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ABSTRACT

Typhoid fever is an enteric fever along with the systemic illness of
abdominal pain and fever. The primary causative organism responsible
for typhoid fever is Salmonella enterica serovar Typhi (S. Typhi)
bacteria. Typhoid toxin (A2Bs configuration) is found to be the key
player responsible for developing the clinical symptoms during the
Salmonella Typhi human infection. The B subunit is the homopentamer
having PItB monomer, which plays the central role during the entry of
the toxin into the host cells. Recent experimental studies suggest that
each PItB monomer has three glycan-binding sites. These site mainly
prefers to bind with multiantennary N-linked glycans with a varying
degree of affinity among three binding sites. These interactions are
mainly governed by the terminal sialic acid residues which can be
modifed also. Herein, we studied the conformational dynamics and the
binding mechanisms of five different N-glycan motifs (combination of
modified and unmodified) through all atom molecular dynamics (MD).
The conformational variability of the tri-saccharide motif was estimated
through analysising the dihedral space of torsional angles as well as the
puckering conformations. For elucidating the recognition mechanism,
we employed the molecular mechanism generalized Born surface area
(MM/GBSA) method. In terms of binding free energy, modifed glycans
show better affinity compared to the unmodified carbohydrates. In the
case of modified glycans, hydrogen bonding occurs via the Neu5Ac and
acetyl modification of the glycans. In contrast, in the case of unmodified
glycans, the binding occurs via the Neu5Ac, Gal and GIcNAc. Overall,
our study may help to understand the interaction mechanisms of the
attachement of typhoid toxin to the cell surface and to design

glycomimetic molecules to prevent the disease.
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Chapter 1

Introduction and background

1.1 Enteric Fever

Salmonella is the leading cause of diarrhoea worldwide. Salmonella
enterica subspecies enterica are rod-shaped and gram-negative bacteria
having more than 2500 serovars. Salmonella causes two kinds of human
diseases: typhoidal diseases and non-typhoidal disease!. Typhoidal
serovars cause enteric fever known as typhoid and paratyphoid fever.
non-typhoidal serovars cause non-invasive gastroenteritis and are
usually self-limiting. Typhoid and paratyphoid fever are enteric fevers

that received relatively lesser attention globally.

1.2 Causative bacteria

Typhoid fever is commonly known as typhoid, which is a systemic
infection?. The primary causative organism responsible for typhoid
fever is Salmonella enterica serovar Typhi (S. Typhi) bacteria which
belongs to the family Enterobacteriaceae. While paratyphoid fever,
known as paratyphoid, is caused by Salmonella enterica serovars
Paratyphi A, Paratyphi B and Paratyphi C (S. Paratyphi A, B and C).
The most common serovar is S. Paratyphi A. The non-typhoidal
Salmonella includes Salmonella enterica serovar Typhimurium (S.
Typhimurium). S. Typhi caused typhoid is the most common and most

threatening enteric disease among all discussed here.

1.3 Disease burden

It is estimated that every year there are 16 million new cases of typhoid,
among which the 6,00,000 death take place®. It is more threatening in
the developing and underdeveloped countries where there is a lack of
good sanitary conditions and health infrastructures like in countries of
Southeast Asia and Africa. Young children are more susceptible to
typhoid because adults develop immunity to repetitive typhoid fever®®.

In India, there is a lack of systematic data and data from hospital-based

1



studies that show that typhoid prevalence is three cases per 1000 of the
population per year. Almost one-fourth of the cases are from children
under five years of age. The exact figures for typhoid fever remain
uncertain because of the lack of diagnostic methods limitations. In 2010,
nearly 27 million cases of typhoid fever were reported worldwide®. The
average fatality rate remains at 1%, but there is high fluctuation in
underdeveloped countries like Indonesia and Papua New Guinea, where
it can be up to 50%. Figure 1.1 shows the global incidence of typhoid

fever.

Typhoid incidence (overall populations)
O Study sites

[ Low (<10 per 100000 per year)

[ Middle (10-100 per 100000 per year)
[ High(>100 per 100000 per year) -

Figure 1.1: Global incidence of typhoid fever caused by S. Typhi®.

1.4 Transmission and clinical features

Salmonella Typhi is a human restricted pathogenic bacterium, and no
other living being is known to be the reservoir of this pathogen’. The
infection is transmitted via the stool and urine of the infected person,
and the essential carriers of the bacteria are contaminated food, water
and flies. The faecal-oral route serves as the primary pathway of
transmission of Salmonella Typhi into humans. The incubation period
of this bacteria is 1 to 14 days. Thus, the areas having good sanitary

conditions will have less incidence of typhoid fever.

The clinical features differ among the different age group, and it
ranges from mild to severe or fatal®. The symptoms may include nausea,

fatigue, diarrhoea, prolonged fever and abdominal pain. Late diagnosis



may lead to severe life-threatening complications like systemic
infections, leukopenia, and neurological disorders and may be lethal.
Re-infection may occur if antibiotics are given at the early onset of
primary illness. In 10-15% of cases, complications arise, including
typhoid encephalopathy, intestinal perforation, and gastrointestinal

bleeding.
1.5 Pathogenesis and host-pathogen interactions

The typhoid bacterium enters the host body via contaminated water and
food ingestion. With the help of adhesins, the bacterium attaches to the
gut epithelium®®. The Salmonella genome contains pathogenicity
islands that encode the virulence factors needed for cellular invasion®!.
The type 3 secretion system protein transports the virulence factors
proteins into the host cells'?, which ensures the entry of the Salmonella
into the cells. It has been found that a dose of 1000 S. Typhi bacteria is
enough to cause typhoid fever in 55% of individuals. The higher dose of
bacteria ingested results in a higher infection rate with a short incubation
period. After the ingestion of Salmonella, they can tolerate the acidic
conditions of the stomach and reach the small intestine. Salmonella
invades the cells in the intestine by direct uptake by phagocytic (M) cells
or via the direct invasion of intestinal epithelium cells. (Figure 1.2)
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Figure 1.2: S. Typhi transmission in humans through the fecal-oral
route.



The S. Typhi bacterium, when inside the host cell's SCV (Salmonella
containing vacuole), synthesises the typhoid holotoxin. This typhoid
toxin is then secreted out of the SCV by packing into the small vesicles.
These small vesicles are then exported to the host cell membrane, where
the vesicles fuse to the cell membrane. The typhoid toxin is released into
the extracellular environment with the help of Sec machinery. The toxin
recognises the specific glycan receptor on the surface of the cell
membrane of the other host cell (Figure 1.3).
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Figure 1.3: Mechanism of infection of typhoid fever®

Then it binds to the glycan receptors, and by receptor-mediated
endocytosis, the typhoid toxin gets into the host cell, leading to cell
intoxication. For entry into the human target cells, the typhoid toxin
must bind to the glycosylated surface glycoprotein receptors like CD45
on myelocytic cells and podocalyxin 1 on epithelial cells}***, Humans
have sialoglycans on cells terminated with Neu5Ac, while most
mammals have sialoglycans on cells terminated with Neu5Gc (N-
glycolylneuraminic acid). S. Typhi is a restricted human pathogen. No
other hosts are still known. Humans lack the enzyme CMAH (CMP-N-
acetyl neuraminic acid hydrolase), which converts Neu5Ac to Neu5Gc.
The typhoid toxin cannot bind to the Neu5Gc and becomes human
restricted bacterial pathogen’.



1.6 Typhoid Toxin

Typhoid toxin is the key player responsible for developing the clinical
symptoms during the Salmonella Typhi human infection**4¢, Also, it
has a central role in the restriction of human pathogenesis. Typhoid toxin
belongs to the AB bacterial toxin family. The typhoid toxin has a
pyramidal shape and A2Bs configuration” (Figure 1.4). Here, the A2Bs
configuration refers to two A and five B subunits (Figure 1.5). The A
subunits are enzymatic ones, and the B subunits are receptor binding
ones. The two A subunits are CdtB (Cytolethal distending toxin A
subunit) and PItA (Pertussis like toxin A subunit). The five B subunits
are the homopentamer of the PItB (pertussis-like toxin B subunit)
subunits. Thus, the PItA-CdtB-PItB complex forms the typhoid
holotoxin.

The CdtB subunit is a kind of nuclease that causes the host cell
cycle, damaging the DNA and cell death'®!819, PItA subunit is a mono
ADP-ribosyltransferase, and its role in pathogenesis is still unknown.
The PItB has the oligosaccharide (glycan) binding sites. The PItB has a
role in the binding with the glycan receptors to ensure the entry of the
bacterium inside the host cell. The CdtB subunit is at the apex of the
pyramidal holotoxin, PItA is at the centre, and PItB is at the base. The
CdtB and the PItB subunits do not interact directly with each other. The
PItA interacts with the CdtB via the disulphide linkage between the
Cys214 PItA and Cys269 of CdtB®. The PItA and CdtB interact via the
hydrophobic interactions between the small part of the C-terminal alpha-
helix inserted between the PItB. A small part of the C-terminal alpha-
helix is inserted between the PItB homopentamer and interacts via the
hydrophobic interaction. This hydrophobic interaction stabilises the
PItA and PItB complex.



Figure 1.4: The whole typhoid holotoxin. The CdtB and PItA are the
enzymatic subunits, and PItB is the receptor-binding subunit.

The PItB is a homopentamer of five PItB molecules, and each of the
PItB molecules has three glycan-binding sites, namely BS1, BS2 and
BS3'%2L Thus, the whole PItB homopentamer has fifteen glycan-
binding sites: five BS1, five BS2 and five BS3 sites (Figure 1.6). These
glycan-binding sites help multivalent interaction with the receptor
glycan moieties. The BS1 is located at the lateral side of the PItB

monomer, and the BS2 and BS3 are located next to each other.

Figure 1.5: Structure of PItB protein of typhoid toxin. It consists of five
chains: A, B, C, D and E.



Figure 1.6: The Glycan binding sites (BS): BS1, BS2 and BS3 in the
PItB homopentamer. Each monomer of the PItB protein has three
glycan-binding sites. Thus, 15 glycan-binding sites in the whole PItB
protein.

1.7 Glycans

Glycans can be explained as a glycosidic linked group of
monosaccharides covalently bonded with the biomolecule such as

proteins (glycoproteins) and lipids (glycolipids).
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Glycoproteins are of two types depending on the attachment of
oligosaccharide molecule with the amino acid: N-linked and O-linked
glycans. N-linked glycans are attached via the nitrogen atom on the
asparagine residue, while O-linked glycans are linked via the oxygen
atom on threonine or serine residues. The attachment of the



oligosaccharide can take place in a single residue or at multiple sites.
Based on the branching pattern, glycans can be grouped as bi-antennary,

tri-antennary, etc (Figure 1.7).

In glycolipids, the glycosidic bonds attach polar oligosaccharides to
lipophilic lipid chains. Thus, glycolipids are amphiphilic. Glycolipids

are commonly found in the eukaryotic cell membrane.

1.7.1 Biological roles of glycans

The role of glycans in the human body can be physical, metabolic, and
structural. The proteoglycans help maintain the tissue structure porosity
and help in creating binding sites for other glycans. Glycosylation of the
protein provides a barrier to recognising protease and antibodies. Also,
it plays an essential role in protein folding. Glycans also help in
protective storage depot for different biomolecules; for example, many
heparin-binding growth factors remain attached to the GAG chains of
the extracellular matrix, which prevents the diffusion from its site and

protects it from non-specific proteolysis.
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Figure 1.8: Biological role of glycans®®



The glycans help in the recognition processes of the biomolecules,
which are of two types: extrinsic and intrinsic recognition (Figure 1.8).
In the case of extrinsic recognition, many symbionts and pathogens have
evolved in such a way that they recognise the specific host glycans.
Glycan-binding proteins mainly govern this kind of interaction. One
example is the recognition of Heliobacter by adhesion molecule to the
gastric sialoglycans. There are also different glycan-binding proteins
and intrinsic proteins present in the cells performing the recognition;
examples are cell-matrix interactions?®*%®, fertilisation and

reproductions®®?’, trafficking of glycoproteins®®2°,

1.8 Protein-glycan interaction

The protein-glycan interactions play a significant role in the molecular
recognition processes, essential for biological events (Figure 1.9).
According to the thermodynamics perspective, protein-glycan
interactions are weak. Since the carbohydrate molecules are hydrophilic,
it causes an enthalpic penalty (desolvation for interaction with a
receptor). Mainly, hydrogen bonding and CH-mr interaction occurred,
and both have similar interaction strengths. Carbohydrate molecules are
highly flexible, and when it binds to protein, their conformational
flexibility decreases, making this reaction entropically unfavourable.
Thus, the carbohydrate/glycan-protein interactions are enthalpy-entropy
compensation reactions. The dissociation constants (Kp) of the
carbohydrate and lectins interactions lie in the range of uM-mM. The
multivalent mechanism of the lectins increases the binding affinity and

helps in selectivity®l. In the case of the N-glycosylated protein, the



carbohydrate-protein interaction is combined with protein-protein

interaction increase the binding affinity>2.
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Figure 1.9: Summary of the role of the glycans®®

1.9 Structure and functions of glycans

The PItB prefers to bind with the NeuSAc terminated trisaccharide motif
sequence (consensus sequence Neu5Aca2-3Galb1-3/b1-4Glc/GIcNAC)
attached to the multiantennary N-linked glycans*. Thus, the typhoid
toxin shows tropism towards cells having Neu5Ac (N-acetylneuraminic
acid) terminated trisaccharide motif sequence attached to the
multiantennary N-linked glycans like gallbladder epithelial, intestinal,

brain endothelial cells of arterioles and immune cells’.

The Neu5Ac is present in two forms: unmodified and modified in
humans. The modified Neu5Ac has the most common 9-O acetylation
at the C-9 position?*34; the other modification includes 4-O acetylation
at the C-4 position®3, 7,9-O-acetylation in C-7 and C-9 position in
human cells. These modifications occur naturally because of
homeostasis. There are two O-acetyl transferases known as acetyl-CoA:
sialate 7(9)-O-acetyltransferase (CASD1) and acetyl-CoA: sialate 4-O-
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acetyltransferase. The other modifications of the additional chemical
groups may also include acetylation, sulfonylation, methylation and

lactylation.

The modified 9-O-acetylated a2-3 sialoside (Neu5,9Ac20.2-
3Galp1-4GIecNAC) (where Neu5Ac is N-Acetylneuraminic acid, Gal is
Galactose and N-Acetylglucosamine) have 14 times more binding
affinity as compared with the unmodified a2—3 sialosides (NeubAc2a.2-
3Galp1-4GIcNAc). Also, modified 9-O-acetylated «2-6 sialoside
(Neu5,9Ac202-6Galp1-4GIcNAC) have slightly more binding affinity
as compared with the unmodified a2—6 sialosides (NeuSAc2a2-6Galf1-
4GIcNACc). The modified 4-O-acetylated a2—3 sialoside (Neu5,4Ac2a2-
3Galp1-4GIecNAC) has 11 times more binding affinity as compared with
the unmodified a2-3 sialosides (NeuSAc2a2-3Galp1-4GIcNAC). These
results suggest that the modified glycans at the NeuSAc have a better
binding affinity towards the PItB's glycan-binding sites®.
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Chapter 2

Theoretical background

MD simulation is based on Newton's laws of motion, where the
movement of each atom is analysed computationally over a period. The
coordinates and corresponding velocity of all atoms are calculated,
which helps visualise the molecule's dynamics. MD simulations help to
study the biological system processes that are dynamic and complex in
nature3’-39, There are biological processes that take place on different
time scales, as shown in Table 2.1.

Table 2.1: Relationship between simulation time-length and biological
systems*C.

Processes Time scale (time/distance)

Atomic fluctuations, short loop, and | ps (10" to 10" 5)/0.01-5 A

side-chain motions

Domain and helix motions ns (10° to 1 5)/1-10 A

Protein folding and unfolding, | ms (107 to 104 s)/>5 A

interactions

Thus, MD simulations help to predict details of the dynamic
processes such as protein folding/unfolding, conformational changes,
protein stability, molecular interactions, and recognition. MD
simulation is a computational technique based on Newton's second law
of motion. Integrating Newton's equation of motion gives the
trajectories of the atoms as they change with time. By using these

trajectories, the average value of properties can be predicted.

Quantum mechanics considers the electrons in the system; hence if
few of the electrons are left out for calculations, then many electrons
must be considered for calculations. It is more time-consuming. The
biological systems have large, solvated macromolecules. This is too
large for considering quantum mechanics. Force field methods are also

known as molecular mechanics; they don't consider the electronic
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motions and only consider the system's energy as a function of nuclear

positions.

2.1 Force Fields

The molecular modelling force fields can be described in terms of four
components of the inter and intra forces within the system. When there
is the deviation of bond and angles parameters w.r.t. the equilibrium or
reference values, then energy penalties are used. In the molecular
mechanics, there is function describing the energy changes when bonds
are rotated and the interaction between the two non-bonded components
of the system. The total potential energy of the macromolecule system
V (r)Total is divided into two components: external interactions and

internal interactions, shown in Figure 2.1.
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Figure 2.1: The potential energy function components for molecular
interactions in force fields approximation®!.

There are different force fields for the protein and carbohydrate
force fields. The force fields for protein and carbohydrates are different
because of the difference in their bonding patterns and primary structure.
The force fields are included in the molecular dynamics simulation
packages such as AMBER (Assisted model building and energy
refinement)*>, CHARMM (Chemistry at HARvard molecular
mechanics)*®, OPLS (Optimised potential for lipid simulations)*,
GROMOS (GROningen MOlecular Simulation)* etc.
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2.1.1 Protein force field

AMBER (Assisted Model Building with Energy Refinement) simulation
package comes with various force fields for proteins such as ff14SB*°,
ff19SB*’, CHARMM36m*, etc. Among all the biological
macromolecules, proteins are the most studied macromolecules.
AMBER's force field is the commonly used force field for proteins.
There are different versions of the AMBER protein force field, with
ff14SB being the latest. One limitation of the AMBER force field is
charges are fixed; thus, it is less accurate than the polarisable force field.

In our work, we have used the ff14SB force field.

2.1.2 Carbohydrate force field

Carbohydrates have more degrees of flexibility, thus challenging
developing a force field. There are various carbohydrate force fields
such as the GLYCAM family, CHARMM, GROMOS 45a4, OPLS, etc.
In our work, we have used GLYCAM family force fields.

GLYCAM_06* is the most popular series of the carbohydrates force
fields. It includes: GLYCAM_06a, GLYCAM_06b, GLYCAM_O06e,
GLYCAM_06e, GLYCAM_06EP, GLYCAM_06j, etc. Among these,
the GLYCAM_06;j is the most used and latest version.

2.2 MD Simulations

In molecular dynamics simulation, we can predict the time evolution of
the macromolecules by solving the Newton's equation of motion. We
get the trajectory having every atom cartesian coordinate in every
timeframe. Using different analysis tools, the overall data gives some
meaningful information at the thermodynamics and structural levels.
The biological processes are complex, and wet lab experiments cannot

describe the macromolecular interactions with such details.

In the molecular dynamics simulation, by integrating Newton's law
of motion, successive configurations of the system are obtained, which
is the trajectory that defines the position and velocities of the particles
in that system with time. Newton's second law of motion states that

'Force is equal to the rate of change of momentum.
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Fi = m;aq; [2.1]
where F; is the force field acting on the particle i of mass m; having
acceleration a; . The trajectory thus obtained is put into the following

differential equation:

d2x,  F, [2.2]
dtz N m;
d?r; _OU (1,1 e T) [2.3]
i dtz fxl 67‘i

where mi is the mass of the particle along the xi coordinate with F,, force

on that particle in that direction. Potential energy U (ry,75 .....7x)

depends on the coordinates of the N number of particles.

2.3 Initial Conditions
Initially, there is zero overall momentum. Random distribution of
velocities is provided, and its magnitude provides the required

temperature and is then corrected.

val = [2.4]

By using the Maxwell-Boltzmann at a specific temperature, the random
velocities v; are chosen, which provides the probability that a particle i

has vy velocity at temperature T in the x-direction.

1m; v
— )2 exp|~

p(v lx)_( ]

2 kyT [2.5]

Thus, using the velocity, the temperature can be calculated using the

ZkT

relation:

Ipil [2.6]
(3N) Zl 12m1

where N is the total number of atoms in the system.

2.4 Integration Algorithms
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The integration algorithms are used to integrate the equations of motions
having the positions and velocities of the atoms in the trajectory file. The
trajectory file describes the velocities, positions and acceleration of each

atom.

