain), H-bond (backbone))

Figure 10 The conformation plot for Phi (φ), Psi (ψ) and Omega (ω) angle for the residues (a) ASN:14, (b) LYS:91 and (c) GLN:61of CT- Methyl-α-
9-N-acetyl-9-deoxy-9-amino-Neu5Ac complex for 10 ns simulation run
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between the range of −50° to -10o and omega (ω) angle
preferred to be trans conformation of 180°. The phi (φ)
angle of TRP:88 shows a transition between the range of
80° to 120°, for psi (ψ) angle transition occurred between
the range of 100° to 150° and omega (ω) angle preferred
to be trans conformation of 180°.

MD simulation for CT- Methyl-α-9-N-biphenyl-4-acetyl-
deoxy-amino-Neu5Ac complex

The hydrogen bond interaction for CT- Methyl-α-9-N-biphe-
nyl-4-acetyl-deoxy-amino-Neu5Ac complex was calculated
for 10,000 ps simulation run (Fig. 11). The atom (O) of
Methyl-α-9-N-biphenyl-4-acetyl-deoxy-amino-Neu5Ac
formed H-bond with atom (H) HE1 of TRP:88 with a distance
of 1.894 Å, atom (O) of Methyl-α-9-N-biphenyl-4-acetyl-
deoxy-amino-Neu5Ac formed H-bond with atom (H) of
HIS:13 with a distance of 1.853 Å, atom (O) of Methyl-α-9-
N-biphenyl-4-acetyl-deoxy-amino-Neu5Ac formed H-bond
with atom (H) HD22 of ASN:90 with a distance of 1.765 Å,
atom (O) of Methyl-α-9-N-biphenyl-4-acetyl-deoxy-amino-
Neu5Ac formed H-bond with atom (H) HE2 of HIS:57 with
a distance of 2.061 Å, atom (O) of Methyl-α-9-N-biphenyl-4-
acetyl-deoxy-amino-Neu5Ac formed H-bond with atom (H)
HE22 of GLN:61 with a distance of 1.671 Å. In addition to
that, a water mediating H-bond was formed as CT, ASN:90 -
H2O - (O) of Methyl-α-9-N-biphenyl-4-acetyl-deoxy-amino-
Neu5Ac.

The dihedral angle phi (φ), psi (ψ) and omega (ω)
angle were calculated for the active site residues TRP:88,
HIS:13, ASN:90, HIS:57 & GLN:61 which formed stable
H-bond interaction after MD simulation (Fig. 12). Similar
binding site residues were suggested by earlier saturation
transfer difference (STD) NMR study for influenza hem-
agglutinin as TRP:156, HIS:183 and HIS:186 [44]. The
phi (φ) angle of TRP:88 shows a transition between the
range of −110° to −50°, for psi (ψ) angle transition
occurred between the range of 100° to 150° and omega
(ω) angle preferred to be trans conformation of 180°. The
phi (φ) angle of HIS:13 shows a transition between the
range of −130° to −70°, for psi (ψ) angle transition
occurred between the range of 110° to 160° and omega
(ω) angle preferred to be trans conformation of 180°. The
phi (φ) angle of ASN:90 shows a transition between the
range of −150° to −60°, for psi (ψ) angle transition
occurred between the range of −30° to 50° and omega
(ω) angle preferred to be trans conformation of 180o . The
phi (φ) angle of HIS:57 shows a transition between the
range of −120° to −30°, for psi (ψ) angle transition
occurred between the range of 130° to 180°, but in
some trajectories it was in trans conformation and ome-
ga (ω) angle preferred to be trans conformation of
180°. The phi (φ) angle of GLN:61 shows a transition
between the range of −100° to −50°, for psi (ψ) angle
transition occurred between the range of −60° to −30°
and omega (ω) angle preferred to be trans conformation
of 180°.

Figure 11 (a) Hydrogen bond pattern and (b) Intermolecular H-bond interaction between CT- Methyl-α-9-N-biphenyl-4-acetyl-deoxy-amino-Neu5Ac
complex for 10 ns simulation run (Note: H-bond (side chain), H-bond (backbone))
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Glycerol side chain conformation of C-9 substituted
methyl-α-Neu5Ac analogues

