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Abstract

Polysaccharides known for their diverse functional attributes, hold immense promise across
various domains, from biomedical applications to food technology. This thesis delves into
the comprehensive investigation of structural, dynamical, and mechanical properties of

« and -glucans.

The primary focus of this thesis revolves around elucidating the behavior of & and (3-glucan
strands within aqueous environments, mirroring the prevalent conditions in biological
systems. Structural characterization involves meticulous analyses of intermolecular and
intramolecular hydrogen bonding, end-to-end distance determination, and root mean
square deviation, unravelling the intricacies of individual strands. Employing principal
component analysis, the dynamics of these glucan strands are scrutinized, offering insights
into their conformational variability and behavior. Particularly intriguing is the study of
the interaction between bile acid clusters and polysaccharides, especially [3-glucans known
for their potential in mitigating dyslipidemia and metabolic syndromes. Spectroscopic
signatures, such as 1H NMR chemical shifts and small-angle scattering profiles, are
computed and compared with experimental data to enrich our understanding of this

interaction.

Furthermore, the thesis illuminates mechanical attributes of polysaccharides take center
stage, focusing on delineating the influence of glycosidic linkage type and anomericity of
monomers on elasticity. Employing steered molecular dynamics (SMD) simulations, force-
extension (F-E) curves are generated and validated against atomic force microscopy (AFM)
results. Density functional theory (DFT) calculations complement the SMD simulations

by estimating single-point energies of conformers during polysaccharide stretching.

The unique synergy between computational modelling and experimental validation in this
thesis lays a solid foundation for future advancements in designing novel polysaccharide-
based materials, drug delivery systems, and therapeutic interventions, poised to signifi-

cantly impact diverse industries and biomedical domains.
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1.1 Introduction to carbohydrates

Living organisms are comprised of biomolecules[1]. Based on the composition, biomolecules
can be broadly categorised into four types: Nucleic acids, Proteins, Lipids and Carbo-
hydrates. Each has its own characteristics and is designated to perform specific roles.
These biomolecules, solely by interacting with each other, build complex organisms. The
diversity coming from the shape and structure furnishes disparity in their functions. Over

the years, proteins, lipids and nucleic acids have been studied extensively.

Among all the biomolecules, car-

bohydrates are the most abundant

on earth. They are omnipresent

in nature[l, 3]. They constitute

a major portion of our daily food

intake[4, 5]. The general chem-
Polysaccharides ‘ ical formula of carbohydrates is

encountered In (CH20),,. In terms of diet, carbo-
daily life

=

Lactose

hydrates feature in sugars, fibres

Starch and starches. Sugars occur natu-
rally in fruits and vegetables, re-

fined sugars like syrups, cookies

and soft drinks. Fibres include

whole grain foods such as cereal,

Figure 1.1: Some examples of everyday car-
bohydrates.  Images source: www.lecturio.com, bread, oats & barley, nuts, some
wikipedia.org, www.cnbc.com,www.vectorstock.com

fruits and vegetables. Starches in-
clude potatoes, corn, peas, beans
etc. In non-food items, they can be seen in bark of plants, exoskeleton of arthropods, cell-
wall of microorganisms. Figure 1.1 shows examples of some common naturally occurring
carbohydrates. Carbohydrates are also crucial in determining our blood group. Specific
sugars are attached to the surface lining of red blood cells which differentiate the blood
group types[6]. They also play a crucial role in metabolic processes like digestion and
excretion[4, 5, 7, 8]. The appearance and application of carbohydrates are manifold in
living organisms. Starting from energy storage to structural organization, these macro-
molecules are truly abundant in nature. However, compared to nucleic acids and proteins,
the advancement in carbohydrate research is lagging because of its structural diversity,
and functional complexity [1, 9]. Unlike proteins and nucleic acids which can be joined by
specific linkage, i.e., peptide or phosphodiester bond respectively, polysaccharides have

multiple hydroxyl bonds giving rise to polydispered polymers without defined molecular

S. Peesapati 2023
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weights. In general, the degree of polymerization varies between a few tens to hundred of

thousands.