We have seen earlier that those atomic positions of all atoms in the
biological macromolecule are the function of the potential energy. There
is no analytical solution for the potential energy function; thus, we use
the numerical algorithms methods to integrate the equation of motion.
The types of integration algorithms include verlet algorithm®., leapfrog
algorithm®2, velocity verlet>, Beeman's algorithm®*, etc. There are a few
disadvantages and advantages associated with all these algorithms, and
there are specific criteria for using them. All these algorithms use the
Taylor series expansion to approximate the acceleration (ai), velocity

(vi), and position (r;) of the atoms.

2.4.1 Verlet algorithm
It is the most used integration algorithm. Loup Verlet first used it in
1960.

By expanding the i particieS position (ri) at time ¢t + At and t — At and

b; is the third derivative of r;

r;(t + At) = 1;(t) + v(t)At + (1) a; (t)At?
2 [2.7]

+ (%) a;(H)AL3 + 0(At?)

1
(t— At) = 1;(t) — v(OAt — (=) a;(t)At?
" ' ' (2) ‘ [2.8]

— (%) a;(t)At® — 0(AtY)

In case of the verlet integrator, O (At*) is the local error in the position

of the atom. Adding the equation
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ri(t+ At) + ri(t — At) = 2r(t) + q;(H)AL? + 0(AtY)  [2.9]

By putting the value, a; = %

i

rt+ At = 2r(t) — r(t — Af) +%(tmz + oaeny 1210

The velocities can be written as

v;(t) = ZLAt [r;(t + At) — 1;(t — Ab)] [2.11]

Another way for determining the velocities can be obtained by dividing
the 7;(t+ At) and r;(t — At) at (t + At) and (t — At) by central
difference formula (26t).

r;(t + At) — r;(t — At) [2.12]
2At

vi(t) =

2.4.2 Leapfrog algorithm
It is a modification of the Verlet algorithm where the velocities are

calculated for the time t + %At, then positions are estimated at the ¢t +

At. Hence, the positions have leap over the velocities.

r(t+At) =r(t) + v(t+ %At)At [2.13]

v (t + %At) =v (t - %At) + a(t)At [2.14]

2.4.3 Velocity Verlet algorithm
This algorithm calculates the positions, velocities and the acceleration

at the same time (t + At)
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r(t+At) = r(t) + At vA(t) + % At%a(t) [2.15]

v(t +At) = v(t) + %At[a(t) + a(t+ Ab)] [2.16]

2.4.4 Beeman's algorithm
This algorithm allows a large number of atoms in MD simulation. This
is another modification of the Verlet algorithm. It creates a position

similar the Verlet algorithm but with different velocities.

r;(t + At) = r;(t) + v(t)At + % [a;(t + At) — 2a;(t)]At?

[2.17]
+0(AtY)
vi(t + At) = v(t)
+%[Sai(t + AL) + 8ay(t) — a(t + At)]At [2.18]
+0(AtY)
2.5 Timestep

The time step selection during MD simulations is one of the crucial
factors. The timestep refers to the frequency at which the integration is
performed. The larger time step will lead to instabilities in the
integration algorithm, while the smaller time step will be
computationally expensive and only limited phase space will be
covered. Generally, 1 fs or lower time step is preferred for the MD
simulations for the biological macromolecules to measure the fastest
motion of the system accurately. SHAKE® or LINCS®® algorithm is
used for constraining all bonds involving hydrogen atoms. This allows
us to use a larger time step of 2 fs. Thus, most commonly, 1-2 fs timestep

is frequently used with restraint on bonds involving hydrogen atoms.

2.6 Periodic boundary conditions

Periodic boundary conditions are needed for the approximation of the

bulk properties. These tend to reduce the effects of the finite simulation
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box. Using the periodic boundary conditions, the particles in the
simulation box feel placed in the bulk fluid. The simulation box is
replicated along all its sides. When any particle leaves the simulation
box, the mirror of that particle enters the simulation box as if the

simulation box is infinite®” (Figure 2.2).

Figure 2.2: 2-D representation of periodic boundary conditions in the
simulation box surrounded by the mirror boxes.

2.7 Long-range interactions

There can be two types of interactions, bonded and non-bonded
interactions. Calculating the bonded interactions connected via the
covalent bonds is computationally less expensive. In contrast, if we
consider the nonbonded interactions, there can be many two atoms pairs
in the system which have any interaction. Calculating this non-bonded
interaction for every two-atom pair will be computationally very
expensive. Generally, we ignore the Lennard-Jones and coulombic
potentials after the specific distance as their effect is negligible. It is
insignificant as compared to the error in simulation. This is the main
reason why a cut off scheme is used beyond a specific distance. There
are few methods for calculating the long-range forces like Ewald

summation®®, the cell multiple methods and the reaction field method.
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2.8 Thermostats

A constant temperature ensemble is required to mimic the experiments
conducted in laboratory conditions. The temperature is measured using
the kinetic energies defined using the equipartition theorem:
3 N1 [2.19]
S NKT = (Zi=1§mivi2)
Different thermostat algorithms work by alternating the Newton
equations of motions that are by default at constant energy. Thermostats
should not be used to calculate dynamical properties like diffusion
coefficients. Also, it is recommended to turn off the thermostat after the
equilibration of the system, which attended to the desired temperature.

Some of the popular thermostats used in the MD are gaussian®®,

Berendsen®, Bussi-Donadio-Parrinello®!, Anderson®, langevin®?, etc.

2.8.1 Gaussian Thermostat
The primary purpose of the Gaussian thermostat is to keep the
instantaneous temperature and desired temperature constant. This is

done via:

F= Finteraction + Fconstraint [2-20]
Where Fipteraction 1S the standard interaction interactions and

Foonstraint 1S the Langrage multiplier, which helps in keeping kinetic
energy constant. The Gaussian barostat uses the gaussian principle of

least constraint in maintaining the instantaneous temperature.

2.8.2 Langevin Thermostat
Langevin thermostat considers the microcanonical equations of motions
along with the Brownian dynamics. Also, the viscosity and the random

collision effects of an implicit solvent.

F= Finteraction + Ffriction + Frandom [2-21]
Where Frpiceion 1S the damping parameter and Fi.qpngom IS the random
collisions with the molecules of solvent. We have used Langevin

Thermostat for our work.
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2.9 Barostats

The laboratory experiments are generally done in the open air under
constant temperature and pressure. These conditions are also maintained
during the MD simulations using the isothermal-isobaric ensemble.
Very similar to the thermostats, we use Barostats to maintain the
constant pressure during MD simulation. Some popular barostats are
known as Berendsen®, Anderson®?, Martyna-Tuckerman-Tobias-

Klein® etc.

2.9.1 Berendsen barostat

It is based on the simple volume rescaling method. Berendsen barostat
should be used up to the equilibration and shouldn't be used in the
production run. In Berendsen barostat, the pressure change is modified
by adding an additional term to the equations of the motion.

dP _ P,—P [2.22]

dt T,

Where P, is the external pressure bath, P is the instantaneous pressure
and T, is the time constant. We have used the Berendsen barostat for our

work.

2.10 Protocols of MD Simulation

Every system comes up with its unique considerations and challenges.

But the basics steps of molecular dynamics simulation remain the same:

System preparation
Solvation
Minimisation
Heating
Equilibration

L

Production

2.10.1 System Preparation
The selection of the appropriate structure (protein, ligand, glycans,
lipids, etc.) is the first step toward setting up the system. The 3-D

conformation of these structures can be downloaded from the RCSB
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PDB website or can be modelled. In the case of glycan modelling, the
GLYCAM web server is a widely used server®®. It should also be

electrically neutral, and protonation states should be checked.

2.10.2 Solvation

All biological processes take place in the body fluid consisting of water.
We provide water (implicit or explicit) to the molecule. There are two
types of water models: implicit and explicit. In the implicit water models
(also known as the continuum model), the effects of the solvent
molecules are given to the system by the reaction field method. While
in the case of the explicit water models, the molecular contribution of
each and all solvent molecule's atoms is taken into consideration
directly. An explicit solvation system is more computationally
expensive and more accurate than implicit water models, which are less

computationally expensive.

The most used water models are the 3-site model, where each site
is for the nuclei of the water molecule. The 3-site model includes
TIP3P%, SPC®’, SPC/E®® and TIPS® models. The TIP3P is the most
used model for two reasons: it is computationally efficient and
compatible with the current force fields. The TIP5P™ and TIP6P™ are
computationally expensive. We have used TIP3P as the explicit water
model for glycans and the protein-glycan complexes in our work.

2.10.3 Minimisation

The main goal of minimisation is to find a local energy minimum of the
starting structure. This is necessary as when we heat the system in the
further steps, the system shouldn't blow up, which means the forces on
any atom shouldn't be large enough that the atom will move too far.
There are various minimisation algorithms like Newton Raphson,

steepest descent and conjugate gradient method.

2.10.4 Heating
Since there is no temperature in the inputs structure, there is no energy
in the system. Hence, in this step we have to gradually increase the

Kinetic energy of the system to reach the desired temperature. The
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kinetic energy of the system should be gradually increases over a proper
time frame to avoid the sudden increase in the kinetic energy, making
the simulation unstable. In the NVE ensemble, energy cannot be added,
In NPT ensemble the kinetic energy is needed to expand the system to
maintain the constant pressure. Based on above reasons, the ensemble
for the heating step is NVT.

2.10.5 Equilibration

Since, the production run is performed under the NPT ensemble, a buffer
time is required between the heating and production run to switch the
ensemble. In equilibration, we make sure that the system remains in
thermodynamic equilibrium and equilibrates the density of the solvent.
The parameters of both the production and equilibration stages remains

same.

2.10.6 Production

After the completion of the equilibration, we start the collection of data
for analysis. This step is known as production. The MD trajectory is
saved at given intervals of time to capture the whole event. At this stage,
the trajectory analysis starts. The typical simulation length for the

biological macromolecules ranges from nanoseconds to microseconds.

2.11 Binding free energy calculations

Calculating the binding free energy is the most crucial factor in the
protein-ligand/glycan binding. Binding free energy is the sum of all
interactions present between the binding of the protein and
ligand/glycan. The Free energy perturbation method gives more
accurate results while being computationally expensive. While the
MM/PB(GB)SA™>" method is computationally efficient and precise.
We have used MM/GBSA for our work’ ™,

2.11.1 Molecular mechanics Poisson-Boltzmann/generalised Born
surface area (MMPB/GBSA)

The MM/PB(GB)SA is one of the most widely used methods for
calculating the binding free energy between the protein-ligand/glycan

complex. This method uses both the continuum solvation models and
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classical force fields to estimate binding free energy. The calculation of

the binding free energy is described below’®"":
AGpying = G(complex) — G(receptor) — G (ligand) [2.23]

Each of the complex, receptor and ligand-free energy is given by

(represented by x):

G(x) = Eym(x) + Gsorp(x) — TS (x) [2.24]
Evm(x) = Epondgea(*) + Enonbondea (X) [2.25]
Epondea(X) = Ebona(X) + Eqngie(X) + Eginearai(x) [2.26]
Enonbonded(X) = Eetectrostatics(X) + Epaw (X) [2.27]

where, G, IS the solvation free energy, T is the temperature, S is the
entropy, Ey is the total molecular mechanic's energy. The bonded
terms include bond (Eponqg), angle (Egngie) and dinedral (Eginedrar)-
While the non-bonded term includes electrostatics (E,jectrostatics) and
van der Waals (E, ;). Adding all these:

AGping = AGyy — AGsory — TAS [2.28]
EMM = AEbonded + AEelectrostatics + AEvdW [2'29]

AGsory = AGeqy + AGypaw + AGerec = AlGgpsa + AGPB/GB [2.30]

where G4, IS the energy needed for making cavity in the solvent for
accommodating solute, y is the surface tension proportionality set at
0.92 Kcal.mol* A2 and B is offset value set to 0.92 Kcal.mol. The
electrostatic contribution can be estimated by either PB”® or GB”® model.
MMPBSA method is used for protein-ligand/protein, peptide
interactions. However, in case of protein-glycan interactions,
MMGBSA is used widely used technique®®-%,
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Chapter 3

Materials and Methods

3.1. System preparation

We need the crystal PDB structures for the MD simulation, which can
be downloaded from the RCSB PDB website. The PDB file consists of

every atom's X, y and z coordinates, along with other details. Our study

broadly simulated three different types of systems: free glycans, apo

PItB protein and complex (PItB protein-glycan complex).

Table 3.1: List of PDBs used in our study.

PDB ID | Resolution | Attached Glycans

4RHR | 2.08A NA

6P4M | 1.80A NeuSAc2a2-3Galf1-4GIcNAC
6P4N 1.70A Neu5Ac2a2-6Galp1-4GIcNAC
6TYN |2.33A Neu5,9Ac202-3Galp1-4GIcNAC
6TYQ |1.88A Neu5,9Ac202-6Gals1-4GIcNAC
6TYO | 2.04A Neu5,4Ac202-3Galp1-4GIcNAC

We divided the five glycans into modified (Glyl, Gly2 and Gly3)

and unmodified (Gly4 and Gly5) systems, where modification is lying

on the Neu5Ac residue. The glycans used in our study are shown in

Table 3.2 & Figure 3.1.

Table 3.2: Sequence information and type of modifications of glycans
used in our study.

Nature of | System
Glycan details PDB ID | Modification at | name

Neu5Ac
Neu5,9Ac202-3Galfp1-4GIcNAc | 6TYN 9-O-acetylation | Glyl
Neu5,9Ac202-6Galp1l-4GIcNAc | 6TYQ 9-O-acetylation | Gly2
Neu5,4Ac202-3Galfp1-4GIcNAc | 6TYO 4-O-acetylation | Gly3
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NeuS5Ac2a2-3Galf1-4GIcNAC 6P4M NA Gly4

NeuS5Ac2a2-6Galf1-4GIcNAC 6P4N NA Gly5

- N-GIcNAc

Figure 3.1: Ribbon representation of PItB of Typhoid toxin and glycan
molecules. A) Top view, B) Lateral view. SNFG representation of all
five glycans used in our study; C) Glyl, D) Gly2, E) Gly3, F) Gly4, G)
Glys.

Galactose ‘ Sialic Acid

To get insights into Typhoid toxin-free state dynamics, we also conduct
the simulation of Apo PItB protein. Finally, we constructed the
complexes for all five glycans. As for now, we constructed all five
complexes by occupying the BS1 site for each monomer. This
construction aims to understand each binding site's glycan dynamics and
recognition properties. Future work will also include the binding
properties in the other two binding sites, namely BS2 and BS3. All five

glycans were extracted from their concerned complex crystal structures.
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The list of the apoprotein and complex used in our study is shown in
Table 3.3.

Table 3.3: The details of the apoprotein and the complex systems.

Protein PDB ID Glycans attached | System
at BS1 site name
PItB 4RHR NA Apo
PItB 6TYN Glyl Coml
PItB 6TYQ Gly2 Com2
PItB 6TYO Gly3 Coms3
PItB 6P4M Gly4 Com4
PItB 6P4N Gly5 Com5

For each complex PDB structure, we extracted all the available
bound glycans for each system and estimated their dihedral angles and
the puckering states using the cpptraj module of the AmberTools19%.
After critical inspection of all the values, the input structure for the free
glycans was selected. All the monosaccharides were renamed according
to the GYCAM nomenclature to recognise the amber force field. For
solvating the glycans in 150 mM salt concentration, receptors and other

molecules were removed for each case.

Glycam06j_1 force field was used to estimate the glycan structures
in our study®’. Each glycan system was solvated using TIP3P water
molecules in an octahedron box®. The distance between the wall and
solute was kept as 10 A. To solvate in 150 mM concentration, the proper
amount of Na+ and CL- ions were added to the systems. Details of the
box size, water molecules and the number of ions is listed in Table 3.4.
These parameters were varied because of the initial conformations of

each glycan molecule.
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Table 3.4: Details of water-box and charge constituent for all the
systems.

Volume (A3%) | Charge | Na+ Cl-
ions ions

Glyl 74304.8 -1 8 7
Gly2 70352.6 -1 7 6
Gly3 73584.5 -1 8 7
Gly4 |70052.2 -1 7 6
Gly5 50132.9 -1 7 6
Apo 501335.4 0 45 45
Comil 590794.7 -5 58 53
Com2 767711.4 -5 74 69
Com3 602318.1 -5 59 54
Com4 650845.8 -5 64 59
Comb5 686121.1 -5 67 62

For the protein part of our study, ff14SB force field was used®. The
Apo simulation, i.e., the PItB pentamer structure in the absence of
glycan molecules, were downloaded from the rcsb database (PDB 1D
ARHR)®. A similar protocol was used for the glycan to solvate the Apo

structure. Details of the system parameter can be found in Table 3.4.

Now, to construct the complex structure, we used three glycans
(Gly1-3) or the modified glycan molecule. However, the crystal
structure for all three complexes was the absence of glycan molecules in
their few binding sites. As PItB protein consists of five identical
monomer structures, each chain has a binding pocket for the glycan
molecules. However, several experimental studies suggest that each
monomer consists of three binding sites, namely BS1, BS2 and BS3.
However, for this study, we choose to construct our complex molecules
with respect to the BS1 site. As the few binding pockets were the
absence of glycan molecules, we constructed the whole complex by
swapping the geometrical orientation of each monomer. After the

construction of each complex, a similar water box was used to solvate
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them. As discussed above, complex structures were also solvated in the
150 mM salt concentration. Details of the systems are given in Table
3.4. All simulations were conducted using the AMBER18 software

suite®?.

3.2. MD simulation protocol

3.2.1 Minimisation

We had done two minimisation steps for all glycan, Apo protein and
complex systems. In the first minimisation, we restraint our systems
with the help of weak restraint force, followed by minimisation in the
free state. In the first step minimisation, initially, (first 500 steps) system
was minimised using the steepest descent algorithm, and then we used
the conjugate gradient algorithm for the minimisation (next 500 steps).
Then, we remove the restrictions on the position of atoms and again
optimise the complex using the steepest descent algorithm (first 100
steps) followed by a conjugate gradient algorithm (next 900 steps). The
bond, including hydrogen atoms, were kept restrained using the SHAKE
algorithm®L. The long-range electrostatic interactions were estimated
using the particle mesh Ewald (PME) method, where we kept 10 A as a

cut-off.

3.2.2 Heating

After minimisation, the heating of all the systems was performed in steps
wise. The Langevin thermostat maintained the temperature with a
collision frequency of 2 ps™. It is always better to do heating in stages
as it reduces the chances of the blow-up of the whole system after every
stage as it equilibrates the system. We ran heating up to 300 K in six
stages (0 to 50 K, 50 K to 100 K, 100 K to 150 K, 150 K to 200 K, 200
K to 250 K and 250 K to 300 K). In each stage of the heating, there are
50000 steps. The Timestep for our simulation was chosen two fs to keep

match with the vibration of the systems.

3.2.3 Equilibration

After minimisation, we equilibrated the system at 300 K for the 10 ns

explicit solvent MD simulation time in the NPT ensemble. At this
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equilibration step, the temperature was kept constant to equilibrate the
system more at 300 K, and the pressure was kept constant using the

Berendsen barostat® at 1 atm pressure.

3.2.4 Production

After equilibration, the final production run was performed at the
constant 300 K using the Langevin thermostat. For free glycan
simulation, we ran each glycan sequence for 2 us and replicated the
same for three replicas yielding 6 pus complete run for each glycan. In
this study, the Apo protein and complex structure were simulated up to
500 ns and replicated for three replicas yielding a 1.5 ps complete run
for each apo and complex. Thus, we have a total of 30 us length

simulation for glycans, 1.5 ps for apo and 7.5 us for complexes.

3.3. Analysis

All the trajectories were analysed using the cpptraj module of the
AmberTools19%, For the trajectory analysis, the first 100 ns data from
each run were removed to ensure the minimisation of the initial noises.
After that, the combined trajectories for three replicas were prepared and
subjected to different calculations related to the dynamics of the
systems. Initial stability and flexibility were estimated by calculating the
root mean squared deviations (RMSD) and the root mean squared
fluctuations (RMSF) with respect to the well-equilibrated
conformations. Conformational space of the sugar molecules in the free
and bound state was also estimated with the help of glycosidic dihedral
angle, Cremer-Pople (CP)*3 parameters of ring puckering. Further, free
energy surface (FES) was constructed for reaction coordinates estimated
in our studies (i.e., dihedral angles, puckering coordinates) by using the

Boltzmann equation:
AG = —ksT In(p) - k [3.1]

where kg is the Boltzmann constant, T is the temperature, and p is the
probability density of the geometric coordinate x. The parameter (k) was
selected such that the global minimum was located at 0 kcal/mol. Also,

to evaluate the hydrogen bonding, a distance cut-off of <3.5 A and an
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angle cut-off of >120° were used®. The last 200 ns of production
simulations were taken for the binding free energy calculations of the
complexes. Entropy estimation was ignored because of the high
computational cost.
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Chapter 4

Results and Discussion

4.1. Conformational dynamics of glycans

To evaluate the conformational space, the RMSD analysis of all the
glycans was estimated with respect to the initial heavy atom coordinates.
The probability distribution of the RMSD values for all cases were
estimated using kernel density estimation (KDE) method and shown in
Figure 4.1. Multipe coexisting conformations were observed in all
glycans as observed from the widespread distribution of RMSD. Among
all glycans, Gly2 and Gly5 show a large conformational space range
from 0to 5 A. Gly1 has two peaks corresponding to the RMSD between
1 Aand 2 A. Gly2 has a peak at 1 A and is spread up to 5 A. Gly3 has
one peak at 3 A, and it is not as spread as others. Gly4 has one peak at
around 1 A, and Gly5 has one peak at 1 A and is spread to the RMSD 0
Ato 5 A. The modification of the oxygen atoms of the sialic acid residue
does not yield any significant changes in the conformational space for
all the glycans. So from the RMSD analysis, characteristic features of

the glycans were not obtained.