The dynamic behavior of dihedral angles χ1 and χ2 (Fig. 13)
was calculated for the three analogues: Methyl-α-9-N-benzo-
yl-amino-9-deoxy-Neu5Ac (BENZ), Methyl-α-9-N-acetyl-9-
deoxy-9-amino-Neu5Ac and Methyl-α-9-N-biphenyl-4-ace-
tyl-deoxy-amino-Neu5Ac binding into the active site of CT.
For Methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac
(BENZ), χ1 prefers −80° to -50o and χ2 prefers +180o to -
180°. Methyl-α-9-N-acetyl-9-deoxy-9-amino-Neu5Ac, χ1
prefers +180o to -180° and χ2 prefers −70° to −40° till
2200 ps and +40° to +80° from 2200 to 10,000 ps. In
Methyl-α-9-N-biphenyl-4-acetyl-deoxy-amino-Neu5Ac, χ1
prefers −30° to −20° and χ2 prefers trans conformation. An
earlier report, sialic acid analogues at C-9 substituted side
chain conformation reveals that for the analogues benzyl 2α-
O-methyl-5-N-acetyl-8,9-O-isopropylidene neuraminate, ben-
zyl 2α-O-methyl-4-O-capriloyl-5-N-acetyl-8,9-O-
isopropylidene neuraminate and benzyl-2α-O-methyl-4-
O-(8-morpholin)-capriloyl-5-N-acetyl-8,9-O-isopropylidene
neuraminate, χ1 angle prefers to be in trans conformation of +
180o to -180° regions and χ2 angle prefers -70

o region [45].

Hydrophobic interaction

Hydrophobic interactions for CT- Methyl-α-Neu5Ac ana-
logue complexes were calculated using the tool Protein-
Ligand Attractions Investigations (PLATINUM) [46]. Using
this software hydrophobic/hydrophilic property of the two
interacting molecules can be calculated. Hydrophobic interac-
tions play a vital role in biomolecular recognition. Methyl-α-
9-N-biphenyl-4-acetyl-deoxy-amino-Neu5Ac showed highest
hydrophobic value (SL/L) of 30.06, followed by Methyl-α-9-
N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ) whose hydro-
phobic value is 7.15 and Methyl-α-9-N-acetyl-9-deoxy-9-
amino-Neu5Ac with hydrophobic value of 2.85 (Table 6 and
Fig. 14).

The modeled Methyl-α-Neu5Ac analogues were
docked against cholera toxin B subunit protein to ana-
lyze the interaction and the binding mode of the com-
plex (Table 2) using Glide [18]. All the Methyl-α-
Neu5Ac analogues have better pharmacological proper-
ties suggesting that the analogues may be considered as
suitable candidates for further drug design for cholera
disease. Molecular dynamic simulation was done to
check the stability of the CT- Methyl-α-Neu5Ac

Fig. 12 The conformation plot for Phi (φ), Psi (ψ) and Omega (ω) angle for the residues (A) TRP:88, (B) HIS:13 and (C) ASN:90 of CT- Methyl-α-9-
N-biphenyl-4-acetyl-deoxy-amino-Neu5Ac complex for 10 ns simulation run
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analogues complex in different time scale using
Desmond program [20]. MD simulation was carried
out for CT- Methyl-α-9-N-benzoyl-amino-9-deoxy-
Neu5Ac (BENZ) complex for 30 ns, CT- Methyl-α-9-

N-acetyl-9-deoxy-9-amino-Neu5Ac complex for 10 ns
and CT- Methyl-α-9-N-biphenyl-4-acetyl-deoxy-amino-
Neu5Ac complex 10 ns. Simulation quality analysis
(Energy plot), simulation event analysis (RMSD, RMSF,

Fig. 13 MD simulation trajectory and χ1 and χ2 torsion distribution plot for the analogues (a) Methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ)
for 30 ns, (b) Methyl-α-9-N-acetyl-9-deoxy-9-amino-Neu5Ac for 10 ns and (c) Methyl-α-9-N-biphenyl-4-acetyl-deoxy-amino-Neu5Ac 10 ns

Table 6 Hydrophobic/hydrophilic interaction of simulated methyl-α-Neu5Ac analogues

Ligand name SL/L [Hydrophobicity] SH/H [Hydrophilicity] Sburied Stotal Match1 Match2

Methyl-α-9-N-biphenyl-4-acetyl-deoxy-amino-Neu5Ac 30.06 100.12 244.36 424.61 0.3066 0.2197

Methyl-α-9-N-acetyl-9-deoxy-9-amino-Neu5Ac 2.85 105.82 190.12 300.50 0.3616 0.0542

Methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ) 7.15 97.78 207.15 352.66 0.2975 0.0747