Polysaccharides comprise of several small units called monosaccharides. These monosac-
charide units can exist as open-chain linear form or cyclic form in aqueous solution. In case
oaf cyclic form, they can either exist as 5 membered cyclic structure known as furanose
or 6 membered cyclic structure called pyranose. In nature, the cyclic monosaccharides
can exist as dextro-(D) or laevo-(L) enantiomers, although the (D) isomer predominates.
Unlike the (D) isomer, the (L) isomer is not biologically active and but can be synthetically
produced in small amounts. Depending on the position of ‘OH’ group on C; atom, the
anomers are named. If the ‘OH’ group is below the plane, then it is a-anomer, where
as if the ‘OH’ group is above the plane, it is S-anomer. Monosaccharides are stitched
together by O-Glycosidic bond. This polymeric condensation leads to the formation of
highly complex long chains. This glycosidic link is formed by dehydration or condensation
of the hemiacetal hydroxy group of one sugar (glycosyl donor) and a hydroxyl group of
another sugar unit (glycosyl acceptor). They are found in various living organisms with
varied composition. Figure 1.2 shows the formation of 1—4 linked O-glycosidic bond
formation from S-D-Glucose units. These glucose units are also known as glucans. In
addition, there can also be “N-glycosidic linkage”, “S-glycosidic linkage” and “C-glycosidic
linkage” where the ‘O’ of glycosidic bond is replaced by N, S and C respectively. Molecules
with N-glycosidic linkage are called glycosyl amines while those with S-glycosidic linkage

are called thioglycosides.

CH,OH
0. OH
CH,OH K OH
o_0
OH ., OH

OH ‘4
OH Glycosidic oxygen

B-D-Glucose  + B-D-Glucose 1—4 linked B-D-Glucose

Figure 1.2: Representation of glycosidic bond formation from two - D-glucose monosaccharides.
Numbering (in green) is for ring carbons.

The carbonyl carbon of the aldehyde group in linear form becomes anomeric carbon in the
cyclic ring. As the anomeric carbon ‘C'y’ is bound to two oxygen atoms, it possesses unique
chemical, conformational and structural properties[10]. Polarisation of C-O bonds reduces

the o electron density on the carbon atom. But this is compensated by back donation of
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electron density from lone pair of ring oxygen atom to o* orbital of the exocyclic C-O bond.
The extent to which this occurs depends on the degree of orbital overlap and configuration
about C'. If the OH group is in axial position, then the donation of lone pair of electrons
to this o™* orbital, lowers the overall energy of the system resulting in more stability. The
same is less prominent if the OH group is in equatorial position. This preference of the
OH group or the polar groups to take up the axial position is defined as anomeric effect.
If the anomeric carbon is free and not bound to any other monosaccharide residue, then it
is the reducing end where as if the anomeric carbon is bound to other residue or part of

any glycosidic linkage, then it is the non-reducing end.

Each polysaccharide possess unique

212 ( ae) 512 (ee) structural features. These fea-

Ho tures come up because of the
iﬁ ﬁ@ variations in terms of ring size

(e.g, 5 membered or 6 mem-

a1-3( ae
o £1-3 (ee) bered rings), monosaccharide com-
HO HO
Hotﬁ, OH OH OHO position (e.g, glucose, fructose,
S ? Hoﬂ% . maltose, galactose, etc.), config-
HO HO OH Y g ) ) g
HO oH uration of the monosaccharide
a 1-4 (ae) B1-4 (ee) 1
OH OH Sl (whether o or f3), the glycosidic
H%ﬁoz OH Hoﬁol 0 O  on| linkage between the monosaccha-
H HO f;‘A/
oH O~ g on HE=LL rides (1—32, 1—33, 1—34, 16 type
1-6 (ae) OHOH | £1.6 (ee) of linkage), chemical composition
OH

(homo-polysaccharides or hetero-

HO 0 OH
HO Hoﬁo: - on polysaccharides) of the polymer.

o
= Ho OH /52/ Figure 1.3 shows the different gly-
0
o HO, o OH cosidic linkages formed by the

OH OH

anomers of D-glucose, which have

Figure 1.3: Glycosidic linkages formed by o and been used in this work. ~Apart
glucose molecules. from these, factors like degree of
polymerization, extent of branch-

ing and the frequency of branching from the main chain, charged group substitution
(carboxylate, sulphate, phosphate group etc.), location of substitution on the ring, molec-
ular weight, three-dimensional arrangement in space, intramolecular hydrogen bonding,
nature of the solvent system (pH, ionic strength, temperature) etc. also play a crucial role
in controlling the structural features. All these distinct structural and chemical properties
pave the way for polysaccharides in exhibiting a wide range of functional properties
including rheological properties and solubility. Disaccharides with 1—3, 1—4 and 1—6

type of linkages have received more attention over the years when compared to 1—2
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glycosidic linkage. This is primarily because the former glycosidic linkages feature most

commonly in nature.