— Gly2
= — Gly4
£ 0.5 Gly5
n -

0.25_ %
o 4 = T T T
0 1 2 3 4
RMSD (4)

Figure 4.1: Probability distribution plot of root-mean-square-deviations
(RMSDs) of all the five glycans with respect to the corresponding well-
equilibrated structure.

To estimate the conformational space after boudn to the typhoid

toxin, similar calculation was conducted in case of the bound glycans.
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Hence, the probability distribution of RMSD for each glycans in free
and bounds were estimated using KDE and shown in Figure 4.2. The
conformational space of free Gly2 and complex-bound Gly2 are highest
among others. In all cases, the five complex-bound glycans have similar
conformational space while free glycans have sightly different
conformation. These indicate a stable binding aThe modification of the
glycans does not yield any significant changes compared to unmodified
glycans in the RMSD analysis of the glycan-protein complex.

Modified Unmodified
2 2
A — Glyl = Chain C — Glyd = Chain C
1.5 === Chain A === Chain D 1.5 === Chain A === ChainD
- = Chain B Chain E - = Chain B Chain E
= E
2 1q 2 g
a @
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E
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Figure 4.2: Probability distribution plot of Root-mean-square-
deviations (RMSDs) of free glycans and the complex bound glycan in
each chain. A) Glyl and Com1 B) Gly4 and Com4 C) Gly2 and Com2
D) Gly5 and Com5 E) Gly5 and Comb.

4.2 Dynamics of the sugar ring

To estimate the fluctuation around dihedral angles, we calculate the ¢/
values for each crystal structure of all the five glycans in the BS1, BS2
and BS2 binding sites, as shown in Table 4.1. As observed in Table 4.1,
each glycan has several conformations in the binding site of the
pentamer Typhoid pentamer. This estimation further helps us to choose
the proper input for MD simulations. The conformations, which occur

more frequently, were selected as an input to the MD simulation study.
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Table 4.1: Conformation of dihedral angle of all five glycans from the
crystal structures.

Glyl
¢ v
Linkage | BSIA |BS1C |BS1E |BS1A BS1C BS1E
1-4 -55.34 | 2.92 - 148.91 140.28 93.65
135.50
2-3 101.69 | 66.08 80.95 | -123.04 -132.27 -108.25
Gly2
¢ v
Linkage | BS1C |BS1D |BS1E |BS1C BS1D BS1E
1-4 61.08 59.79 58.82 | 124.14 128.34 125.87
2-6 6148 | 7339 |59.63 |-166.59 |-153.80 |-157.60
Gly3
¢ L 4
Linkage | BS1IC |BS1E |BS2A |BS1C BS1E BS2 A
1-4 -50.05 | -66.03 |-39.32 | 114.87 119.52 -79.28
2-3 62.22 62.59 55.10 | -124.88 -139.47 -125.74
Gly4
¢ b 4
Linkage | BSIA |BS1C |BS1E |BS1A BS1C BS1E
1-4 71.26 -42.02 | -51.88 | 131.67 168.19 134.37
2-3 147.51 | 59.54 64.30 | 70.95 -123.58 -131.05
Gly5
¢ b 4
Linkage | BS1IC |BS1D |BS1E |BS1C BS1D BS1E
1-4 -74.54 | -43.84 | -39.46 | 101.36 -172.50 140.00
2-6 62.39 61.08 68.06 | -177.91 -154.75 -165.37

For estimating the free energy space constructed by dihedral angles
of the five free glycans, we used the combined trajectories for all three
replicas, as shown in Figure 4.3. There are two glycosidic linkages in
the trisaccharide glycans; one is Neu5Ac2a2-3Gal (2-3) or NeuSAc202-
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6Gal (2-6), and the other is GalB1-4GIcNAc (1-4) which is present

across all five sequences.

For the GalB1-4GIcNAc (1-4) linkage, principal minima around (-
75,120) with minor variation were observed in glycans. So, irrespective
of modification, all the glycans show a single prominent minimum.
However, the Neu5SAc2a2-3Gal (2-3) linkage in Glyl, Gly3, and Gly4
show two equiprobable minima regions located at (65.00,-125.00) and
(65.00,-175.00). Also, this value changes when the linkage changes
from 2-3 to 2-6 where another minima region appeared (65,150) along
with the (65.00,-175.00) conformation. However, this region shrinks in
the case of the Gly5.
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Figure 4.3: Free energy surfaces (kcal/mol) constructed for the free
glycans using the ¢/y glycosidic angles over all three replicas.

To compare the free energy space constructed by dihedral angles of
the glycans bounded to the different protein chains, we used the
combined trajectories for all three replica runs shown in Figure 4.4 —
Figure 4.8. We oberserved very similar principal free energy minima
for all the complex-bound glycans as compared to the principal free

energy minima of free glycans.
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replicas.
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Figure 4.5: Free energy surfaces (kcal/mol) constructed for the complex
bound glycans of Com2 using the @/y glycosidic angles over all three
replicas.
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Figure 4.8: Free energy surfaces (kcal/mol) constructed for the complex
bound glycans of Com5 using the @/y glycosidic angles over all three
replicas.

To investigate the conformation of the ring around the 150 mM
solution, puckering of the carbohydrate rings was estimated using the
Cremer-Pople convention, which further divided the puckering space
into 38 different and distinct conformations. Among all the
conformation, the most probable conformations are *Cy and 'C4 chair
forms. So, to investigate the transition between both the chair forms, we
constructed a 1-D conformational free energy along with the 6
coordinate of the pucker for all the five glycans (in free and bound state),

as shown in Figure 4.9 — Figure 4.13.
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Figure 4.11: Cremer-Pople puckering profiles of Gly3 and the complex
bound glycan Gly3 to different chains (A, B, C, D and E) of Com3. A)
For GIcNAc B) For Gal C) For Neu5Ac.

8 B

A A B
=6 \\J =6
H ]
E N £
Ta 4 Ta
¥ g
g | / g |
:f —— Gly4 —+— Coml_B —+— Coml_ D —— Gly4 —+— Coml B -+ Coml D
P —+— Coml A —— ComlC Coml E // —+— Coml A —— ComlC Coml E
0 T T T T T T T T L e— T T T T T T T
20 40 o0 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
puckering coordinate, 9(°) puckering coordinate, (")

AG (Kcal/mol)
9

N
I

o T T T T T T T T -
20 40 60 80 100 120 140 160 1BO
puckering coordinate, 8(°)

Figure 4.12: Cremer-Pople puckering profiles of Gly4 and the complex
bound glycan Gly4 to different chains (A, B, C, D and E) of Com4. A)
For GIcNAc B) For Gal C) For Neu5Ac.
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Figure 4.13: Cremer-Pople puckering profiles of Gly5 and the complex
bound glycan Gly5 to different chains (A, B, C, D and E) of Com5. A)
For GIcNAc B) For Gal C) For Neu5Ac.

For all the three-carbohydrate residue, GIcNAc, Gal, and NeuSAc
(Modified/Unmodified) shows a similar transition profile from “C; to
1Csin all 5 cases. In our simulation time-length, GlcNac and Gal
monosaccharides show “C; chair form as its global minimum, while
Neu5Ac shows 1Cachair form as global minimum. Apart from the sialic
acid (in free glycans), neither the monosaccharides could not complete
the transition from %C; to C, state. Also, sialic acid in which the
modification was done shows merely any changes in its puckering
sampling. To further investigate the other conformers other than the
chair forms, we plotted the puckering coordinates (0,$) according to the
Mercator representation shown in Figure 4.14 — Figure 4.19. Here we
show the Mercator representation for the free glycans and bound
glycans. GIcNAc and Galactose residue only samples the “C; along with
very few conformations in skewed boat structure in both the free glycan
and complex-bound glycans. In the case of sialic acid, !Cs
conformational state was sampled in both the free glycans and comple-
bound glycans, also few non-chair conofrmations were also sampled in
the free glycans. The modification of the sialic acid doesn't bring any
change in the conformation, which remains in Cy state in all cases. So,
only chair form was sampled in all three monosaccharides in complex-

bound glycans cases, which play a role in recognising PItB protein.

40



Puckering Coordinate, & (°)

Puckering Coordinate, 4 ()

Figure 4.14: Mercator representation of the Cremer—Pople Sphere for
free glycans (1% column: GIcNAc; 2" column: Gal; 3 column:
Neu5Ac ). A)-C) Glyl, D)-F) Gly2, G)-I) Gly3, J)-L) Gly4, M)-O) Gly5.

e (")

Puckering Coordinate,

Puckering Coordinate, ¢ (*)

Figure 4.15: Mercator representation of the Cremer—Pople Sphere for
Com1 complex-bound glycans (1% column: GIctNAc; 2" column: Gal;
3" column: NeuSAc ). A)-C) Glyl, D)-F) Gly2, G)-1) Gly3, J)-L) Gly4,
M)-0) Gly5.
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Figure 4.16: Mercator representation of the Cremer—Pople Sphere for
Com2 complex-bound glycans (1% column: GIcNAc; 2" column: Gal;
3" column: NeuSAc ). A)-C) Glyl, D)-F) Gly2, G)-1) Gly3, J)-L) Gly4,
M)-O) Gly5.
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Figure 4.17: Mercator representation of the Cremer—Pople Sphere for
Com3 complex-bound glycans (1% column: GIcNAc; 2" column: Gal;
3 column: Neu5Ac ). A)-C) Glyl, D)-F) Gly2, G)-I) Gly3, J)-L) Gly4,
M)-O) Gly5.
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Figure 4.18: Mercator representation of the Cremer—Pople Sphere for
Com4 complex-bound glycans (1% column: GIcNAc; 2" column: Gal;
3" column: NeuSAc ). A)-C) Glyl, D)-F) Gly2, G)-1) Gly3, J)-L) Gly4,
M)-O) Gly5.

=
]

Puckering Coordinate, 6 (°})
o

Puckering Coordinate, ¢ ()

Figure 4.19: Mercator representation of the Cremer—Pople Sphere for
Com2 complex-bound glycans (1% column: GIcNAc; 2" column: Gal;
3 column: Neu5Ac ). A)-C) Glyl, D)-F) Gly2, G)-I) Gly3, J)-L) Gly4,
M)-O) Gly5.
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Table 4.2: Occupancy of hydrogen bonds between residues of each
glycan molecule.

Acceptor Donor Distance | Angle | Occupancy
(%)
Glyl | Runl | Gal@0O5 GIcNAc@03 2.78 155.57 | 22.74
Neu5,9Ac@06 | Gal@02 2.78 154.35 | 15.6
Neu5,9Ac@0O1B | Gal@0O4 2.72 159.47 | 14.69
Neu5,9Ac@O1A | Gal@0O4 2.72 159.46 | 13.64
Neu5,9Ac@O5N | Neu5,9Ac@O7 | 2.80 156.92 | 12.42
Gal@04 Gal@0O6 2.77 146.71 | 3.17
Run2 | Gal@05 GIctNAc@O3 | 2.78 155.50 | 22.6
Neu5,9Ac@0O1B | Gal@0O4 2.72 159.29 | 14.8
Neu5,9Ac@06 | Gal@0O2 2.79 154.44 | 14.72
Neu5,9Ac@O1A | Gal@0O4 2.72 159.39 | 13.98
Neu5,9Ac@O5N | Neu5,9Ac@07 | 2.79 156.89 | 12.44
Run3 | Gal@05 GIctNAc@0O3 | 2.78 155.60 | 23.01
Neu5,9Ac@06 | Gal@02 2.78 154.35 | 15.14
Neu5,9Ac@O1A | Gal@0O4 2.72 159.44 | 14.21
Neu5,9Ac@01B | Gal@0O4 2.72 159.34 | 14.05
Neu5,9Ac@O5N | Neu5,9Ac@07 | 2.79 156.94 | 12.78
Gly2 | Runl | Gal@0O5 GIcNAc@03 2.79 155.45 | 25091
Neu5,9Ac@O5N | Neu5,9Ac@O7 | 2.79 157.26 | 13.13
Neu5,9Ac@O01A | Gal@0O4 2.70 165.06 | 11.08
Neu5,9Ac@01B | Gal@04 2.70 164.96 | 10.15
Run2 | Gal@05 GIcNAc@03 2.78 155.34 | 25.75
Neu5,9Ac@O5N | Neu5,9Ac@07 | 2.79 157.12 | 13.09
Neu5,9Ac@01B | Gal@04 2.70 165.00 | 10.72
Run3 | Gal@05 GIcNAc@03 2.79 155.57 | 26.55
Neu5,9Ac@O5N | Neu5,9Ac@0O7 | 2.79 156.99 | 12.77
Neu5,9Ac@01B | Gal@0O4 2.70 165.00 | 11
Neu5,9Ac@O0O1A | Gal@0O4 2.70 165.04 | 10.53
Gly3 | Runl | Gal@0O5 GIcNAc@03 2.78 155.48 | 22.58
Neu5,4Ac@O1A | Gal@0O4 2.72 159.97 | 15.15
Neu5,4Ac@0O1B | Gal@0O4 2.72 159.91 | 1421
Neu5,4Ac@06 | Gal@0O2 2.79 154.36 | 13.49
Run2 | Gal@0O5 GIctNAc@O3 | 2.78 155.54 | 22.88
Neu5,4Ac@O1A | Gal@0O4 2.72 159.90 | 14.99
Neu5,4Ac@06 | Gal@0O2 2.78 154.30 | 14.45
Neu5,4Ac@01B | Gal@04 2.72 159.78 | 13.95
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Run3 | Gal@0O5 GIcNAc@03 2.78 155.60 | 22.78
Neu5,4Ac@01B | Gal@0O4 2.72 159.88 | 16.54
Neu5,4Ac@O1A | Gal@0O4 2.72 159.95 | 14.46
Neu5,4Ac@06 | Gal@02 2.79 154.28 | 13.48

Gly4 | Runl | Gal@0O5 GIctNAc@O3 | 2.78 155.63 | 23.42
Neu5Ac@06 Gal@02 2.79 154.50 | 14.95
NeuSAc@O1B | Gal@O4 2.72 159.81 | 14.73
NeuSAc@O5N NeubAc@0O7 | 2.79 157.19 | 13.95
NeuSAc@O1A Gal@04 2.72 159.75 | 13.2

Run2 | Gal@05 GlctNAc@03 | 2.78 155.62 | 23.22
NeuSAc@01B Gal@04 2.72 159.91 | 1551
NeuSAc@O5N NeuSAc@O7 2.79 157.35 | 14.88
NeuSAc@O1A Gal@0O4 2.72 159.93 | 14.73
NeuSAc@06 Gal@02 2.79 15451 | 1454

Run3 | Gal@0O5 GIcNAc@03 2.78 155.56 | 23.38
NeuSAc@0O1B Gal@0O4 2.72 159.85 | 14.84
NeuSAc@06 Gal@02 2.79 154.50 | 14.31
NeuSAc@O5N NeuSAc@O7 2.79 157.13 | 13.54
NeuSAc@O1A | Gal@O4 2.72 159.88 | 13.37

Gly5 | Runl | Gal@0O5 GIctNAc@03 | 2.78 155.34 | 25.63
NeuSAc@O1A | Gal@O4 2.70 164.99 | 11.07
NeuSAc@0O1B Gal@04 2.70 164.98 | 11.06

Run2 | Gal@0O5 GIcNAc@03 2.78 155.35 | 26.67
NeubAc@O5N NeuSAc@O7 | 2.79 157.29 | 11.9
NeuSAc@0O1B Gal@04 2.70 164.96 | 11.29
NeuSAc@O1A | Gal@O4 2.70 165.01 | 10.18

Run3 | Gal@05 GIctNAc@03 | 2.78 155.42 | 26.44
NeuSAc@O1B | Gal@04 2.70 165.01 | 10.96
NeuSAc@O1A Gal@0O4 2.70 164.94 | 10.39
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Figure 4.20: Pairwise correlation function, g(r) of water molecules in
the simulation as a function of distance from the oxygen atoms of each
atom of each monosaccharide residue as well as the whole (red line). A)
Glyl B) Gly4 C) Gly2 D) Gly5 E) Gly3.

Figure 4.15 shows the radial distribution function of the three
monosaccharides and the whole glycan for each of the five glycans. In
the case of both the modified and unmodified glycans, the pairwise
correlation function is around, so the affinity towards the water is not

affected by the modification of the glycans.

4.3 Conformational dynamics of Apo protein and complex

4.3.1 Structure stability

The RMSD (Root-Mean-Square-Deviation) time evolution plot
comparing the RMSD of the Apo protein with the five complexes is
shown in Figure 4.17. After the 200 ns, the RMSD of the Apo protein
and the complexes get stable, which remains stable up to the last 500 ns.
The apoprotein has more deviation than the three complexes showing

that the complexes are more stable than the apoprotein.
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Figure 4.21: Time evolution series of the RMSD of Apo protein and the
five complexes for three Runs.

4.3.2 SASA

The solvent-accessible surface area (SASA) is estimated using the KDE

(kernel density estimation) method for the apo and the five complexes.

The modification on the glycans doesn't show any significant changes
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Figure 4.22: Probability distribution plot of solvent-accessible-surface-
area (SASA) of the Apo protein and five complexes with respect to the
initial structure. A) Apo B) Com1 C) Com2 D) Com3 E) Com4 F) Comb5.
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4.3.3 Compactness analysis

Figure 4.18 shows the radius of gyration (RoG) plot (KDE) of the Apo
protein and the five complexes. The radius of gyration measures the
compactness of the system. The more compact the system is after the
binding will be more stable complex. There are no significant changes
in the radius of gyration of the Apo and the other complexes. The minor
fluctuations are because of the different binding patterns of the glycans

with the proteins.
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Figure 4.23: Probability distribution plot of the Radius of gyration
(RoG) of the Apo protein and five complexes with respect to the initial
structure. A) Apo B) Com1 C) Com2 D) Com3 E) Com4 F) Com5

The RMSF (Root mean square fluctuations) per residue plot for
each complex and each three-run is shown in Figure 4.19 — Figure 4.22,
The plot follows a similar fashion for all the complex and the Apo
protein, which suggests that the key residues are the same in each case.
The key residues are 60-66, which corresponds to the loop that is also
responsible for the recognition of the glycans. Similar to Figure 4.19 —
Figure 4.22, the RMSF of the complexes are less than apoprotein, which
shows that the apoprotein becomes stable after binding to glycans. There
is also a loop region between the 105-109 residues close to the BS2 site.
We found that in each run, we got a different plot for the same complex
and same chain. Hence, we considered each run differently and looked
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at each case. The higher peak at the 60-66 amino acid regions indicates

either the system's lower binding energy or the glycan's detachment

from that chain. The lower peak, the 60-66 amino acid residue region,

suggests a higher binding affinity of glycans toward the binding site.

Also, in some cases, the peak at the 105-109 amino acid residue region

indicates that the glycans have some minor interactions with the BS2

site.
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Figure 4.24: Root mean square fluctuations (RMSFs) of C, atoms for
Apo and all five complexes (Runl). A) Apo B) Com1 C) Com2 D) Com3

E) Com4 F) Comb5.
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Figure 4.25: Root mean square fluctuations (RMSFs) of C, atoms for
Apo and all five complexes (Run2). A) Apo B) Com1 C) Com2 D) Com3

E) Com4 F) Comb5.
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Figure 4.26: Root mean square fluctuations (RMSFs) of C, atoms for
Apo and all five complexes (Run3). A) Apo B) Com1 C) Com2 D) Com3

E) Com4 F) Comb.