Methyl-α-Neu5Ac 24.37 66.39 209.24 269.30 0.337 0.2801
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Hydrogen bond analysis and Conformational analysis)
explains the steady nature of the complex in different
time scale. For CT- Methyl-α-9-N-benzoyl-amino-9-de-
oxy-Neu5Ac (BENZ) complex, the active site residues
ARG:67, ILE:99, ALA:97 and TYR:12 forms direct H-
bonds and ARG:67 forms two water bridges with
Methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac (BENS)
(Fig. 6 and Table 5). In C-9 position, due to the pres-
ence of aromatic ring the π-π stacking is formed be-
tween the aromatic ring at C-9 position of Methyl-α-9-
N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ) - CT com-
plex. CT- Methyl-α-9-N-acetyl-9-deoxy-9-amino-
Neu5Ac complex binding site residues ASN:14,
LYS:91, GLN:61 and TRP:88 produced direct H-bonds
and one water mediating H-bond as GLN:61- H2O - (O)
of Methyl-α-9-N-acetyl-9-deoxy-9-amino-Neu5Ac. In a
previous report about Lectin-Disaccharides interaction,
the residue GLN-53 of lectin formed a water bridge
with disaccharides [47]. For CT- Methyl-α-9-N-biphe-
nyl-4-acetyl-deoxy-amino-Neu5Ac complex the amino
acid residues TRP:88, HIS:13, ASN:90, HIS:57 &
GLN:61 formed direct H-bonds and water bridge as
ASN:90 - H2O - (O) of Methyl-α-9-N-biphenyl-4-ace-
tyl-deoxy-amino-Neu5Ac. The conformational analysis
for the protein back bone (phi ( , psi (ψ) and omega
(ω) angle) and glycerol side chain (χ1 and χ2) were
calculated to check the stability of the complex. The
Methyl-α-Neu5Ac analogues shows better pharmacolog-
ical properties, binding interaction and conformational
stability towards the cholera toxin protein thus
Methyl-α-Neu5Ac analogues may be used for designing
drug molecule for cholera.

Conclusion

Molecular docking studies reveal that the Methyl-α-Neu5Ac
analogues modified in the C-9 position shows better interac-
tion towards the binding site of cholera toxin protein. In the
present study, seven Neu5Ac analogues were modeled and
docked against cholera toxin B subunit protein. Among the
seven Methyl-α-Neu5Ac analogues, Methyl-α-9-N-benzoyl-
amino-9-deoxy-Neu5Ac (BENZ), Methyl-α-9-N-acetyl-9-de-
oxy-9-amino-Neu5Ac and Methyl-α-9-N-biphenyl-4-acetyl-
deoxy-amino-Neu5Ac shows least docking (XPG) score and
glide energy of −7.55 & −41.48 Kcal/mol, −7.13 &
−41.37 Kcal/mol and −6.74 & −48.75 Kcal/mol respectively.
Methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ),
Methyl-α-9-N-acetyl-9-deoxy-9-amino-Neu5Ac and
Methyl-α-9-N-biphenyl-4-acetyl-deoxy-amino-Neu5Ac
blocks the cholera toxin active site residues through intermo-
lecular hydrogen bonding. MD simulation was done for the
complex CT- Methyl-α-9-N-benzoyl-amino-9-deoxy-
Neu5Ac (BENZ) for 30 ns, CT- Methyl-α-9-N-acetyl-9-de-
oxy-9-amino-Neu5Ac for 10 ns and CT- Methyl-α-9-N-bi-
phenyl-4-acetyl-deoxy-amino-Neu5Ac for 10 ns. The RMSD,
RMSF and Energy plot explain that the complex was stable
throughout the simulation trajectories. For the complex CT-
Methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac (BENZ) the
residues ALA:97, ILE:99, TYR:12, ARG:67 and ALA:64
show stable H-bond interaction during 30 ns simulations run
and two additional water bridges were generated in some
trajectories by active site residue ARG:67. For the complex
CT- Methyl-α-9-N-acetyl-9-deoxy-9-amino-Neu5Ac, the ac-
tive site residues ASN:14, LYS:91, GLN:61 and TRP:88
maintain the constant H-bond interaction and one additional

Fig. 14 The hydrophobic/hydrophilic properties ofMethyl-α-9-N-biphenyl-4-acetyl-deoxy-amino-Neu5Ac (left) and its binding site (middle) projected
onto the surface of the analogue and their match (right). Brown colour indicates hydrophobic region and the blue colour indicates hydrophilic region
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water bridge was formed by the residue GLN:61 for 10 ns &
for the complex CT- Methyl-α-9-N-biphenyl-4-acetyl-deoxy-
amino-Neu5Ac, the active site residuesTRP:88, HIS:13,
ASN:90, HIS:57 and GLN:61 shows constant H-bond inter-
action and one water bridge was produced by the residue
ASN:90 for 10 ns simulation time. The MD trajectory data
discloses the binding orientations of three Methyl-α-Neu5Ac
analogues that favorably fits in the binding pocket of cholera
toxin and shows acceptable pharmacological properties.
Therefore Methyl-α-9-N-benzoyl-amino-9-deoxy-Neu5Ac
(BENZ), Methyl-α-9-N-acetyl-9-deoxy-9-amino-Neu5Ac
and Methyl-α-9-N-biphenyl-4-acetyl-deoxy-amino-Neu5Ac
may be considered for designing drug molecules against chol-
era disease.
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