Minor variations in the monomeric unit, configuration of the monomer and the glycosidic
linkage will lead to a huge impact on the polysaccharide structural and functional properties.
For instance, cellulose and amylose are both naturally occurring homo polysaccharides
containing D-Glucose units linked by 1—4 O-glycosidic linkage. But the difference lies in
their anomericity[11]. Cellulose has 5 while amylose has o glycosidic linkage. This leads
to variation in the arrangement of glycosidic bonds, which would alter their functionalities.
In case of cellulose, the strands are linear whereas in case of amylose, the strands are more
coiled. Cellulose acts as a structural framework whereas amylose acts as energy storer
in plants [12, 13, 14]. They also act as signalling molecules in certain vital biological
processes. Biocompatibility, high mechanical strength, good flexibility & elasticity, low
toxicity, shear-thinning properties, and ability to swell and hold water enable it to be used

in various biomedical applications.

1.2 Extraction of polysaccharides

Naturally occurring polysaccharides usually coexist in nature with other biomolecules
which makes the separation process extremely tedious and sometimes even impossible.
They can be extracted from plants, animals, fungi, algae etc. Depending on the source of
extraction, they can be categorised into plant polysaccharides, animal polysaccharides,
algal polysaccharides, microbial polysaccharides, etc. Each of these sources posses a
specific glycosidic linkage or is a combination of multiple glycosidic linkages. There are
four commonly used techniques for polysaccharide extraction from the most abundant
plant sources. They are (i) water extraction (ii) alkaline extraction (iii) acidic extraction
and (iv) enzymatic extraction[15]. All these processes are extremely time consuming.
Even if g-glucans are extracted with water, several other chemicals have to be employed
in order to remove proteins and starch. Presence of proteins or starch even in minor
concentration in the extracted polysaccharides might alter the viscosity and in turn its
biological efficacy. This in turn elevates the cost of extraction. Hence it is certainly a
huge challenge to attain the required compound with high purity as well as high molecular

weight.

Owing to their non-volatility and tunable hydrophobicity, ionic liquids (IL) have gained
popularity in polysaccharide extraction[16, 17, 18, 19]. For practical implementation of ILs,
their “recovery and reuse” is crucial[20]. But, the contamination caused by the reactions
in between substrates and ILs can be unfavourable for reuse. Also, the percentage of

extraction ranges from 15-80 and varies with the source of extraction, ionic liquid of
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choice and conditions employed[16, 17, 18, 19]. Despite the fact that various studies are
published to understand the mechanism of polysaccharide isolation and extraction, there

is lot more to balance between selectivity and efficiency.

1.3 Synthesis of polysaccharides

In vitro synthesis of polysaccharides has been challenging and tedious as the complexity
lies in controlling stereoselectivity and regioselectivity. For instance, between two amino
acids, only one dipeptide can be formed but two identical monosaccharides can give up
to 13 different disaccharides|[21]. Presence of multiple hydroxyl groups with similar pk,
and reactivity is what elevates the complexity. Over the past few decades, carbohydrate
chemists have established several glycosylation reactions and several strategies for glycan
assembly. Chemical and enzymatic method of oligosaccharide synthesis are obtaining

popularity although they are laborious and time consuming.

1.3.1 Chemical synthesis of polysaccharides

Over the years, chemists have developed several novel assembly techniques, protecting
group manipulations, glycosylation methods in synthesizing long oligosaccharide chains.
In general, three strategies are used for polysaccharide synthesis. They are (i)Poly
condensation, (ii)Ring opening polymerization and (iii)Step-wise elongation. The assembly

strategy is what determines overall efficiency of the synthesis.