4.4 Distance between glycans and key residues

The distance between the centre of the mass of the glycans and the centre

of mass of the key residues is shown in the Figure 4.22 — Figure 4.30
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for each complex and each run. This figure suggests the attachment and
the detachment of the glycan from the binding site. In the case where the
plot remains stable, the glycan was bounded to the binding site
throughout the simulation, while where the distance increased between
the glycan and the key residues there, the glycan detached from the
binding site and went away. These attachment and detachment is not the
same in the three runs of simulations. It is necessary to consider each
case individually. The glycans molecules are small and highly flexible,
and because of this, we observed a significant difference in the binding
patterns of the same glycans at the same chain and complex in three
different runs. For example, in the case of the Coml, the glycans
remained attached to the chain A, C and E inrunl; A, B,C, D and E in
run2 and A and E in run3. The detailed attachment and the detachment
of the glycans with their respective chains for each complex and each
run is given in the Table 4.3 — Table4.5.
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Figure 4.27: The time evolution plot of the distance between the centre
of mass of glycans and the key residues of binding sites 1 (BS1) of all
the five complexes in Runl.
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Figure 4.28: The time evolution plot of the distance between the centre
of mass of glycans and the key residues of binding sites 2 (BS3) of all
the five complexes in Runl.
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Figure 4.29: The time evolution plot of the distance between the centre
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the five complexes in Runl.
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Figure 4.30: The time evolution plot of the distance between the centre
of mass of glycans and the key residues of binding sites 1 (BS1) of all

the five complexes in Run2.
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Figure 4.31: The time evolution plot of the distance between the centre
of mass of glycans and the key residues of binding sites 2 (BS2) of all

the five complexes in Run2.
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Figure 4.32: The time evolution plot of the distance between the centre
of mass of glycans and the key residues of binding sites 3 (BS3) of all
the five complexes in Run2.
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Figure 4.33: The time evolution plot of the distance between the centre
of mass of glycans and the key residues of binding sites 1 (BS1) of all
the five complexes in Run3.
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Figure 4.34: The time evolution plot of the distance between the centre
of mass of glycans and the key residues of binding sites 2 (BS2) of all
the five complexes in Run3.
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Figure 4.35: The time evolution plot of the distance between the centre
of mass of glycans and the key residues of binding sites 2 (BS2) of all
the five complexes in Run3.
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Table 4.3: The table shows the glycans that remained attached to the
binding site after the simulation (Runl). ‘A’ represents attachment, ‘D’
represents detachment, and the ‘A’ represents that the glycan was also

bounded to the binding site in the crystal PDB.

Chain-A |Chain-B [Chain-C [Chain-D |Chain-E
Coml A A A
Com2 A A A
Com3 A A A A
Com4 A A A A A
Comb A A

Table 4.4: The table shows the glycans that remained attached to the
binding site after the simulation (Run2). ‘A’ represents attachment, ‘D’
represents detachment, and the ‘A’ represents that the glycan was also

bounded to the binding site in the crystal PDB.

Chain-A  |Chain B [Chain-C |Chain-D |Chain-E
Coml |A A D A A
Com2 |A A A A
Com3 |A A A A A
Com4 |A A A A
Com5 |A A A

Table 4.5: The table shows the glycans that remained attached to the
binding site after the simulation (Run3). ‘A’ represents attachment, ‘D’
represents detachment, and the ‘A’ represents that the glycan was also
bounded to the binding site in the crystal PDB.

Chain-A |Chain B [Chain-C |Chain-D |Chain-E

Coml
Com2
Com3
Com4
Comb

> > > (>
> > > >

>(>(>|>
> = > =
> (> |> >

4.5 PCA

We have performed the principal component analysis (PCA) of the apo
and complex PItB, as shown in Figure 4.37. For each case, PCA was
done for all three independent runs. In the case of apo simulations,

similar observations were found in each replica. While in the case of the
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complex, each run yields different minima region. In Com1, Run2 has
the most minima region. In Com2, Runl has the most minima regions.
In Com3, Runl has the most minima regions, and the energy barrier
between the two minima regions is also less. In Com4, Runl has the
most minima regions again, and the energy difference between the

minima regions is relatively minor. In Com5, Run2 has the most minima

regions.
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Figure 4.36: Principal component analysis map for each of the Apo
protein and five complexes (For three runs).

0

L]

4.5 Binding Free-energy Calculations
We have used the MM/GBSA (molecular mechanics generalised Born

Boltzmann surface area) to calculate the total Binding free energy
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(AGuind). The components of the total binding free energy include the
van der Waals (AGvaw), electrostatics (AGelec), polar (AGpolar) and non-
polar (AGnonpolar); these are listed in Table 4.6 and shown in Figure 4.31
— Figure 4.35. The table shows that intermolecular electrostatic and van
der Waals and non-polar interactions favour the formation of the
complex, whereas polar solvation disfavors the binding formation. The
total binding free energy of the complexes is given in the Table along
with the average values. Thus, the glycan-binding in Com3 is more
stable than all other complexes. In contrast, the Com5 has the lowest
binding free energy. The modified glycan-protein complexes have more
binding affinity than the unmodified glycan-protein complexes. In the
case of Com3, van der Waals interactions have the highest contribution,
which was compensated by the total polar group contribution (sum of
electrostatic and polar solvation energy ~ 14 kcal/mol).

Table 4.6: Binding free energies of all three complexes and the different
binding free energy components from the MM//GBSA scheme. (The

green shaded number indicates that in these chains, the glycan was
already present ain the crystal PDB).

System | A B C D E Avg | Avg
(Runl+Run2
+Run3)

Runl

Glyl -20.95 -20.53 =28.41 | -23.30 | -22.27

Gly2 -28.86 | =15.90 =28.74 | -24.50 | -23.73

Gly3 -26.22 | -33.20 -27.08 | £30.05 | -29.14 | -28.03

Gly4 =13.81 | -23.96 | =16.63 | -17.00 | =18.81 | -17.99 | -19.63

Glys -19.25 | -15.98 -17.62 | -18.59

Run2

Glyl =26.57 | -29.21 | =20.53 | -26.15 | -13.84 | -23.26

Gly2 -30.07 | -24.62 =21.60 | =18.10 | -21.44

Gly3 -26.91 | -28.11 | =26.37 | -26.62 | =28.31 | -27.26

Gly4 =22.30 | -18.78 | £20.84 =25.15 | -21.77

Gly5 -13.59 -30.61 | -13.82 -19.34

Run3

Glyl -24.39 =16.13 | -20.26

Gly2 -17.28 | -28.11 | =29.29 | -26.62 | -24.96 | -25.25

Gly3 -20.90 | -35.14 | =20.17 | -24.75 | =37.45 | -27.68

Gly4 =11.52 | -17.00 | =23.84 | -21.82 | =21.48 | -19.13
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[Gly5 | | -20.62 | 522,08 | F13.76 | -18.80 |
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Figure 4.37: Binding free energy and its component for Com1 (all five
chains).
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Figure 4.38: Binding free energy and its component for Com2 (all five
chains).
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Figure 4.39: Binding free energy and its component for Com3 (all five
chains).
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Figure 4.40: Binding free energy and its component for Com4 (all five
chains).
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Figure 4.41: Binding free energy and its component for Com5 (all five
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Figure 4.42: Time evolution series
complexes during Runl.
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Figure 4.43: Time evolution series of Binding free energy of five
complexes during Run2.
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Figure 4.44: Time evolution series of Binding free energy of five
complexes during Run3.

Table 4.7: The contribution of different components towards the
calculation of binding free energy for all five complexes (Runl, Run2
and Run3).

Systems AGyaw AGelec AGpo AGnp AEmm AGsoly AGing

Coml | Chain-A | Runl | -30.52 -63.36 77.54 -4.58 -93.88 7296 | -20.93

Run2 | -28.56 -68.04 74.82 -4.77 -96.59 70.04 | -26.55
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Run3 | -26.57 | -47.88 | 54.34 -4.28 | -7445 | 50.06 | -24.39
Avg -28.55 -59.76 68.9 -4.54 -88.31 64.35 | -23.96
(1.98) (10.55) | (12.68) | (0.25) | (12.04) | (2.46) | (2.83)
Chain-B | Runl
Run2 | -29.99 | -82.83 | 88.69 -5.06 | -112.82 | 83.64 | -29.18
Run3
Avg -29.99 | -82.83 | 88.69 -5.06 | -112.82 | 83.64 | -29.18
Chain-C | Runl | -28.87 -64.61 77.21 -4.23 -93.49 72.98 | -20.51
Run2 | -25.94 -54.72 64.01 -3.86 -80.66 60.15 | -20.51
Run3
Avg 66.56
-27.405 | -59.665 | 70.61 -4.045 | -87.075 | 5 -20.51
(2.07) (6.99) (9.33) (0.26) | (9.07) (9.07) | (0)
Chain-D | Runl
Run2 | -28.53 | -78.05 | 85.09 -4.64 | -106.58 | 80.45 | -26.13
Run3
Avg -28.53 | -78.05 | 85.09 -4.64 | -106.58 | 80.45 | -26.13
Chain-E | Runl | -29.95 | -79.81 | 86.39 -5.02 | -109.76 | 81.37 | -28.38
Run2 | -18.98 | -47.04 | 55.26 -3.08 | -66.02 | 52.18 | -13.84
Run3 | -21.74 -48.50 57.51 -3.40 -70.24 5411 | -16.13
Avg 62.56
-2356 | -58.45 | 66.39 -3.83 | -82.01 | (16.32 | -19.45
(5.71) (18.51) | (17.36) | (1.04) | (24.13) |) (7.82)
Com2 | Chain-A | Runl
Run2 | -2759 | -93.02 | 95.08 -453 | -120.62 | 90.55 | -30.07
Run3 | -24.46 | -71.08 | 82.15 -3.90 | -95.53 | 78.56 | -17.28
Avg -26.02 -82.05 88.61 -4.21 -108.07 | 84.55 | -23.67
(2.21) | (1551) | (9.14) | (0.45) | (17.74) | (8.47) | (9.04)
Chain-B | Runl | -27.08 | -93.69 | 96.39 -4.46 | -120.76 | 91.93 | -28.83
Run2 | -37.60 | -47.00 | 65.82 -5.85 | -84.60 | 59.97 | -24.62
Run3 | -19.36 -41.92 48.95 -3.21 -61.29 45.74 | -15.55
Avg 65.88
-28.01 | -60.87 | 70.39 -451 | -88.88 | (23.66 | -23
(9.156) | (28.54) | (24.05) | (1.32) | (29.97) |) (6.79)
Chain-C | Runl | -22.35 | -57.58 | 67.58 -3.53 | -79.93 | 64.05 | -15.88
Run2
Run3 | -27.73 | -94.26 | 97.26 -456 | -121.99 | 92.70 | -29.29
Avg 78.37
-25.04 | -75.92 | 82.42 -4.04 | -100.96 | (20.26 | -22.58
(3.80) (25.94) | (20.99) | (0.73) | (29.74) |) (9.48)
Chain-D | Runl
Run2 | -21.02 -66.17 69.36 -3.77 -87.19 65.59 | -21.60
Run3 | -25.00 | 9.84 6.20 -3.46 | -15.16 | 2.73 -12.43
Avg 34.16
-23.01 -28.16 37.78 -3.61 -51.17 (4445 | -17.01
(2.81) (53.74) | (44.66) | (0.22) | (50.93) | ) (6.48)
Chain-E | Runl | -25.73 -81.10 82.40 -4.29 -106.8 78.12 | -28.72
Run2 | -21.72 | -63.01 | 70.19 -3.56 | -84.73 | 66.63 | -18.10
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Run3 | -23.88 | -82.10 | 85.03 -4.02 | -105.97 | 81.01 | -24.96
Avg -23.78 -75.40 79.21 -3.96 -99.17 75.25 | -23.93
(2.01) (10.74) | (7.92) (0.37) | (12.51) | (7.61) | (5.38)
Com3 | Chain-A | Runl | -26.20 -85.21 89.16 -3.97 -111.42 | 85.19 | -26.22
Run2 | -26.67 -83.56 87.38 -4.06 -110.24 | 83.32 | -26.91
Run3 | -23.26 | -64.91 | 70.93 -3.65 | -88.17 | 67.28 | -20.90
Avg -3.89
-25.38 | -77.89 | 82.49 (0.215 | -103.28 | 78.60 | -24.68
(1.85) | (11.27) | (10.05) |) (13.1) | (9.84) | (3.29)
Chain-B | Runl | -31.44 | -93.27 | 96.35 -4.84 | -124.71 | 91.51 | -33.20
Run2 | -27.50 -81.51 85.10 -4.20 -109.01 | 80.90 | -28.11
Run3 | -35.25 | -81.53 | 87.09 -5.45 | -116.78 | 81.64 | -35.14
Avg -3140 | -8544 | 89.51 -4.83 | -116.83 | 84.68 | -32.15
(3.87) (6.78) (6.00) (0.62) | (7.85) (5.92) | (3.63)
Chain-C | Runl
Run2 | -26.32 -76.59 80.56 -4.02 -102.91 | 76.54 | -26.37
Run3 | -21.12 -54.83 58.91 -3.13 -75.95 55.78 | -20.17
Avg 66.16
-23.72 | -65.71 | 69.735 | -3.575 | -89.43 | (14.68 | -23.27
(3.68) (15.39) | (15.31) | (0.63) | (19.06) | ) (4.38)
Chain-D | Runl | -2542 | -67.28 | 69.43 -3.81 | -92.70 | 65.62 | -27.08
Run2 | -26.42 -74.45 78.32 -4.07 -100.87 | 74.25 | -26.62
Run3 | -25.74 -67.58 72.27 -3.70 -93.32 68.57 | -24.75
Avg -25.86 | -69.77 | 73.34 -3.86 | -95.63 | 69.48 | -26.15
(051) | (4.06) | (454) | (0.19) | (4.55) | (4.39) | (1.23)
Chain-E | Runl | -28.62 | -83.26 | 86.18 -436 | -111.87 | 81.82 | -30.05
yun2 -23.90 -74.71 74.18 -3.88 -98.61 70.30 | -28.31
Run3 | -30.82 | -89.51 | 87.73 -4.86 | -120.33 | 82.88 | -37.45
Avg -27.78 -82.49 82.70 -4.37 -110.27 | 78.33 | -31.94
(3.54) (7.43) (7.42) (0.49) | (10.95) | (6.98) | (4.85)
Com4 | Chain-A | Runl | -29.75 | -27.89 | 47.50 -3.68 | -57.63 | 43.83 | -13.81
Run2 | -22.11 -70.78 74.37 -3.79 -92.88 70.58 | -22.30
Run3 | -17.43 | -3359 | 41.96 -2.46 | -51.02 | 39.50 | -11.52
Avg 51.30
-23.10 | -44.09 | 54.61 -3.31 | -67.18 | (16.83 | -15.88
(6.22) | (23.29) | (17.34) | (0.74) | (2250) | ) (5.68)
Chain-B | Runl | -32.87 | -69.17 | 82.72 -4.65 | -102.03 | 78.08 | -23.96
Run2 | -25.20 -54.67 64.95 -3.86 -79.87 61.09 | -18.78
Run3 | -23.07 | -64.20 | 73.56 -3.28 | -87.27 | 70.28 | -16.99
Avg -27.05 | -62.68 | 73.74 -3.93 | -89.72 | 69.82 | -19.91
(5.15) (7.37) (8.89) (0.69) | (11.28) | (8.50) | (3.62)
Chain-C | Runl | -22.08 | -59.15 | 67.87 -3.27 | -81.27 | 64.60 | -16.63
Run2 | -22.26 -67.66 72.85 -3.77 -89.92 69.08 | -20.84
Run3 | -26.44 | -63.90 | 70.84 -4.34 | -90.34 | 66.50 | -23.84
Avg -23.59 -63.57 70.52 -3.79 -87.18 66.73 | -20.44
(2.47) (4.26) (2.50) (0.53) | (5.12) (2.25) | (3.62)
Chain-D | Runl | -26.22 -61.02 74.38 -4.14 -87.23 70.24 | -17.00
Run2
Run3 | -22.99 | -67.24 | 72.29 -3.89 | -90.23 | 68.41 | -21.82

63




Avg 69.32
-24.605 | -64.13 73.335 -4.015 | -88.73 5 -19.41
(2.28) (4.40) (1.48) 0.18) | (2.12) (1.29) | (3.41)
Chain-E | Runl | -25.45 -41.98 52.54 -3.92 -67.43 48.63 | -18.81
Run2 | -26.19 -69.30 | 74.76 -4.41 | -95.50 70.35 | -25.15
Run3 | -25.13 -58.82 66.55 -4.09 | -83.95 62.47 | -21.48
Avg -25.59 -56.7 64.62 -4.14 -82.29 60.48 | -21.81
(0.54) (13.78) | (11.24) | (0.25) | (14.11) | (11) (3.18)
Com5 | Chain-A | Runl | -31.21 -57.99 74.39 -4.43 -89.20 69.96 | -19.25
Run2 | -17.37 -79.28 | 86.27 -3.21 | -96.65 83.05 | -13.59
Run3
Avg 76.50
-24.29 -68.635 | 80.33 -3.82 -92925 | 5 -16.42
9.79) (15.05) | (8.4) 0.86) | (5.27) (9.26) | (4.00)
Chain-B | Runl | -21.26 -59.18 | 67.50 -3.04 | -80.43 64.46 | -15.98
Run2
Run3 | -21.23 -86.07 90.12 -3.44 | -107.30 | 86.68 | -20.62
Avg 75.57
-21.24 -72.62 78.81 -3.24 -93.865 | (15.71 | -18.3
(0.02) (19.01) | (15.99) | (0.28) | (19.00) | ) (3.28)
Chain-C | Runl
Run2 | -26.85 | -100.63 | 101.47 | -4.60 | -127.48 | 96.87 | -30.61
Run3 | -25.09 -63.99 | 71.18 -4.13 | -89.08 67.05 | -22.03
Avg 81.96
-25.97 -82.31 86.32 -4.36 | -108.28 | (21.09 | -26.32
(1.24) | (25.91) | (21.42) | (0.33) | (27.15) |) (6.07)
Chain-D | Runl
Run2 | -22.32 -32.85 44.62 -3.27 -55.17 41.35 | -13.82
Run3 | -25.28 -37.88 | 53.10 -3.70 | -63.16 | 49.40 | -13.76
Avg 45.37
-23.8 -35.36 | 48.86 -3.48 | -59.16 5 -13.79
(2.09) (3.56) (6.00) (0.30) | (5.65) (5.69) | (0.04)
Chain-E | Runl
Run2
Run3
Avg
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4.6 Residue wise contribution of Protein Chain
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Figure 4.45: The protein chain's amino acid residue wise contribution
towards the binding free energy for Com1.
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Figure 4.46: The protein chain's amino acid residue wise contribution
towards the binding free energy for Comz2.
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Figure 4.47: The protein chain's amino acid residue wise contribution
towards the binding free energy for Coma3.
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Figure 4.48: The protein chain's amino acid residue wise contribution
towards the binding free energy for Com4.
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Figure 4.49: The protein chain's amino acid residue wise contribution
towards the binding free energy for Comb.

The per residue wise contribution of the protein chain in calculating
the binding free energy for each chain and each run is shown in Figures
4.36 — Figure 4.40. The key residue for the BS1 site is S35 and K59; for
BS2, it is W108, T109 and PF113. In each of the cases, we observed a
peak at the 35" residue that indicates the glycans are binding with the
help of the 35" residue. Also, there is another lower peak at the 59'"
residue in all the cases, which also indicates the interaction with the BS1
site. The higher peak at the 35" and the 59" residue corresponds to the
higher binding free energy in that particular case. The lower peak at the
35" and the 59™ residue suggests the lower binding free energy. Also,
in cases where there is some lower peak at other sites indicates that the
glycan has moved out or interacted with the other residues. The peak at
the 109 regions suggests that the glycan interacts with the BS2 site. In a
case like Com4 chain D(run1), there is a very low peak at the 35" residue
and have peak at the 108 region, which indicates that this glycan has

moved away from the BS1 site and is interacting with the BS2 site.

4.7 Residue wise contribution of monosaccharides

The per residue wise contribution of the monosaccharides in the total
binding free energy for all the complexes and all the runs is shown in
Figures 4.41 — Figure 4.45. Also, the Table 4.8 shows a similar thing
in the tabular form. We found that the sialic acid of both modified and
unmodified glycans is the main player responsible for the interactions of

the glycans in the binding sites of proteins. The contribution of the
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GIcNAc and Gal is very low in the modified glycan-protein complexes.

In contrast, the contribution is little higher in the case of the unmodified

protein-glycan complexes. Also, in the case of the unmodified glycan-

protein complexes, the sialic acid's contribution is lesser than the

modified glycan-protein complexes.
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Figure 4.50: Per monosaccharide residue wise contribution of the
glycan towards the binding free energy for Com1.
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Figure 4.51: Per monosaccharide residue wise contribution of the
glycan towards the binding free energy for Com2.
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Figure 4.52: Per monosaccharide residue wise contribution of the
glycan towards the binding free energy for Com3.
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Figure 4.53: Per monosaccharide residue wise contribution of the
glycan towards the binding free energy for Com4.
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Figure 4.54: Per monosaccharide residue wise contribution of the

glycan towards the binding free energy for Com5.

Table 4.8: The contribution of each of the monosaccharides towards
calculating the binding free energy of five complexes (Runl, Run2 and
Run3) in Com1.

Monosaccharide Tvaw | Tele Tes Tnp Total
Coml Reducing | Runl | -0.23 | -0.4 0.68 |-0.08 |-0.03
Chain-A | end sugar | Run2 | -0.08 | 0.52 -0.5 |-0.06 |-0.13
Run3 | -0.14 | 2.39 -2.24 |-0.1 |-0.08
Avg
-0.15 | 0.84 -0.69 |-0.08 |-0.08
(0.07) | (1.42) | (1.47) | (0.02) | (0.05)
GIcNAc Runl | -4.87 |-7.2 9.99 |-0.92 |-3.01
Run2 | -1.79 |-1.78 |3.26 |-0.37 |-0.68
Run3 | -2.34 | -4.74 |6.19 |-045 |-1.34
Avg |-3.00 |-457 |6.48 |-0.58 |-1.68
(1.64) | (2.71) |(3.37) | (0.30) | (1.2)
Gal Runl | -3.92 |-1.1 4.7 -0.55 | -0.86
Run2 |-2.32 [-698 |793 |-0.51 |-1.88
Run3 | -3.25 |-2.48 |546 |-0.54 |-0.81
Avg |-3.16 |-352 |6.03 |-0.53 |-1.18
(0.80) | (3.07) |(1.69) | (0.02) | (0.60)
Neu5Ac Runl | -6.04 |-22.76 |26.18 |-1.25 |-3.86
Run2 | -8.13 |-25.19 |26.37 |-1.54 |-8.49
Run3 | -5.76 |-16.81 | 16.87 |-1.19 |-6.88
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Avg |-6.64 |-21.59 |23.14 | -1.33 |-6.41
(1.29) | (4.31) |(5.43) | (0.19) | (2.35)
9-0 acetyl | Runl |-0.2 |-0.23 |0.65 |-0.06 |0.15
Run2 | -1.96 |-0.59 |27 -0.63 | -0.48
Run3 | -1.8 -2.29 | 357 |-047 [-0.99
Avg |[-132 |-1.04 |231 |-0.39 |-0.44
(0.98) | (1.10) | (1.50) | (0.29) | (0.57)
Coml Reducing | Runl
Chain-B | endsugar | Run2 |-0.2 |[-0.68 |0.5 -0.12 | -05
Run3
Avg |[-0.2 -0.68 | 0.5 -0.12 | -05
GIcNAc Runl
Run2 | -2.46 |-3.12 |55 -0.48 | -0.55
Run3
Avg |[-246 |-3.12 |55 -0.48 | -0.55
Gal Runl
Run2 | -2.31 |-8.72 |892 |-0.54 |-2.65
Run3
Avg |-231 |-8.72 |892 |-054 |-2.65
Neu5Ac Runl
Run2 | -8.05 |-28.63 |29.33 |-1.52 |-8.88
Run3
Avg |-8.05 |-28.63 | 29.33 | -1.52 |-8.88
4-0 acetyl | Runl
Run2 | -1.97 |-0.26 |233 |-0.63 |-0.54
Run3
Avg |[-197 |-0.26 |233 |-0.63 |-0.54
Com1l Reducing | Runl [-0.14 |0 0.03 |-0.12 |-0.23
Chain-C |endsugar | Run2 | -0.12 |-041 |0.66 |-0.05 |0.08
Run3
Avg |-0.13 |-0.20 |0.34 |-0.08 |-0.07
(0.01) | (0.29) | (0.44) | (0.05) | (0.22)
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GIcNAc Runl | -4.3 -509 |782 |-0.74 |-231
Run2 | -3.7 -2.3 472 |-0.67 |-194
Run3
Avg |-4.0 -3.69 |6.27 |-0.70 |-2.12
(0.42) | (1.98) |(2.19) | (0.05) | (0.26)
Gal Runl | -3.36 |-5.17 |7 -0.51 | -2.04
Run2 | -297 |-6.35 |7.3 -0.47 | -2.48
Run3
Avg |[-3.16 |-576 |7.15 |-0.49 |-2.26
(0.28) | (0.83) | (0.21) | (0.03) | (0.31)
Neu5Ac Runl | -5.71 | -22.53 | 24.49 | -1.11 |-4.87
Run2 | -5.65 |-20.43 | 22.82 | -1.02 |-4.28
Run3
Avg |-5.68 |-21.48 | 23.65 |-1.06 |-4.57
(0.04) | (1.48) |(1.18) | (0.06) | (0.42)
9-0 acetyl | Runl |-0.92 |0.48 082 |[-0.28 |0.1
Run2 | -0.53 | 2.13 -1.13 | -0.13 |0.33
Run3
Avg |[-0.72 |1.30 -0.15 | -0.20 |0.21
(0.28) | (1.17) | (1.38) | (0.11) | (0.16)
Coml Reducing | Runl
Chain-D | endsugar | Run2 | -0.08 |-0.79 |0.72 |-0.09 |-0.23
Run3
Avg
GIcNAc Runl
Run2 | -235 |-1.95 |353 |-043 |-12
Run3
Avg
Gal Runl
Run2 | -2.14 |-512 |6.53 |-042 |-1.15
Run3
Avg
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Neu5Ac Runl
Run2 | -7.89 |-31.25 |32.89 |-1.47 |-7.73
Run3
Avg
9-0 acetyl | Runl
Run2 | -1.8 | 0.09 1.7 -0.58 | -0.59
Run3
Avg
Coml Reducing | Runl | -0.11 |-1.24 |124 |-0.09 |-0.19
Chain-E | endsugar | Run2 | -0.03 |-0.47 |051 |-0.02 |0
Run3 | -0.03 | 0.43 -0.36 |-0.01 |0.03
Avg |-0.06 |-043 |0.46 |[-0.04 |-0.05
(0.05) | (0.84) |(0.80) | (0.04) | (0.12)
GIcNAc Runl | -2.15 |-1.8 3.33 |-0.41 |-1.03
Run2 | -1.07 |-357 |4.19 |-0.24 |-0.7
Run3 | -0.59 |0.31 073 |-0.1 |0.36
Avg |-1.27 |-169 |275 |-0.25 |-0.46
(0.80) | (1.94) |(1.80) | (0.16) | (0.73)
Gal Runl | -2.35 |[-581 |7.06 |-053 |-1.64
Run2 | -2.98 |-2.87 |545 |-0.52 |-0.92
Run3 | -1.73 | -1.45 345 |-0.27 |0
Avg |-235 [-338 |532 |[-0.44 |-0.85
(0.62) | (2.22) |(1.81) | (0.15) | (0.82)
Neu5SAc Runl | -8.31 |-31.4 |3245 |-151 |-8.77
Run2 | -4.87 |-15.62 | 18.49 | -1.07 |-3.07
Run3 | -7.33 |-23.19 | 26.91 |-1.56 |-5.16
Avg |-6.84 |-23.40 |25.95 |-1.38 |-5.67
(1.77) | (7.89) | (7.03) | (0.27) | (2.88)
9-0 acetyl | Runl | -2.05 | 0.35 177 |-0.66 |-0.6
Run2 | -0.54 [-099 |177 |-0.18 |0.06
Run3 |-1.2 |[-0.36 |[191 |[-0.38 |-0.02
Avg |-1.26 |-0.33 |1.82 |-0.41 |-0.19
(0.76) | (0.67) | (0.08) | (0.24) | (0.36)
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Table 4.9: The contribution of each of the monosaccharides towards
calculating the binding free energy of five complexes (Runl, Run2 and
Run3) in Com2.

Monosaccharide Tvaw | Tele Tcs Tnp Total
Com2 Reducing | Runl
Chain-A | end Run2 | -0.05 |-0.44 0.41 -0.04 |-0.13
sugar Run3 [ -0.12 |-2.39 2.45 -0.11 | -0.17
Avg |-0.08 |-1.41 1.43 -0.07 | -0.15
(0.05) | (1.38) (1.44) | (0.05) | (0.03)
GIcNAc | Runl
Run2 |-2.27 |-1.3 3.41 -0.44 | -0.61
Run3 | -2.39 |-3.1 5.21 -0.45 | -0.73
Avg |-233 |-2.2 4.31 -0.44 | -0.67
(0.08) | (1.27) (1.27) | (0.01) | (0.08)
Gal Runl
Run2 | -2.09 |-12.13 |[1159 |-0.43 |-3.06
Run3 | -2.01 |-6.58 7.63 -0.39 | -1.35
Avg |-2.05 |-9.35 9.61 -0.41 | -2.20
(0.06) | (3.92) (2.8) (0.03) | (1.21)
NeuSAc | Runl
Run2 | -7.92 |-32.82 |33.74 |-154 |-8.54
Run3 | -6.82 | -24.45 2785 |-1.38 |-4.79
Avg -
-7.37 | -28.63 |30.79 |-1.46 |6.665
(0.78) | (5.92) (4.16) | (0.11) | (2.65)
9-0 acetyl | Runl
Run2 | -1.46 |0.18 1.41 -0.48 | -0.36
Run3 | -0.88 | 0.98 0.27 -0.26 | 0.1
Avg |-1.17 |0.58 0.84 -0.37 | -0.13
(0.41) | (0.57) (0.81) | (0.16) | (0.32)
Com2 Runl [ 0.26 |-3.26 2.15 -0.16 | -1.01
Chain-B Run2 | -0.57 |5.29 -254 |-0.32 |1.86
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Reducing | Run3 | -0.15 |-0.33 0.52 -0.08 | -0.05

end Avg |-0.15 | 0.57 0.04 -0.19 | 0.27

sugar (0.41) | (4.34) (2.38) | (0.12) | (1.46)
GIcNAc | Runl | -3.67 |-2.43 4.87 -0.57 |-1.8
Run2 | -7.8 1.72 5.27 -1.18 | -2

Run3 | -3.01 |-1.11 3.31 -0.55 |-1.35

Avg |-4.83 |-0.61 4.48 -0.77 | -1.72

(2.60) | (2.12) (1.04) | (0.36) | (0.33)

Gal Runl | -4.61 |-13.08 14.7 -0.79 | -3.79

Run2 | -0.92 |-1.83 3.49 -0.1 |0.64

Run3 | -1.74 |-7.87 7.78 -0.43 | -2.25

Avg |-2.42 |-7.59 8.66 -0.44 |-1.8

(1.94) | (5.63) (5.66) | (0.34) | (2.25)

NeuSAc |Runl |[-4.85 |-27.96 |27.83 |-1.03 |-6.01

Run2 | -7.56 |-26.58 27.1 -1.54 | -8.59

Run3 | -1.74 | -7.87 7.78 -0.43 | -2.25

Avg |-4.72 |-20.80 |20.90 |-1.00 |-5.62

(2.91) | (11.22) | (11.37) | (0.56) | (3.19)

4-0 acetyl | Runl | -0.68 | -0.11 1.1 -0.22 |0.08

Run2 | -1.94 |-2.09 3.85 -0.65 | -0.84

Run3 | -1.01 |-1.41 2.4 -0.27 | -0.29

Avg |-1.21 |[-1.20 245 |-0.38 |-0.35

(0.65) | (1.01) (1.38) | (0.23) | (0.46)

Com2 Reducing | Runl | -0.13 | -3.99 3.84 -0.1 |-0.38

Chain-C | end Run2

sugar Run3 | -0.11 | 0.56 -0.33 | -0.08 | 0.05
Avg -

-0.12 | -1.715 1.755 |-0.09 |0.165

(0.01) | (3.22) (2.95) | (0.01) | (0.30)

GIcNAc | Runl | -2.84 | -3.65 5.77 -0.56 | -1.28

Run2
Run3 | -2.32 | -2.93 4.72 -0.51 |-1.04
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Avg |-258 |-3.29 5.24 -0.53 | -1.16
(0.37) | (0.51) (0.74) |(0.03) | (0.17)
Gal Runl | -2.16 | -5.84 6.53 -0.42 |-1.89
Run2
Run3 | -4.39 | -19.96 18.71 |-0.82 | -6.46
Avg |-3.27 |-12.9 12.62 |-0.62 |-4.17
(1.58) | (9.98) | (8.61) |(0.28) | (3.23)
NeuSAc | Runl |-5.26 |-15.73 1826 |-1 -3.73
Run2
Run3 | -6.26 | -25.77 28.73 | -1.27 | -4.56
Avg | -5.76 |-20.75 2349 |-113 | -4.14
(0.71) | (7.10) (7.4) |(0.19) | (0.59)
9-0 acetyl | Runl | -0.78 | 0.42 0.78 -0.18 | 0.24
Run2
Run3 | -0.79 | 0.97 0 -0.25 | -0.08
Avg |-0.79 | 0.69 0.39 -0.22 | 0.08
(0.01) | (0.39) | (0.55) |(0.05) | (0.23)
Com2 Reducing | Runl
Chain-D | end Run2 | -0.09 | 0.41 -0.27 -0.03 | 0.02
sugar Run3
Avg
GIcNAc | Runl
Run2 | -2.83 | -3.29 5.45 -0.55 | -1.22
Run3
Avg
Gal Runl
Run2 | -3.72 | -17.05 1477 |-0.89 |-6.89
Run3
Avg
NeuS5Ac | Runl
Run2 | -3.51 | -12.87 15.71 | -0.78 | -1.45
Run3
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Avg

9-0 acetyl | Runl
Run2 | -0.36 |-0.28 0.92 -0.11 | 0.17

Run3

Avg
Com2 Reducing | Runl | -0.06 | 0.07 -0.01 |-0.02 |-0.02
Chain-E | end Run2 [ 0.01 |-2.87 1.99 -0.17 | -1.04

sugar Run3
Avg |-0.03 |-1.4 0.99 -0.09 | -0.53
(0.05) | (2.08) (1.41) | (0.11) | (0.72)
GIcNAc | Runl | -1.87 |-1.34 3.08 -0.42 | -0.56
Run2 | -3.94 | -3.71 6.25 -0.73 | -2.12

Run3
Avg |-2.90 |-2.52 4.66 -0.57 |-1.34
(1.46) | (1.68) (2.24) |(0.22) | (1.10)
Gal Runl | -1.79 [-10.96 |10.33 |-0.35 |-2.77
Run2 [-2.1 |-5.05 6.15 -0.32 | -1.33

Run3

Avg |-

1.945 | -8.00 8.24 -0.33 | -2.05
(0.22) | (4.18) (2.96) | (0.02) | (1.02)
NeuS5Ac | Runl |-74 -29.22 2995 |-1.45 |-8.12
Run2 | -4.33 |-20.48 |22.63 |-0.94 |-3.12

Run3

Avg |-

5.865 | -24.85 |26.29 |-1.19 |-5.62
(2.17) | (6.18) (5.18) | (0.36) | (3.54)
9-0 acetyl | Runl | -1.74 | 0.9 1.19 -0.58 |-0.23
Run2 | -0.51 | 0.61 0.19 -0.15 | 0.13

Run3
Avg |-1.12 |0.75 0.69 -0.36 | -0.05
(0.87) | (0.20) (0.71) | (0.30) | (0.26)
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Table 4.10: The contribution of each of the monosaccharides towards
calculating the binding free energy of five complexes (Runl, Run2 and
Run3) in Com3.

Monosaccharide Tvaw | Tele Tcs Tnp Total
Com3 Reducing | Runl | -0.03 |-0.3 035 |-0.01 |0.01
Chain-A | end sugar | Run2 | -0.12 | 0.02 0.13 |-0.03 |-0.01
Run3 | -0.11 [-0.73 |0.83 |-0.07 |-0.09
Avg |-0.09 |-0.34 |0.44 |-0.04 |-0.03
(0.05) | (0.38) |(0.36) | (0.03) | (0.05)
GIcNAc Runl | -0.76 |-0.43 |174 |-0.16 |0.39
Run2 | -27 |-264 |512 |-0.55 |-0.78
Run3d | -1.91 [-121 |282 |[-0.33 |-0.64
Avg |-1.79 |-143 |323 |-0.35 |-0.34
(0.98) | (1.12) | (1.7) | (0.20) | (0.64)
Gal Runl | -2.02 |-585 |6.88 |-0.47 |-1.46
Run2 | -4.07 |-11.48 | 1192 |-0.76 |-4.4
Run3 | -1.54 |-4.7 5.68 |-0.33 |-0.89
Avg |-254 |-734 |816 |-0.52 |-2.25
(1.34) | (3.63) |(3.31) | (0.22) | (1.89)
Neu5Ac Runl | -8.22 |-33.46 | 3456 |-1.61 |-8.74
Run2 | -5.1 |[-25.81 |26.25 |-0.95 |-5.61
Run3 | -7.05 |-24.53 |26.24 |-1.45 |-6.78
Avg
-6.79 | -27.93 |29.02 |-1.34 |-7.04
(1.58) | (4.83) | (4.80) | (0.34) | (1.58)
9-0 acetyl | Runl |-2.06 |-257 |4.19 |-0.43 |-0.87
Run2 |-1.35 [-1.87 [3.64 |-0.33 |0.1
Run3 | -1.02 |[-1.28 |2.08 |[-0.23 |-0.44
Avg |-148 |-191 |3.30 |-0.33 |-0.40
(0.53) | (0.65) |(1.09) | (0.1) | (0.49)
Com3 Reducing | Runl | -0.08 |2.01 -1.86 |-0.04 |0.04
Chain-B | end sugar | Run2 | -0.04 |0.73 -0.64 | -0.02 |0.03
Run3 | -0.25 |1.92 -1.72 | -0.17 |-0.22
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Avg |-0.12 | 155 -1.41 |-0.08 |-0.05
(0.11) | (0.71) | (0.67) | (0.08) | (0.15)
GIcNACc Runl | -238 |-264 [449 |-051 |-1.04
Run2 |-0.92 (-0.15 |136 |-0.17 |0.12
Run3 |-351 |-5.73 |879 |-0.67 |-1.12
Avg |-2.27 |-284 |4.88 |-0.45 |-0.68
(1.3) | (2.8) (3.73) | (0.26) | (0.69)
Gal Runl | -5.04 [-492 |868 |[-0.8 |-2.07
Run2 [-1.95 |-474 |563 |-0.33 |-1.39
Run3 | -5.16 [-7.25 [9.56 |-0.82 |-3.68
Avg |-405 |-564 |796 |-0.65 |-2.38
(1.82) | (1.4) (2.06) | (0.28) | (1.18)
Neu5Ac Runl | -6.87 |-41 39.98 |-1.35 |-9.25
Run2 | -7.71 |-30.91 |30.42 |-1.66 |-9.86
Run3 |-7.32 |-27.34 |26.26 |-1.41 |-9.81
Avg |-7.3 |-33.08 |32.22 |-1.47 |-9.64
(0.42) | (7.08) | (7.03) | (0.16) | (0.34)
4-0 acetyl | Runl |-1.35 |-0.08 |1.74 |-0.35 |-0.05
Run2 |-1.34 |-229 |371 |-0.33 |-0.25
Run3 | -1.39 |[-2.36 |3.84 |[-0.34 |-0.25
Avg |-136 |-158 [3.10 |-0.34 |-0.18
(0.03) | (1.3) (1.18) | (0.01) | (0.12)
Com3 Reducing | Runl
Chain-C | end sugar | Run2 | -0.06 |0.23 -0.15 |-0.03 |0
Run3 | -0.01 | 0.8 -0.76 |-0.01 |0.02
Avg |-0.03 |0.51 -0.45 |-0.02 |0.01
(0.03) | (0.40) |(0.43) | (0.01) | (0.01)
GIcNAC Runl
Run2 | -1.01 |-0.55 187 [-021 |0.1
Run3 | -0.42 |0 092 |-0.05 |0.44
Avg |-0.71 |-0.27 |139 |-0.13 |0.27
(0.42) | (0.39) | (0.67) | (0.11) | (0.24)
Gal Runl
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Run2 |-1.81 |[-495 |6.25 |-0.39 |-0.9
Run3 | -1.43 |-4.3 539 |-0.31 |-0.64
Avg |-162 |-462 |582 |-0.35 |-0.77
(0.27) | (0.46) | (0.61) | (0.06) | (0.18)
NeuSAc Runl
Run2 | -8.34 |-29.85 |30.71 |-1.64 |-9.12
Run3 | -6.84 |-20.67 |22.94 |-1.37 |-5.94
Avg |-7.59 |-2526 |26.82 |-1.50 |-7.53
(1.06) | (6.49) | (5.49) | (0.19) | (2.25)
9-0 acetyl | Runl
Run2 | -1.94 |-3.19 [4.76 |-0.41 |-0.77
Run3 |-1.85 [-325 [479 |-04 |-0.72
Avg |-1.89 |-322 |4.77 |-0.40 |-0.74
(0.06) | (0.04) |(0.02) | (0.01) | (0.04)
Com3 Reducing | Runl | -0.05 |1.36 -1.3 [-0.02 |-0.01
Chain-D | endsugar | Run2 | -0.05 |0.12 -0.06 | -0.03 |-0.02
Run3 | -0.08 |2 -1.86 |-0.02 |0.04
Avg |-0.06 |1.16 -1.07 |-0.02 |0.00
(0.02) | (0.96) |(0.92) | (0.01) | (0.03)
GIcNAc Runl |-1.37 [-1.36 |29 -0.3 |-0.13
Run2 | -1.02 [-0.79 |21 -0.22 | 0.07
Run3 | -1.81 |-3.5 519 |-0.44 |-0.55
Avg |-14 |-188 [3.40 |-0.32 |-0.20
(0.40) | (1.43) |(1.60) | (0.11) | (0.32)
Gal Runl | -3.36 |-7.23 |85 -0.65 |-2.74
Run2 |-1.7 |[-533 |63 -0.39 |-1.12
Run3 | -4.61 |-7.64 [9.98 |-0.83 |-3.11
Avg |-322 |-6.73 |826 |-0.62 |-2.32
(1.46) | (1.23) |(1.85) | (0.22) | (1.06)
Neu5Ac Runl | -6.09 |-23.81 |23.32 |-1.16 |-7.74
Run2 | -8.42 |-27.69 |28.77 |-1.66 |-9
Run3 | -4.63 |-22.49 |22.17 |-0.78 |-5.73
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Avg |-6.38 |-24.66 |24.75 |-1.2 |-7.49