Naturally occurring polysaccharides like cellulose, chitin, xylan, and amylose are all
basically 1—4 linked polysaccharides. But their chemical synthesis is extremely tedious.
For instance, a degree of polymerization of 60 was obtained in presence of P05 with
the poly condensation of 2,3,6-tri- O-phenylcarbamoyl- D-glucose. However, this reaction
could not accomplish the required stereo and regio selectivity[22]. The challenge of regio
specificity is overcome by temporary regio selective protection of hydroxyl groups which
do not participate in glycosidic bond formation. Despite the fact that this approach can
be accomplished with monosaccharides, it is extremely challenging and time consuming
approach for disaccharides, trisaccharides or oligosaccharides. Also, stability of protecting
group, attaining a global de-protection, removal of the protecting group under mild
conditions without affecting the newly generated glycosidic bond attains a major challenge
and affects the overall yield. Recently Joseph and co workers|23] have reported the
synthesis of polysaccharide with a-D-Glucose with a degree of polymerization of 100 with

a 1—6 glycosidic bond.
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1.3.2 Enzymatic synthesis of polysaccharides

For the synthesis of natural and synthetic polysaccharides, enzymatic polymerization is
known to be a powerful tool. The major advantage being, it does not need protection
for hydroxyl groups since the enzymes control both the regio and stereo selectivity of
glycosylation reactions by molecular recognition[24]. Apart from this, there are several
advantages of using enzymes over chemical methods. They increase catalytic rates, have
substrate specificity, most of the enzymes operate at room temperature and at pH 7 in
aqueous medium thus avoiding harsh conditions. Their biodegradability and solubility in

aqueous solution makes enzymes an eco-friendly option[25].

Enzymatic synthesis can be classified into 4 categories based on type of enzyme used. (i)
glycosylases: these form glycosidic linkage in kinetic and thermodynamic approach, (ii)
glycosyl transferases: they are involved in Leloir pathway and employ sugar nucleotides
as donors, (iii) phosphorylases: they are the non-Leloir pathway and employ sugar-1-
phosphate as donors, (iv) artificial glycosynthases: these are mutated glycosylases to curb
the hydrolytic activity[24, 25, 26]. Natural polysaccharides such as cellulose and chitin
having 8 1—4 glycosidic linkage have been synthesized by an enzyme called hydrolase.
The cellulose oligosaccharide and their derivates are prepared using two step enzymatic
reactions[27]. First step involves transfer of methyl /5 cellobioside as glycosyl acceptor.
As the hydroxyl is at axial position, lactosylation occurs exclusively at the glycosyl
acceptor forming # 1—4 glycosidic linkage. In the second step, product gets subjected
to enzymatic degalactosylation by f galactosidase giving methyl /3 cello-tetraoside. This
method of stepwise elongation makes it possible to prepare cello oligosaccharides having
definite degree of polymerization. In a similar way, poly condensation of a maltosyl
fluoride catalysed by a amylase[28] gives malto oligosaccharide with up to 12 glucose units.
Chitobiose oxazoline monomer derivative has been used to synthesize chitin using the
enzyme chitinase. Unnatural and hybrid polysaccharides with degree of polymerization

up to 24 units have been found through MALDI-TOF mass spectroscopy experiments[29].

However, the major drawback of this technique is limited enzyme availability and slightly
higher cost of glycosyl donors. The lower solubility of polysaccharides often leads to
precipitation, further hindering the formation of polysaccharide with higher degree of
polymerization. Although there have been several significant breakthroughs in regulating
the stereo and regio selectivity involved in the formation of glycosidic bond, there isn’t
any generalised route for the synthesis of this diverse class (linear, cyclic, branched, hyper

branched etc.) of biomolecules.
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1.4 Analysis techniques

Myriad of sugar residues, either natural or synthesized in lab, exhibit a plethora of stereo-
chemistry, configuration, conformation and branching. Hence, unlike proteins, structural
elucidation of polysaccharides in attempting to find a generalized pattern becomes a
formidable task[30, 31]. Currently, X-ray diffraction studies (XRD)[32], Small angle
X-ray scattering (SAXS)[33, 34], X-ray photoelectron spectroscopy (XPS)[35], dynamic
laser light scattering-gel permeation chromatography (DLLS-GPC)[36], nuclear magnetic
resonance (NMR)[37, 38], Mass spectrometry (MS)[39, 40], Scanning electron microscopy
(SEM)[38] are the methods to elucidate structure of polysaccharides or polysaccharide
based materials. The sample preparation of SEM and TEM is usually complex and needs
high vacuum conditions. For XRD, sample should be prepared into film or fibre or crystal.
Although XRD can give static structures of mono or disaccharides, it is uncertain if the
molecule adopts the same conformation in solution. Further, higher oligosaccharides
may not crystallise due to less favourable packing arrangement in solid state. Also,
polysaccharides do not have a well characterised secondary or tertiary structure unlike
nucleic acids or proteins. The inability of MS to predict the correct anomericity and
glycosidic linkage pattern in polysaccharides adds to the problem. In case of NMR,
assignment of peaks is highly complicated for higher molecular weight polysaccharides
[41]. Although NMR can offer the structure in solution to some extent, it is usually an
average of conformers occurring simultaneously[37, 42, 43, 44, 45]. In solution, multiple
conformations brought out by glycosidic angle variation exist in equilibrium. This needs
appropriate time resolution of spectroscopic methods for the conformational analysis of
the molecules. In this scenario, computation plays a vital role to model, simulate and
predict intricate structural and dynamical details of this complex class of molecules and is