(1.91) | (2.70) | (3.53) | (0.44) | (1.65)

9-0 acetyl | Runl | -1.84 |-2.6 459 |-0.44 |-0.29
Run2 | -2.02 |-354 |518 |[-0.42 |-0.79

Run3 | -1.74 | -2.16 4.5 -0.46 | 0.04

Avg -1.87 | -2.77 476 |-0.44 |-0.35

(0.14) | (0.70) |(0.37) | (0.02) | (0.42)

Com3 Reducing | Runl |-0.13 |1.23 -1.01 [-0.04 |0.04
Chain-E | end sugar | Run2 | -0.04 |0.73 -0.64 | -0.02 |0.03
Run3 | -0.09 | 2.59 -2.46 |-0.02 |0.02

Avg |-0.09 |152 -1.37 |-0.03 | 0.03

(0.05) | (0.96) | (0.96) | (0.01) | (0.01)

GIcNAc Runl [-289 |-494 |691 |-06 |-1.52
Run2 |-0.92 [-0.15 |136 |-0.17 |0.12

Run3 | -2.71 |-5.65 |6.68 |-0.62 |-2.3

Avg |-2.17 |-358 [498 |-0.46 |-1.23

(1.09) | (2.99) |(3.14) | (0.25) | (1.24)

Gal Runl | -451 |-7.81 995 |-0.74 |-3.11
Run2 [-1.95 |-4.74 |563 |-0.33 |-1.39

Run3d | -45 |[-11.17 |11.09 |-0.83 |-5.4

Avg |-365 |-791 |889 |-0.63 |-3.3

(1.48) | (3.22) |(2.88) | (0.27) | (2.01)

Neu5Ac Runl | -5.55 |-28.1 |27.79 |-1.08 |-6.93
Run2 | -7.71 |-30.91 |30.42 |-1.66 |-9.86

Run3 | -6.67 |-28.11 |26.92 |-1.19 |-9.06

Avg |-6.64 |-29.04 |28.38 |-1.31 |-8.62

(1.08) | (1.62) |(1.82) | (0.31) | (1.51)

9-0 acetyl | Runl |-1.23 |-2.01 |3.63 |-0.31 |0.08
Run2 | -1.34 |-229 |3.71 |-0.33 |-0.25

Run3 | -1.44 |-241 |4.08 |-0.36 |-0.13

Avg |-1.34 |-224 |381 |-033 |-0.1

(0.10) | (0.21) | (0.24) | (0.03) | (0.17)
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Table 4.11: The contribution of each of the monosaccharides towards

calculating the binding free energy of five complexes (Runl, Run2 and

Run3) in Com4.

Monosaccharide Tvaw | Tele Tcs Tnp Total
Com4 Reducing | Runl | -1.01 |-2.8 2.94 -0.31 |-1.18
Chain-A | endsugar | Run2 | -0.04 |0.51 -0.43 -0.02 | 0.02
Run3 | -0.21 |-0.74 0.81 -0.12 | -0.26°

Avg |-042 |-1.01 1.11 -0.15 | -0.47

(0.52) | (1.67) | (2.70) | (0.15) | (0.63)

GIcNACc Runl | -9.04 |-141 7.78 -1.34 | -4.01

Run2 | -0.85 |-0.62 1.65 -0.17 | 0.02

Run3 | -3.35 |-0.87 3.27 -0.47 |-1.41

Avg |-4.41 |-0.97 4.23 -0.66 |-1.8

(4.20) | (0.40) |(3.18) | (0.61) | (2.04)

Gal Runl | -1.25 |-0.54 2.56 -0.14 | 0.63

Run2 | -1.55 |-5.33 6.22 -0.32 | -0.98

Run3 | -1.89 |-1.83 3.52 -0.27 |-0.48

Avg |-156 |-2.57 4.1 -0.24 | -0.27

(0.32) | (2.48) | (1.90) | (0.09) | (0.82)

Neu5Ac Runl | -3.57 |-9.19 12.74 | -0.71 |-0.73

Run2 | -8.62 |-29.94 | 32.66 -1.91 |-7.82

Run3 | -3.26 |-13.36 | 15.37 -0.79 | -2.04

Avg |-5.15 |-1750 |20.26 -1.14 | -3.53

(3.01) | (10.98) | (10.82) | (0.67) | (3.77)

Com4 Reducing | Runl | -0.58 |4.41 -3.55 -0.16 [0.11
Chain-B | end sugar | Run2 | -0.06 | 1.08 -1.16 -0.12 | -0.25
Run3 | -0.17 |1.13 -0.81 -0.09 | 0.06

Avg |-0.27 |221 -1.84 -0.12 | -0.03

(0.27) | (1.91) | (2.49) |(0.03) | (0.19)

GIcNAc Runl | -8.92 |-7.85 11.38 -1.23 | -6.63

Run2 | -3.99 |-5.9 8.46 -0.68 |-2.12

Run3 | -3.86 |-5.82 8.2 -0.66 | -2.14
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Avg

-5.59 |6.5233 |9.35 -0.86 |-3.63

(2.88) | 3(1.15) | (1.77) | (0.32) | (2.60)

Gal Runl | -348 |-13.15 |1194 |-0.53 |-5.23
Run2 | -3.86 |-11.01 | 10.76 -0.69 |-4.8

Run3 | -3.4 -4.48 6.43 -045 | -1.91

Avg |-3.58 |-9.55 9.71 -0.56 |-3.98

(0.25) | (452) |(2.90) | (0.12) | (1.81)

Neu5Ac Runl | -3.45 |-17.99 | 20.89 -0.83 |-1.38
Run2 | -4.96 |-1151 |16.34 |[-0.94 |-0.8

Run3 | -4.1 |-22.93 | 26.48 -0.95 |-1.5

Avg -4.17 | -17.48 | 21.24 -0.91 |-1.23

(0.76) | (5.73) | (5.08) | (0.07) | (0.37)

Com4 Reducing | Runl | -0.1 |-0.37 0.38 -0.09 |-0.18
Chain-C | end sugar | Run2 | -0.06 | 0.08 0 -0.03 |-0.01
Run3 | -0.06 | 1.08 -1.03 -0.03 |-0.03

Avg |-0.07 |0.26 -0.22 -0.05 |-0.07

(0.02) | (0.74) | (0.73) | (0.03) | (0.09)

GIcNAc Runl | -3.34 | -4.23 6.62 -0.59 |-1.53
Run2 | -1.06 |-0.96 2.3 -0.23 | 0.05

Run3 | -1.77 |-0.55 2.28 -0.33 | -0.37

Avg |-2.06 |-191 3.73 -0.38 | -0.62

(1.17) | (2.02) | (2.50) | (0.19) | (0.82)

Gal Runl | -3.21 |-3.97 6.24 -0.46 |-1.39
Run2 | -1.53 | -4.38 5.52 -0.32 | -0.72

Run3 | -2.95 |-5.16 6.9 -0.48 |-1.69

Avg |-256 |-4.50 6.22 -0.42 |-1.27

(0.90) | (0.60) | (0.69) | (0.09) | (0.50)

Neu5Ac Runl | -4.39 |-21.01 |24.73 -1.04 | -17
Run2 | -848 |-2856 |3154 |-19 |-74

Run3 | -8.45 |-27.31 | 30.32 -1.87 | -7.31

Avg |-7.11 |-25.63 | 28.86 -1.60 |-5.47

(2.35) | (4.05) |(3.63) | (0.49) | (3.26)
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Com4 Reducing | Runl [ -0.31 |-2.24 2.5 -0.19 |-0.24
Chain-D | end sugar | Run2
Run3 | -0.07 | 0.45 -0.37 -0.04 |-0.02
Avg |-0.19 |-0.89 1.065 |-0.11 |-0.13
(0.17) | (1.90) | (2.03) | (0.11) | (0.16)
GIcNAc Runl | -5.19 |-3.12 6.47 -0.83 | -2.67
Run2
Run3 | -1.19 |-1.22 2.53 -0.33 | -0.81
Avg -3.19 | -2.17 4.5 -0.58 | -1.74
(2.83) | (1.34) | (2.79) | (0.35) | (1.32)
Gal Runl | -2.08 | -4.66 5.95 -0.32 | -1.1
Run2
Run3 | -1.63 | -4.52 5.68 -0.33 |-0.81
Avg |-1.86 |-4.59 5.81 -0.32 | -0.96
(0.32) | (0.10) | (0.19) | (0.01) | (0.21)
Neu5Ac Runl | -5.53 |-20.5 2547 | -1.29 |-1.85
Run2
Run3 | -8.6 |[-28.33 |31.19 |-1.89 |-7.64
Avg -7.06 |-24.41 | 28.33 -1.59 | -4.74
(2.17) | (5.54) | (4.04) |(0.42) | (4.09)
Com4 Reducing | Runl | -0.03 | 0.57 -1.35 -0.22 | -1.02
Chain-E | endsugar | Run2 | -0.13 | 0.24 -0.2 -0.07 |-0.15
Run3 | -0.1 |[0.42 -0.32 -0.05 |-0.06
Avg |-0.09 |041 -0.62 -0.11 |-0.41
(0.05) | (0.16) | (0.63) | (0.09) | (0.53)
GIcNAc Runl | -545 |-8.1 9.97 -0.87 | -4.46
Run2 | -2.83 |-2.23 4.28 -0.45 |-1.23
Run3 | -1.93 |-0.9 2.59 -0.32 | -0.55
Avg |-340 |-3.74 5.61 -0.55 | -2.08
(1.83) | (3.83) [(3.87) |(2.9) |(2.09)
Gal Runl | -2.15 | -3.06 4.78 -0.27 |-0.71
Run2 | -3.24 | -6.47 8.39 -0.51 |-1.83
Run3 | -2.54 |-5.94 7.59 -0.49 |-1.38
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Avg |-2.64 |-5.16 6.92 -042 |-131
(0.55) | (1.83) | (1.90) | (0.13) | (0.56)
Neu5Ac Runl | -5.1 -10.4 13.09 -1.05 | -3.45
Run2 | -6.9 |-26.19 | 27.57 -1.64 | -7.17
Run3 | -8 -23 26.8 -1.75 | -5.94
Avg |-6.7 |-19.86 |22.49 -1.48 | -5.52
(1.46) | (8.35) |(8.15) | (0.38) | (1.90)
Table 4.12: The contribution of each of the monosaccharides towards
calculating the binding free energy of five complexes (Runl, Run2 and
Run3) in Com3.
Monosaccharide Tvaw | Tele Tes Tnp Total
Com5 Reducing | Runl | -0.62 |-4.38 4.65 -0.33 | -0.67
Chain-A | endsugar | Run2 | -0.05 |-0.48 0.57 -0.01 | 0.03
Run3
Avg |-0.33 |-2.43 2.61 -0.17 | -0.32
(0.40) | (2.76) | (2.89) | (0.23) | (0.49)
GIcNAc Runl | -8.27 |-11.85 | 15.03 -1.39 | -6.47
Run2 | -1.04 |-1.51 2.79 -0.16 | 0.08
Run3
Avg |-4.66 |-6.68 8.91 -0.77 |-3.19
(5.11) | (7.31) | (8.66) | (0.87) | (4.63)
Gal Runl | -2.24 |-2.33 4.64 -0.32 | -0.24
Run2 | -2.95 |-7.37 9.65 -0.63 |-1.3
Run3
Avg -2.59 |-4.85 7.14 -0.47 | -0.77
(0.50) | (3.56) |[(3.54) |(0.22) | (0.75)
Neu5Ac Runl | -4.48 |-10.45 | 14.89 -1.01 |1.04
Run2 | -4.65 |-30.27 | 33.01 -1.21 |-3.12
Run3
Avg |-456 |-20.36 |2395 |-1.11 |-1.04
(0.12) | (14.01) | (12.81) | (0.14) | (2.94)
Comb5 Runl | -0.01 |-0.8 0.71 -0.05 |-0.15
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Chain-B | Reducing | Run2
end sugar | Run3 | -0.05 |0.2 -0.09 -0.02 | 0.04
Avg |-0.03 [-0.3 0.31 -0.03 | -0.06
(0.03) | (0.71) | (0.57) | (0.02) | (0.13)
GIcNAc Runl | -4.2 |-4.16 7.03 -0.66 | -2
Run2
Run3 | -1.16 |-1.23 2.77 -0.23 | 0.15
Avg | -2.68 |-2.69 4.9 -0.44 |-0.92
(2.15) | (2.07) | (3.01) |(0.30) | (1.52)
Gal Runl | -4.32 |-10.69 | 12.08 -0.77 | -3.71
Run2
Run3 | -2.91 |-9.69 10.65 -0.59 |-2.54
Avg |-3.61 |-10.19 |11.36 -0.68 |-3.12
(1.0) |(0.71) |(1.01) | (0.13) | (0.83)
Neu5Ac Runl | -2.09 |-13.94 | 16.99 -0.58 | 0.38
Run2
Run3 | -6.5 |[-32.31 |35.31 -1.39 | -4.89
Avg |-4.29 |-23.12 |26.15 -0.98 | -2.26
(3.12) | (13.00) | (12.95) | (0.57) | (3.73)
Com5 Reducing | Runl
Chain-C | endsugar | Run2 | -0.12 |-1.59 1.56 -0.04 |-0.2
Run3 | -0.12 | 1.07 -0.94 -0.03 |-0.03
Avg |-0.12 |-0.26 0.31 -0.03 |-0.11
(0) (1.88) | (1.77) |(0.01) | (0.12)
GIcNAC Runl
Run2 | -3.09 |-2.05 3.89 -0.43 | -1.68
Run3 | -2.71 |-3.1 5.26 -0.54 | -1.09
Avg |-29 |-258 4.58 -0.49 |-1.39
(0.27) | (0.74) | (0.97) |(0.08) | (0.42)
Gal Runl
Run2 | -3.19 |-12.65 |11.97 -0.61 | -4.47
Run3 | -2 -6.96 7.72 -0.43 | -1.69
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Avg |-259 |-9.80 9.84 -0.52 |-3.08
(0.84) | (4.02) |(3.00) |(0.13) | (1.97)
NeuSAc Runl
Run2 | -7.02 |-34.02 |34.11 -1.65 |-8.57
Run3 | -7.72 | -23 26.72 -1.69 | -5.68
Avg -7.37 |-2851 |3041 -1.67 | -7.12
(0.49) | (7.79) | (5.23) | (0.03) | (2.04)
Comb5 Reducing | Runl
Chain-D | endsugar | Run2 | -0.07 |-1.63 0.98 -0.21 | -0.92
Run3 | -0.46 |-1.22 1.91 -0.19 | 0.04
Avg |-0.26 |-1.42 1.45 -0.2 |-0.44
(0.28) | (0.29) | (0.66) | (0.01) | (0.68)
GIcNAC Runl
Run2 | -6.44 |-5.99 8.36 -1.09 |-5.15
Run3 | -5.75 |-5.11 7.86 -0.93 |-3.93
Avg -6.09 | -5.55 8.11 -1.01 |-454
(0.49) | (0.62) |(0.35) | (0.11) | (0.86)
Gal Runl
Run2 | -2.19 |-3.06 5.2 -0.33 | -0.37
Run3 | -3.03 |-2.82 5.87 -0.5 |-0.48
Avg |-261 |-2.94 5.53 -0.41 | -0.42
(0.59) | (0.127) | (0.47) | (0.12) | (0.08)
Neu5Ac Runl
Run2 | -2.46 |-5.75 8.63 -0.5 |-0.08
Run3 | -3.41 |-9.79 13.78 -0.77 |-0.19
Avg |-293 |-7.77 11.20 |-0.63 |-0.13
(0.67) | (2.86) | (3.64) | (0.19) | (0.08)
Comb Reducing | Runl
Chain-E | end sugar | Run2
Run3
Avg
GIcNAC Runl
Run2
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Run3

Avg

Gal Runl

Run2

Run3

Avg

Neu5Ac Runl

Run2

Run3

Avg

4.8 Hydrogen bonds and protein-glycan interaction

We chose the glycans and proteins with the best binding free energy for
analysing the protein glycan interactions shown in Figures 4.46. For
Coml, the selected glycan was bound with the chain B in run2 (-29.21).
For Com2, the selected glycan was bound with the chain A in run2 (-
30.07). For Com3, the selected glycan was bound with the chain E in
run3 (-37.45). For Com4, the selected glycan was bound with the chain
E in run2 (-25.15). For Comb5, the selected glycan was bound with the
chain C in run2 (-30.61). The interaction diagram shows that both
hydrogen bonding and hydrophobic interactions are responsible for
stable binding. Also, we observed that the modified glycans interact with
the binding sites via the sialic acid and the modification of the sialic
acid. While in the case of the unmodified glycans, they interact with the
binding sites via all the three monosaccharides, i.e. GIcNAc, Gal and
Neu5Ac. The key residues in the BS1 sites are S35, and the K59; these
two resides has been found to take part in the hydrogen bonding in all
five cases. Also, S35 residue has higher hydrogen bonding occupancy

than K59. In the case of the modified glycans, the hydrogen bond is also
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formed because of the modification on the sialic acid, while it is absent

in the case of unmodified glycans. The detailed table of the hydrogen

bonding between the glycans and the protein for all the chains and runs

is given in Table 11.

Table 4.13: Occupancy of hydrogen bonds between glycan and protein
during MD simulation.

Acceptor Donor Dist | Angle | Occu

ance pancy

(%)

Coml Runl | NeubAc@O1A R100@NH2 2.79 | 158.79 | 38.01
Chain-A NeuSAc@O1A S35@0G 2.63 | 162.26 | 35.01
NeuSAc@0O1B R100@NH2 2.79 | 159.76 | 33.47
NeuSAc@0O1B S35@0G 2.63 | 161.92 | 29.27
S35@0 Gal@02 2.78 | 158.77 | 34.06
T131@0 NeuSAc@04 2.78 | 159.11 | 29.89
Y33@0 GIcNAc@03 2.70 | 159.47 | 19.26
T131@0 NeuSAc@N5 2.88 | 158.09 | 12.58
Run2 | NeubAc@O1A S35@0G 2.67 | 162.72 | 41.27
NeuSAc@01B S35@N 2.84 | 160.16 | 34.79
NeubAc@0O1B S35@0G 2.69 | 16151 | 27.7
NeuSAc@O1A S35@N 2.84 | 159.52 | 16.14
9-O-Acetyl@O1A | T65@N 2.88 | 156.40 | 12.24
Neu5Ac@08 K59@NZ 2.86 | 155.50 | 11.05
Y33@0 NeuSAc@N5 2.85 | 155.31 | 42.2
D36@0OD2 Gal@0O6 2.70 | 163.67 | 17.87
D36@0OD1 Gal@06 2.70 | 163.44 | 14.74
Run3 | NeuSAc@O1B S35@0G 2.63 | 161.73 | 51.74
NeuSAc@O1A S35@0G 2.63 | 161.38 | 44.04
NeuSAc@08 S35@N 2.89 | 161.17 | 40.52
NeuSAc@0O1B R100@NH2 2.82 | 160.00 | 33.5
NeuSAc@O1A R100@NH2 2.82 | 159.39 | 28.96
NeuSAc@O1A S35@N 2.83 | 161.72 | 15.51
Y33@0 NeuSAc@08 2.78 | 156.08 | 57.6
Y33@0 NeuSAc@N5 2.85 | 157.21 | 19.18
Y33@OH NeuSAc@N5 291 | 159.88 | 17.2
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D36@0OD1 Gal@0O6 2.74 | 158.02 | 14.4
D36@0OD2 Gal@0O6 2.73 | 158.73 | 13.29
S35@0 GIctNAc@0O6 2.76 | 161.83 | 12.45
Com1l Runl | - - - - -
Chian-B | Run2 | NeuSAc@0O1B S35@0G 2.66 | 163.16 | 50.15
NeuSAc@O1A S35@0G 2.67 | 162.92 | 46.44
NeuSAc@O1A S35@N 2.83 | 160.87 | 36.71
NeuSAc@0O1B S35@N 2.83 | 161.10 | 32.82
9-O-Acetyl@O1A | T65@N 2.88 | 156.71 | 17.43
NeuS5Ac@08 K59@NZ 2.86 | 155.78 | 15.8
NeuS5Ac@08 K59@NZ 2.86 | 155.87 | 15.7
Neu5Ac@0O8 K59@NZzZ 2.86 | 15548 | 14.21
Y33@0 NeuSAc@N5 2.86 | 155.08 | 56.48
D36@0OD2 Gal@0O6 2.70 | 163.39 | 24.94
D36@0OD1 Gal@0O6 2.71 | 163.04 | 22.84
Run3 | - - - - -
Coml Runl | NeubAc@O1A S35@0G 2.66 | 163.69 | 34.55
Chain-C NeuSAc@01B S35@N 2.83 | 161.14 | 31.95
Y33@0 NeuSAc@N5 2.86 | 154.92 | 25.89
Y33@0 Gal@02 2.75 | 155,51 | 13.85
D36@0OD2 Gal@0O6 2.70 | 163.77 | 12.76
Run2 | NeubAc@O1A S35@N 2.83 | 161.67 | 14.08
NeuSAc@O7 N106@ND2 2.85 | 163.81 | 11.97
NeuSAc@01B S35@0G 2.65 | 162.88 | 11.44
Y33@0 NeuSAc@N5 2.86 | 157.77 | 15.81
K105@0 Gal@02 2.74 | 158.96 | 15.58
Run3 | - - - - -
Com1l Runl | - - - - -
Chain-D | Run2 | Neu5Ac@O1B S35@0G 2.67 | 162.39 | 63.31
NeuSAc@O1A S35@N 2.84 | 161.49 | 47.89
NeuSAc@O1A S35@0G 2.69 | 160.02 | 34.96
NeuSAc@01B S35@N 2.84 | 16150 | 17.92
9-O-Acetyl@O1A | T65@N 2.88 | 156.25 | 12.98
Y23@0 NeuSAc@N5 2.85 | 157.28 | 56.92
Y23@0 NeuSAc@08 2.79 | 156.38 | 10.51
D36@0OD2 3LB_588@06 | 2.71 | 163.50 | 10.03
Run3 | - - - - -
Coml Runl | NeuSAc@O1A S35@0G 2.68 | 162.06 | 54.39
Chain-E NeuSAc@01B S35@N 2.83 | 160.30 | 50.14
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NeuSAc@0O1B S35@0G 2.69 | 161.49 | 48.67
NeuSAc@O1A S35@N 2.83 | 160.44 | 34.65

9-O-
ACETYL@O1A T65@N 2.88 | 154.96 | 23.96
Neu5Ac@08 K59@NZ 2.86 | 155.24 | 20.03
Neu5Ac@08 K59@NZ 2.86 | 155.20 | 19.98
Neu5Ac@08 K59@NZ 2.86 | 155.14 | 19.55
Y33@0 NeuS5Ac@N5 2.86 | 155.19 | 70.64
D36@O0D2 Gal@06 2.71 | 162.66 | 21.07
D36@O0OD1 Gal@06 2.71 | 162.87 | 19.71
S63@0 4YB_582@06 | 2.71 | 161.42 | 13.75
Run2 | NeubAc@O1A S35@0G 2.68 | 161.54 | 26.38
NeuSAc@0O1B S35@0G 2.69 | 160.98 | 21.31
NeuSAc@0O1B S35@N 2.85 | 160.43 | 19.7
NeuSAc@O1A S35@N 2.84 | 160.33 | 15.12
Y33@0 NeuSAc@N5 2.85 | 158.14 | 26.45
Run3 | NeuSAc@O1B S35@0G 2.70 | 160.74 | 41.96
NeuSAc@O1A S35@0G 2.70 | 160.87 | 38.01
NeuSAc@O1A S35@N 2.84 | 16147 | 33.31
NeuSAc@0O1B S35@N 2.84 | 161.10 | 29.63
Y33@0 NeuSAc@N5 2.85 | 158.29 | 59.34

Com2 Runl | - - - - -

Chain-A | Run2 | NeuSAc@O1A S35@0G 2.68 | 162.20 | 64.84
NeuSAc@01B S35@N 2.83 | 162.21 | 63.84
NeuSAc@O1A S35@N 2.84 | 160.22 | 23.56
NeubAc@0O1B S35@0G 2.68 | 16154 | 23.14
9-O-Acetyl@O1A | T65@N 2.87 | 157.01 | 14.98
NeuSAc@08 K59@NZ 2.86 | 155.22 | 11.23
NeuSAc@08 K59@NZ 2.86 | 154.31 | 10.92
NeuSAc@08 K59@NZ 2.86 | 154.61 | 10.18
Y33@0 NeuSAc@N5 2.86 | 158.02 | 58.81
D36@0OD1 6LB_593@03 | 2.66 | 163.67 | 27.87
D36@0OD2 6LB_593@03 | 2.66 | 164.06 | 27.6
D36@0OD1 6LB_593@02 | 2.70 | 159.13 | 13.05
D36@0OD2 6LB_593@02 | 2.70 | 158.87 | 11.65
D36@0OD2 6LB_593@04 | 2.69 | 161.95 | 10.76
D36@0OD1 6LB_593@04 | 2.68 | 162.13 | 10.35
Run3 | NeuSAc@04 S118@0G 2.74 | 163.15 | 45.19
NeuSAc@O5N V68@N 2.87 | 161.37 | 33.75
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NeuSAc@O1A S35@0G 2.67 | 162.23 | 20.99
NeuSAc@0O1B S35@N 2.84 | 161.58 | 17.94
NeuSAc@0O1B S35@0G 2.68 | 161.48 | 13.8
NeuSAc@O1A S35@N 2.84 | 161.83 | 114
9-O-Acetyl@O1A | T65@N 2.87 | 157.71 | 11.17
P68@O NeubAc@O7 | 2.75 | 162.75 | 46.81
Y33@0 NeubAc@N5 | 2.86 | 156.85 | 24.78
G135@0 4YB_592@06 | 2.76 | 158.25 | 16.72
Com2 Runl | NeuSAc@O1A S35@0G 2.67 | 162.45 | 47.66
Chain-B NeuSAc@0O1B S35@0G 2.69 | 162.95 | 35.72
NeuSAc@0O1B R100@NE 2.84 | 152.32 | 31.78
NeuSAc@0O1B S35@N 2.85 | 161.12 | 31.66
NeuSAc@0O1B R100@NH2 2.83 | 149.74 | 29.54
NeuSAc@O1A S35@N 2.87 | 161.23 | 29.01
NeuSAc@O1A R100@NH2 2.81 | 154.69 | 28.2
NeuSAc@O1A R100@NE 2.86 | 151.75 | 17.49
K23@0 Gal@03 2.67 | 165.25 | 33.2
K23@0 Gal@04 2.69 | 158.84 | 23.01
Y33@0 NeuSAc@N5 | 2.85 | 155.94 | 19.8
K23@OXT Gal@04 2.71 | 158.89 | 19.3
T131@0 GlcNAC@N2 | 2.86 | 156.42 | 17.48
K23@OXT Gal@03 2.67 | 164.94 | 16.14
Run2 | NeuSAc@O1A S35@0G 2.64 | 163.29 | 55.09
NeuSAc@0O1B S35@N 2.83 | 162.31 | 47
NeuSAc@0O1B S35@0G 2.67 | 163.09 | 46.28
NeuSAc@O1A S35@N 2.84 | 162.48 | 39.56
9-O-Acetyl@O1A | T65@N 2.87 | 158.48 | 31.93
NeuSAc@0O8 K59@NZz 2.87 | 157.46 | 16.1
NeuSAc@O08 K59@NZ 2.87 | 157.29 | 14.89
NeuSAc@O08 K59@NZ 2.87 | 156.93 | 14.68
Y33@0 NeuSAc@N5 | 2.85 | 156.90 | 73.6
Al130@0 ROH@O1 2.75 | 159.30 | 35.77
Run3 | NeuSAc@O1A S35@0G 2.62 | 162.36 | 18.84
NeubAc@0O1B S35@0G 2.62 | 162.21 | 16.59
NeuSAc@0O1B R100@NH2 2.81 | 159.66 | 13.98
NeuSAc@O1A R100@NH2 2.81 | 160.80 | 13.3
NeuSAc@O08 S35@N 2.90 | 158.66 | 10.85
Y33@0 NeuSAc@0O8 | 2.80 | 156.27 | 22.84
D36@0OD2 Gal@04 2.64 | 163.70 | 19.01
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D36@0OD1 Gal@0O4 2.63 | 163.22 | 13.91
Y33@OH NeuSAc@N5 | 2.90 | 159.78 | 11.86
Com2 Runl | NeuSAc@O1A S35@0G 2.69 | 161.95 | 16.26
Chain-C NeuSAc@O1B S35@0G 2.69 | 161.83 | 13.19
NeubAc@01B S35@N 2.85 | 160.61 | 11.72
Y33@0 NeuSAc@N5 | 2.84 | 158.04 | 16.89
Run2 | - - - - -
Run3 | NeubAc@O1A S35@N 2.84 | 161.64 | 45.42
NeuSAc@O1A S35@0G 2.66 | 162.85 | 44.67
Neu5Ac@01B S35@0G 2.68 | 161.32 | 42.8
Neu5Ac@01B S35@N 2.85 | 161.70 | 33.52
Y23@O NeuSAc@N5 2.86 | 157.02 | 16.15
Com2 Runl | - - - - -
Chain-D | Run2 | Neu5Ac@O1B S35@0G 2.66 | 163.43 | 35.04
NeuSAc@O1A S35@N 2.86 | 163.02 | 19.64
6LB_583@03 S35@0G 2.75 | 163.20 | 15.86
6LB_583@03 Y23@OH 2.79 | 160.86 | 12.62
NeuSAc@O7 Y23@OH 2.76 | 164.80 | 11.93
Run3 | NeubAc@O1A S35@0G 2.67 | 162.55 | 16.74
NeuSAc@0O1B S35@N 2.84 | 162.80 | 15.23
Y23@0 NeuSAc@N5 2.86 | 157.02 | 16.15
Com2 Runl | NeuSAc@O1B S35@0G 2.67 | 162.10 | 29.13
Chain-E NeuSAc@O1A S35@N 2.84 | 162.08 | 25.17
NeuSAc@O1A S35@0G 2.68 | 161.82 | 16.29
NeuSAc@01B S35@N 2.85 | 159.89 | 15.69
Y33@0 NeuSAc@N5 286 | 157.82 | 33.74
Run2 | NeuSAc@0O1B S35@N 2.84 | 162.59 | 26.71
NeuSAc@O1A S35@N 2.84 | 161.69 | 11.42
NeuSAc@O1A S35@0G 2.67 | 161.95 | 10.09
E84@OE1 Gal@03 2.68 | 165.28 | 21.39
E84@OE1 Gal@0O4 2.65 | 163.37 | 20.31
Y33@0 NeuSAc@04 2.74 | 15951 | 17.78
P80@O Gal@02 2.75 | 161.01 | 15.21
D36@0OD1 Gal@03 2.67 | 163.43 | 13.02
Y33@0 NeuSAc@N5 2.87 | 158.09 | 12.21
D36@0OD2 Gal@03 2.67 | 163.45 | 11.17
Run3 | NeuSAc@O1B S35@0G 2.68 | 162.01 | 42.24
NeuSAc@O1A S35@0G 2.68 | 161.62 | 41
NeuSAc@O1A S35@N 2.83 | 161.32 | 39.25
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NeuSAc@0O1B S35@N 2.83 | 160.75 | 37.18
9-O-Acetyl@O1A | T65@N 2.87 | 157.46 | 21.57
NeuSAc@0O8 K59@NZz 2.86 | 158.80 | 13.91
NeuSAc@0O8 K59@NZz 2.86 | 158.33 | 11.58
NeuSAc@0O8 K59@NZz 2.86 | 158.29 | 10.86
Y33@0 NeubAc@N5 | 2.85 | 156.34 | 48.43
D36@O0OD1 Gal@02 2.66 | 165.66 | 20.3
N61@O Gal@03 2.75 | 157.38 | 19.85
T131@0 ROH@O1 2.73 | 158.12 | 14.74
S63@0 Gal@04 2.78 | 158.03 | 14.56
D36@OD1 Gal@03 2.67 | 163.10 | 12.83
Y33@0 NeuSAc@0O4 | 2.74 | 159.83 | 12.05
D36@0OD2 Gal@03 2.67 | 163.54 | 12.01
D36@0OD2 GIcNAc@O6 | 2.68 | 164.92 | 11.98
Com3 Runl | NeuSAc@O1A S35@0G 2.66 | 163.32 | 83.97
Chain-A NeuSAc@0O1B S35@N 2.83 | 162.15 | 77.42
4-O-Acetyl@O1A | Y33@N 2.86 | 160.36 | 69.29
NeuSAc@0O1B S35@0G 2.71 | 161.40 | 16.44
NeuSAc@08 K59@NZz 2.86 | 157.81 | 16.34
NeuSAc@08 K59@NZz 2.86 | 157.90 | 16.33
NeuSAc@08 K59@NZz 2.86 | 158.02 | 15.99
NeuSAc@O1A R100@NH2 2.80 | 155.73 | 1455
Y33@0 NeubAc@N5 | 2.86 | 150.30 | 55.84
D36@O0OD1 Gal@06 2.69 | 163.70 | 30.08
D36@0OD2 Gal@06 2.70 | 163.57 | 22.03
Run2 | 4-O-Acetyl@O1A | Y33@N 2.86 | 160.22 | 52.02
NeuSAc@0O1B S35@0G 2.68 | 162.37 | 37.43
NeuSAc@0O1B R100@NH2 2.80 | 151.94 | 34.86
NeuSAc@O1A S35@0G 2.68 | 163.52 | 33.65
NeuSAc@O1A S35@N 2.85 | 161.08 | 31.12
NeuSAc@0O1B R100@NE 2.84 | 150.33 | 24.58
Gal@06 CYX_110@N | 2.89 | 159.20 | 14.94
NeuSAc@0O1B S35@N 2.84 | 161.40 | 11.59
Y33@0 NeuSAc@N5 | 2.86 | 150.88 | 27.51
Run3 | NeuSAc@0O1B S35@0G 2.66 | 163.98 | 35.06
NeuSAc@O1A S35@N 2.84 | 162.44 | 31.93
4-O-Acetyl@O1A | Y33@N 2.86 | 160.26 | 22.6
NeuSAc@O08 K59@NZ 2.85 | 158.00 | 10.95
Y33@0 NeuSAc@N5 | 2.86 | 152.73 | 25.87
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D36@0OD1 Gal@0O6 2.69 | 163.81 | 11.04
Com3 Runl | NeuSAc@O1B R100@NH2 2.78 | 153.62 | 81.06
Chain-B 4-0O-

ACETYL@O1A Y33@N 2.86 | 160.12 | 65.51

NeuSAc@O1A S35@0G 2.68 | 163.67 | 62.24

NeuSAc@01B R100@NE 2.86 | 148.47 | 45.3

Gal@06 CYX_224@N | 2.89 | 161.01 | 36.66

Neu5Ac@01B S35@0G 2.69 | 159.78 | 34.18

NeuSAc@O1A S35@N 2.86 | 157.31 | 23.33

Neu5Ac@08 S35@N 2.88 | 155.31 | 13.84

Y33@0 NeuS5Ac@N5 2.85 | 152.59 | 36.86

S35@0 NeuSAc@08 2.80 | 155.89 | 11.83

Run2 | 4-O-acetyl@O1A | Y33@N 2.86 | 160.14 | 68.65

NeuSAc@0O1B S35@0G 2.66 | 163.46 | 60.67

NeuSAc@O1A S35@N 2.84 | 161.82 | 45.88

NeuSAc@O1A S35@0G 2.67 | 163.36 | 24.83

Neu5Ac@08 K59@NZz 2.86 | 158.27 | 15.99

Neu5Ac@08 K59@NZ 2.86 | 158.19 | 14.14

NeuSAc@O1A R100@NH1 2.79 | 156.35 | 13.88

Neu5Ac@08 K59@NZ 2.86 | 158.08 | 13.39

NeuSAc@01B R100@NH1 2.80 | 155.85 | 13.36

NeuSAc@0O1B R100@NH2 2.78 | 156.54 | 11.83

NeuSAc@O1A R100@NH2 2.82 | 156.55 | 11.29

NeubAc@0O1B S35@N 2.85 | 161.98 | 10.77

Y33@0 NeuSAc@N5 2.85 | 152.21 | 62.04

D36@OD1 Gal@06 2.69 | 164.01 | 16.63

D36@0OD2 Gal@0O6 2.70 | 163.53 | 12.76

Run3 | NeubAc@O1A R100@NH2 2.77 | 155.58 | 90.73

NeuSAc@0O1B S35@0G 2.66 | 164.22 | 86.2

4-0-

ACETYL@O1A Y33@N 2.86 | 159.75 | 66.34

NeuSAc@O1A R100@NE 2.86 | 148.53 | 39.47

Gal@0O6 CYX 224@N | 2.89 | 160.39 | 30.13

NeuSAc@0O1B S35@N 2.85 | 14964 | 21.1

NeuSAc@08 S35@N 2.88 | 15541 | 16.03

Y33@0 NeuSAc@N5 2.84 | 151.75 | 53.94

K23@OXT Gal@0O4 2.70 | 162.03 | 22.49

K23@0 Gal@0O4 2.69 | 16247 | 214

S35@0 NeuSAc@0O8 | 2.81 | 155.69 | 14.45
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Com3 Runl | - - - - -
Chain-C | Run2 | NeuSAc@O1A S35@0G 2.66 | 163.91 | 76.9
NeuSAc@01B S35@N 2.83 | 162.53 | 70.43
9-0-
ACETYL@O1A | Y33@N 2.86 | 161.26 | 69.15
NeuSAc@01B S35@0G 2.68 | 162.45 | 21.23
NeuSAc@08 K59@NZ 2.86 | 158.04 | 19.24
NeuSAc@08 K59@NZ 2.86 | 157.71 | 19.05
NeuSAc@08 K59@NZ 2.86 | 157.72 | 18.24
NeuSAc@O1A S35@N 2.85 | 162.79 | 12.27
Y33@0 NeuSAc@N5 | 2.86 | 150.83 | 63.6
D36@0OD2 Gal@06 2.69 | 163.99 | 22.05
D36@0OD1 Gal@06 2.69 | 163.78 | 17.56
Run3 | NeuSAc@01B S35@0G 2.66 | 163.32 | 76.75
ACX_585@01A | Y33@N 2.86 | 162.17 | 67.36
NeuSAc@O1A S35@N 2.84 | 162.18 | 67.01
NeuSAc@O1A S35@0G 2.72 | 160.99 | 24.33
Y33@0 NeuSAc@N5 | 2.85 | 152.28 | 65.69
D36@0OD1 Gal@06 2.68 | 164.55 | 25.19
D36@0OD2 Gal@06 2.68 | 164.63 | 21.35
Com3 Runl | 4-O-Acetyl@O1A | Y23@N 2.86 | 161.43 | 67.57
Chain-D NeuSAc@O1A S35@0G 2.67 | 162.96 | 51.64
NeuSAc@01B S35@0G 2.69 | 159.53 | 43.57
NeuSAc@0O1B R77@NH2 2.80 | 15248 | 42.31
NeuSAc@01B S35@N 2.83 | 161.83 | 36.41
NeuSAc@0O1B R77T@NE 2.86 | 149.48 | 27.1
NeuSAc@O1A S35@N 2.88 | 159.59 | 18.4
Gal@06 C133@N 2.89 | 159.27 | 14.49
NeuSAc@O1A R77@NH2 2.80 | 157.81 | 13.23
NeuSAc@08 K59@NZ 2.86 | 159.56 | 10.03
Y23@0 NeuSAc@N5 | 2.86 | 150.44 | 254
K23@OXT Gal@04 2.66 | 160.76 | 15.95
K23@0 Gal@04 2.66 | 160.93 | 15.69
D36@0OD2 Gal@06 2.70 | 163.19 | 11.48
D36@0OD1 Gal@06 2.70 | 163.28 | 11.23
Run2 | NeuSAc@0O1B S35@0G 2.67 | 164.00 | 48.08
4-0-Acetyl@O1A | Y23@N 2.86 | 160.39 | 46.2
NeuSAc@O1A S35@N 2.83 | 163.12 | 42.69
NeuSAc@O1A S35@0G 2.69 | 161.92 | 19.34
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NeuSAc@01B S35@N 2.83 | 161.42 | 16.03
NeuS5Ac@08 K59@NZz 2.86 | 158.50 | 15.11
NeuSAc@08 K59@NZz 2.86 | 158.81 | 14.69
NeuSAc@08 K59@NZz 2.86 | 158.47 | 13.44
Y23@0 NeuSAc@N5 | 2.86 | 150.92 | 41.6
D36@0OD2 Gal@06 2.69 | 164.00 | 18.61
D36@0OD1 Gal@06 2.70 | 163.93 | 13.98
Run3 | NeuSAc@0O1B R77@NH2 2.80 | 153.31 | 77.44
4-O-Acetyl@O1A | Y23@N 2.86 | 161.70 | 66.85
NeuSAc@01B S35@0G 2.70 | 158.56 | 52.4
NeuSAc@01B R77@NE 2.86 | 150.10 | 48.05
Gal@06 C133@N 2.89 | 160.23 | 38.29
NeuSAc@O1A S35@N 2.88 | 158.21 | 34.26
NeuSAc@O1A S35@0G 2.67 | 164.34 | 34.18
Y23@0 NeuSAc@N5 | 2.84 | 151.16 | 22.42
K23@0 Gal@04 2.68 | 160.96 | 13.36
K23@OXT Gal@04 2.69 | 160.94 | 12.05
Com3 Runl | NeusAc@O1B R100@NH2 2.78 | 153.86 | 63.8
Chain-E 9-O-Acetyl@O1A | Y33@N 2.86 | 160.11 | 57.26
NeuSAC@O1A S35@0G 2.67 | 163.75 | 48.8
NeuSAc@01B R100@NE 2.86 | 149.41 | 33.13
3LB_588@06 C133@N 2.89 | 159.62 | 32.57
NeuS5Ac@01B S35@0G 2.72 | 159.93 | 28.01
NeuSAcC@O1A S35@N 2.87 | 157.14 | 22.76
NeuS5Ac@01B S35@N 2.84 | 160.28 | 12.48
NeuSAc@O1A R100@NH2 2.81 | 153.29 | 10.62
NeuSAcC@O1A R100@NE 2.83 | 153.47 | 10.5
Y33@0 NeubAc@N5 | 2.84 | 150.18 | 27.49
Run2 | 9-O-Acetyl@O1A | Y33@N 2.86 | 159.91 | 68.18
NeuSAc@O1A R100@NH2 2.79 | 156.02 | 514
NeuSAc@01B S35@0G 2.68 | 162.38 | 51.29
NeuSAc@O1A S35@0G 2.70 | 159.90 | 47.06
NeuSAc@01B S35@N 2.85 | 157.86 | 35.84
3LB_588@06 C133@N 2.89 | 159.91 | 23.63
NeuSAc@O1A R100@NE 2.88 | 148.92 | 18.97
NeuSAc@O1A S35@N 2.81 | 160.00 | 17.95
NeuSAc@01B R100@NH2 2.79 | 162.93 | 11.98
Y33@0 NeuSAc@N5 | 2.85 | 150.13 | 47.71
Run3 | 9-O-Acetyl@O1A | Y33@N 2.86 | 160.04 | 65.5
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NeuSAc@0O1B R100@NH2 2.80 | 153.83 | 62.5

NeuSAc@0O1B S35@0G 2.70 | 158.40 | 48.77

NeuSAc@O1A S35@0G 2.69 | 162.48 | 44.89

NeuSAc@0O1B R100@NE 2.87 | 149.80 | 35.35

3LB_588@06 C133@N 2.89 | 159.95 | 32.14

NeuSAc@O1A S35@N 2.87 | 156.51 | 24.33

NeuSAc@0O1B S35@N 2.83 | 159.16 | 14.37

NeuSAc@O1A R100@NH2 2.79 | 155.30 | 13.82

Y33@0 NeubAc@N5 | 2.84 | 150.20 | 28.49

Com4 Runl | ROH_575@01 V68@N 291 | 160.25 | 19.51
Chain-A P68@O 4YB_576@N2 | 2.87 | 151.13 | 20.25

ROH_575@0O

F117@0 1 2.76 | 154.26 | 12.73

Run2 | NeuSAc@O1A S35@0G 2.68 | 162.53 | 43.38
NeuSAc@0O1B S35@N 2.83 | 160.71 | 37.59

NeuSAc@0O1B S35@0G 2.69 | 162.15 | 23.33

NeuSAc@O1A S35@N 2.84 | 160.71 | 21.57

NeuSAc@0O8 K59@NZz 2.85 | 158.82 | 15.17

NeuSAc@08 K59@NZz 2.85 | 158.97 | 14.97

NeuSAc@08 K59@NZz 2.85 | 158.63 | 13.67

Y33@0 NeubAc@N5 | 2.85 | 154.78 | 48.96

D36@O0OD1 Gal@06 2.69 | 163.59 | 14.39

Run3 | NeuSAc@O1A R100@NH2 2.78 | 161.88 | 15.81
NeuSAc@0O8 Y33@OH 2.80 | 163.06 | 12.42

NeuSAc@0O1B R1I00@NH1 2.85 | 159.96 | 10.06

Com4 Runl | NeuSAc@O1A S35@N 2.84 | 162.80 | 12.79
Chain-B NeuSAc@0O1B S35@0G 2.66 | 163.46 | 12.69
SER_220@0 GIcNAc@O6 | 2.72 | 161.15 | 61.89

D36@0OD1 Gal@02 2.71 | 161.11 | 40.1

D36@0OD2 Gal@02 2.72 | 160.01 | 26.3

Y33@0 NeuSAc@N5 | 2.86 | 156.42 | 13.25

AB0@0O GIcNAc@N2 | 2.89 | 158.33 | 12.63

T131@0 NeuSAc@09 | 2.76 | 159.76 | 10.72

Run2 | NeuSAc@0O1B S35@0G 2.66 | 163.29 | 20.15
NeuSAc@O1A S35@N 2.84 | 161.79 | 18.69

NeuSAc@0O1B S35@N 2.85 | 161.03 | 14.46

NeuSAc@O1A S35@0G 2.67 | 162.77 | 13.03

D36@OD1 Gal@02 2.68 | 164.79 | 61.12

Y33@0 NeubAc@0O4 | 2.75 | 156.28 | 38.87
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Al130@0 ROH@O1 2.75 | 159.78 | 28.19
Y33@0 NeuSAc@N5 | 2.85 | 156.83 | 22.9
Run3 | NeubAc@01B S35@N 2.86 | 162.47 | 20.89
NeuSAc@O1A S35@N 2.85 | 162.64 | 14.82
Y33@0 Gal@02 2.71 | 158.98 | 23.49
K23@0 GIcNAc@O6 2.68 | 163.43 | 14.62
K23@0 NeuSAc@09 | 2.69 | 163.72 | 13.84
K23@0 Neu5Ac@08 2.71 | 164.31 | 12.29
Com4 Runl | NeubAc@01B S35@0G 2.66 | 162.69 | 30.44
Chain-C NeuSAc@O1A S35@N 2.85 | 160.45 | 27.26
Neu5Ac@O5N S35@N 2.86 | 159.56 | 17.78
NeuSAc@O1A S35@0G 2.71 | 16159 | 17.16
Gal@02 Y33@N 290 | 156.54 | 15.52
Gal@H20 Y33@N 2.85 | 142.84 | 12.26
Y33@0 Gal@02 2.77 | 152.22 | 30.97
Y33@0 NeuSAc@O7 2.79 | 158.71 | 21.26
Y33@0 NeuSAc@N5 2.85 | 157.15 | 21.08
N29@O GIcNAc@03 2.73 | 15943 | 15.23
G27@0 ROH@O1 2.74 | 161.91 | 12.01
D28@0O GIctNAc@O6 | 2.78 | 159.98 | 11.86
T30@O GIcNAc@N2 2.89 | 156.69 | 10.79
Run2 | NeuSAc@O1A S35@0G 2.68 | 161.81 | 62.49
NeuSAc@01B S35@N 2.84 | 160.00 | 47.04
NeuSAc@0O1B S35@0G 2.71 | 159.95 | 37.3
NeuSAc@O1A S35@N 2.83 | 157.90 | 18.43
Neu5Ac@08 K59@NZ 2.86 | 158.55 | 14.01
Neu5Ac@08 K59@NZ 2.86 | 158.60 | 12.26
Neu5Ac@08 K59@NZ 2.86 | 158.53 | 12.23
Y33@0 NeuSAc@N5 2.85 | 158.01 | 69.54
D36@0OD2 Gal@0O6 2.69 | 163.67 | 16.27
N61@O Gal@06 2.76 | 157.00 | 15.59
S23@0 NeuSAc@09 2.75 | 158.93 | 14.47
D36@0OD1 Gal@0O6 2.69 | 163.38 | 12.01
Run3 | NeubAc@O1A S35@0G 2.69 | 161.91 | 54.34
NeuSAc@0O1B S35@0G 2.68 | 161.55 | 43.38
NeuSAc@O1A S35@N 2.84 | 157.74 | 27.18
NeuSAc@0O1B S35@N 2.83 | 159.17 | 26.64
NeuSAc@08 K59@NZ 2.86 | 158.60 | 12.18
NeuSAc@08 K59@NZ 2.86 | 158.64 | 12.08
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Neu5Ac@08 K59@NZ 2.86 | 158.38 | 12.05
Y33@0 NeuSAc@N5 | 2.84 | 156.88 | 64.58
N61@0O Gal@06 2.76 | 158.19 | 21.31
D36@0OD1 Gal@06 2.69 | 163.72 | 18.98
S23@0 Neu5Ac@09 2.75 | 158.92 | 12.62
D36@0OD2 Gal@06 2.69 | 163.65 | 12.6
Com4 Runl | NeuSAc@O1A S35@0G 2.67 | 163.12 | 19.58
Chain-D NeuSAc@0O1B S35@N 2.84 | 160.68 | 17.53
Y23@0 NeuS5Ac@N5 2.85 | 156.01 | 22.05
T109@0O ROH@O1 2.73 | 161.44 | 19.92
Ww108@0 GlcNac@O6 2.77 | 160.71 | 16.7
N106@0OD1 Gal@02 2.72 | 159.16 | 12.16
Run2 | - - - - -
Run3 | NeubAc@O1A S35@0G 2.67 | 163.27 | 36.99
NeuSAc@01B S35@N 2.84 | 161.07 | 32.98
NeuSAc@01B S35@0G 2.68 | 162.26 | 16.8
Neu5Ac@0O8 K59@NZzZ 2.86 | 158.50 | 11.88
Neu5Ac@0O8 K59@NZ 2.85 | 158.63 | 11.63
NeuS5Ac@08 K59@NZ 2.86 | 158.57 | 11.16
Y23@0 Neu5Ac@N5 2.85 | 155.81 | 39.93
D36@0OD1 Gal@06 2.69 | 163.52 | 13.73
D36@0OD2 Gal@06 2.69 | 163.54 | 13.18
Com4 Runl | NeuSAc@O5N T65@N 2.87 | 158.40 | 10.16
Chain-E S63@0 Gal@02 2.77 | 153.94 | 15.85
D36@0OD1 ROH@O1 2.68 | 165.17 | 14.07
D36@O GIcNAc@0O6 2.77 | 160.28 | 13.47
S63@0 Neu5Ac@0O7 2.76 | 157.03 | 12.18
Run2 | GIcNAc@0O3 C133@N 2.89 | 161.74 | 22.18
NeuSAc@01B S35@N 2.85 | 158.12 | 20.29
NeuSAc@01B S35@0G 2.71 | 161.70 | 18.61
NeuSAc@O1A S35@0G 2.70 | 161.69 | 18.5
NeuSAc@O1A S35@N 2.86 | 159.70 | 13.33
K23@OXT Gal@0O6 2.70 | 163.87 | 35.29
Y33@0 NeuSAc@N5 2.86 | 157.20 | 26.28
N61@0O Gal@0O6 2.74 | 158.10 | 22.1
S63@0 NeuSAc@09 2.76 | 157.85 | 17.32
T131@0 GIcNAc@N2 2.89 | 160.62 | 13.59
K23@0 NeuSAc@09 2.72 | 163.56 | 12.09
Run3 | NeubAc@0O1B S35@0G 2.67 | 162.34 | 39.33

101




NeuSAc@O1A S35@N 2.84 | 159.76 | 29.62
NeuSAc@O1A S35@0G 2.68 | 162.24 | 25.67
NeuSAc@01B S35@N 2.83 | 159.41 | 10.54
Y33@0 NeuSAc@N5 | 2.85 | 156.07 | 46.28
D36@0OD2 Gal@06 2.69 | 163.66 | 15.59
D36@0OD1 Gal@06 2.69 | 163.48 | 11.53
Com5 Runl | T116@0 ROH@0O1 2.73 | 161.04 | 23.9
Chain-A F117@0 GIcNAc@06 | 2.71 | 159.46 | 13.95
Run2 | NeuSAc@O1A S35@0G 2.68 | 161.62 | 35.88
NeuS5Ac@01B S35@N 2.84 | 161.54 | 25.19
NeuS5Ac@01B S35@0G 2.69 | 160.48 | 22.1
NeuSAc@O1A Y34@OH 271 | 162.21 | 11.7
Gal@03 Y33@N 2.90 | 161.59 | 11.69
Y33@0 Gal@04 2.73 | 158.09 | 26.93
Y33@0 NeuSAc@N5 | 2.87 | 154.85 | 24.87
N61@0 GIcNAc@N2 | 2.87 | 161.19 | 17.78
E37@O0E1 NeuSAc@09 | 2.68 | 162.31 | 12.04
T65@0 NeuSAc@08 | 2.76 | 157.19 | 12.02
Run3 | - - - - -
Com5 Runl | NeuSAc@01B Y34@OH 2.70 | 160.33 | 23.84
Chain-B NeuSAc@O1A Y34@OH 2.70 | 160.30 | 21.82
Gal@02 S35@0G 2.82 | 163.63 | 11.48
Y33@0 Gal@02 2.70 | 162.43 | 66.42
K23@OXT ROH@O1 2.68 | 160.88 | 29.72
K23@0 ROH@O1 2.69 | 160.72 | 19.09
Run2 | - - - - -
Run3 | NeuSAc@01B S35@N 2.85 | 162.29 | 24.56
NeuSAc@O1A S35@0G 2.70 | 160.54 | 13.43
NeuSAc@O1A S35@N 2.86 | 161.13 | 12.8
NeuSAc@04 Y33@N 2.87 | 156.13 | 11.54
Y33@0 NeuSAc@N5 | 2.86 | 153.91 | 13.04
N61@O GIcNAc@N2 | 2.87 | 161.32 | 10.81
Comb Runl | - - - - -
Chain-C | Run2 | NeuSAc@O1A S35@0G 2.69 | 161.83 | 71.23
NeuSAc@O1A S35@N 2.84 | 157.03 | 23.45
NeuSAc@01B S35@0G 2.70 | 160.66 | 22.68
NeuSAc@01B S35@N 2.84 | 160.36 | 17.59
GIcNAc@O2N T65@0G1 2.74 | 160.26 | 10.66
Y33@0 NeuSAc@N5 | 2.86 | 159.66 | 60.68
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E37@OE1 NeuSAc@08 2.72 | 166.22 | 40.86
E37@OE1 NeuSAc@09 2.64 | 159.81 | 40.79
D36@0OD2 Gal@04 2.68 | 163.85 | 25.88
D36@0OD1 Gal@0O4 2.68 | 163.57 | 20.12
Run3 | NeubAc@O1B S35@0G 2.67 | 162.19 | 60.99
NeuSAc@O1A S35@N 2.84 | 161.46 | 46.06
NeuSAc@O1A S35@0G 2.69 | 160.92 | 27.2
NeuSAc@0O1B S35@N 2.85 | 159.29 | 18.94
NeuS5Ac@08 K59@NZ 2.86 | 156.37 | 10.58
Y33@0 NeuS5Ac@N5 2.84 | 156.61 | 63.52
D36@0OD2 Gal@02 2.66 | 165.19 | 14.34
D36@0OD2 Gal@03 2.66 | 163.73 | 11.15
D36@0OD1 Gal@03 2.66 | 163.64 | 10.66
Comb Runl | - - - - -
Chain-D | Run2 | NeuSAc@O1A S35@N 2.84 | 162.86 | 22.11
NeuSAc@01B S35@N 2.84 | 161.75 | 13.51
NeuSAc@01B S35@0G 2.67 | 163.01 | 13.08
Y23@O0 NeuSAc@04 2.73 | 161.18 | 25.55
ROH_575@0
K23@0 1 2.65 | 165.65 | 11.22
Run3 | - - - - -
Com5 Runl | - - - - -
Chain-E | Run2 | - - - - -
Run3 | S76@0 GlcNac@O6 2.73 | 160.74 | 11.71
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Chapter 5

Conclusions and scope for future work

5.1 Conclusions

In this study, we have elucidated the conformational propensity of the
free tri-saccharides of N-glycan with and without modifications (4-O
and 9-O) using multiple replica molecular dynamics (MRMD).
Conformation of the similar glycans were also estimated in complexed
with the typhoid toxin (PItB) .Conformational dynamics of glycans were
characterized by estimating the glycosdic torsional angles, distortion of
ring geometry. Overall flexibility of tri-saccharides was independent of
the modification on sialic acids. The nature of similar linkages (i.e. 1-4,
2-3 and 2-6) were remain same in all five glycans (free and complex
state) used in our study. However, in terms of ring conformations, each
carbohydrates samplex more number of ring conformations compared
to the complex state. Allthough in few cases, free and complexed
carbohydrates shared the same path in sampling between both the major
chair conformations. Apart from the 4C; and 1C4 chair forms, several
non-chair conformations like °S;, 2°B and 2So were observed in both
modified and unmodified sialic acids, which diminishes after complex

formation.

Multiple replica simulations of apo and glycan PItB illuminate the
conformational changes as observed from RMSD distribution. Other
key parameters, like radius of gyration (RoG), solvent accessible surface
area (SASA) shows stable conformations of the whole pentamer as well
as in the individual chains. This stability in the conformations support
the estimation of binding free energy. The recognition between the
typhoid toxin and N-glycans were estimated by the molecular mechanics
generalized Born surface area (MM/GBSA) method. Com3 (4-O-
acetylated a2—3 Sialosides) among all five complexes shows the highest
affinity . While the Com5 (a2—6 Sialosides) has the lowest binding free
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energy. The modified glycan-protein complex has higher binding free
energy than the unmodified glycan-protein complex. The van der Waals
contribution plays a key role in the recognition process. However, the
higher contribution in the electrostatic contribution compensates by the
increase contribution of the polar group. Also, several key hydrogen
bonds were also found, which plays a significant contribution in the
binding. Thus, we concluded that the modification on the sialic acid
increases the affinity towards the binding sites of PItB protein.

Also, we found that there exists a dynamic equilibrium between
different conformation in the protein. This was the reason behind the
movement of the glycans from BS1 site to BS2 site. Also, in case of the
modified glycans the interaction takes place by the help of sialic acid
and the modification present on it, while in case of the unmodified
glycans all the three monosaccharides take part in the interaction. We
also analyses the hydrogen bonding between the glycans and binding
sites for each complex and found that the hydrogen bonding is the main

player behind the interaction.

So, our study provides a detailed understanding of the recognition
process of these N-glycans by the PItB toxin, which may further help to
understand the disease pathology of the century-old disease of typhoid.

5.2 Future Work

In our current study we have studied the glycans that were binded to the
BS1 sites only. In future the binding mechanism at the BS2 and BS3
sites can also be studied. Also, the binding mechamism and
conformation can be studied when the glycans are attached to the BS1,
BS2 and BS3 sites simultaneously. As have considered three residues
in N-glycans, so the long different N-glycans can be used to elucidate
the recognition mechanism. Thus the effect of the whole multiantennary

chain towards binding with the typhoid toxin can be studied in future.
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