a must have to comprehend the 3D structures in solution|29, 46, 47].

1.5 Simulation studies on saccharides

The micro heterogeneity, i.e., the simultaneous variation in both length and structure
of the polysaccharide, hinder the experimental approaches for studying properties of
polysaccharides. This void can be filled by molecular dynamic simulations. Since the
inception of high performance computing facilities, simulation studies have taken a leap.
Advancement in algorithms and technology facilitate in rapid sampling of biomolecular
conformations. Simulations can be run for a couple of nanoseconds (ns)[48] and can be
extended to microsecond range (ps) in reasonable amount of time. This is sufficient to
account most internal motions of glycans. In the recent years, calculations based on

density functional theory (DFT) and force field based molecular dynamics have been used
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to analyse the hydrogen bonding, conformational changes, solvent interactions and various
other attributes of polysaccharides as well as other biomolecules. Studies are carried
out on monosaccharides to oligosaccharides both in all atom (AA) model, coarse grained
(CG) model and hybrid models[49, 50, 51, 52]. These studies can be done in vacuum
and or in solvent medium. Several force fields are developed to study the properties of
carbohydrates. Some of them are CHARMM36[53], GLYCAM-06[54], GROMOS|55] and
OPLSAA[56].

1.5.1 Structure and energetics of D-glucose

Owing to their biological significance, D-

“D'G‘“"f“‘m“ glucose has been studied extensively among

—— . BD_Glmﬁmose all the carbohydrates. Figure 1.4 shows the

TG e { R { e different forms of D-glucose. D-glucose
- T can exist in both linear and cyclic forms.

Figure 1.4: Different configurations of D- The cyclic ring can cither be a furanose
glucose. or pyranose. Each of these can exist in
their respective o/ configurations. To

have a comprehensive understanding of physical and chemical properties of glucose
based molecules, one should have a clear idea of their molecular structures, preferred

configurations and the energy difference between the two anomers.

Molecular dynamic simulations on § and « glucans were first reported by John W.
Brady. The atomic coordinates of glucans for this work are taken from neutron diffraction
studies[57, 58]. It has been reported that at 300 K, the energy difference between the
chair conformations of the two anomers(A G, f—a) of glucose is -0.31 kcal/mol (in
aqueous phase) in comparison to the experimental value of 0.33 kcal/mol. This energy
difference is a result of intermolecular stabilization through solute-solvent interactions
in f anomers[59]. Several calculations of isolated f and a glucose molecules suggests
the existence of stable and less stable conformers. In aqueous solution, the equilibrium
is towards S-glucopyranose (64%) over a-glucopyranose (36%)[60]. Figure 1.5 shows the

different kinds of configurations of D-glucopyranose.

Depending on the orientation of the exocyclic Cs — Og bond, the conformers can be
named as shown in Figure 1.6. If the Cs — Og bond is (i) gauche to both C5 — Cj
and C5 — Os: gg rotamer, (ii) trans to C5 — Cy and gauche to C5 — Os: gt rotamer,
(iii) gauche to C5 — C, and trans to Cs5 — Os: tg rotamer. The gt and gg rotamers
have free energy difference close to 0[61], which is in line with NMR measurements[62].

Miura et al. have performed the DFT calculations of &« and § D-glucopyranose.
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They have reported the population of ¢gg, gt and tg ro- on PR G
tamers as 48:51:1 and 53:46:1 for 5-D-glucopyranose | og_H AN o .
and a-D-glucopyranose respectively[63]. On the HIC—::ZSH S OH
other hand, NMR studies by Nishida et al. sug- | #—oH I

gests the ratio between these hydroxyl rotamers Hi(;:; i) e /OH&'
as 53:45:2 and 56:44:0 for pB-D-glucopyranose and INUZ onl
a-D-glucopyranose respectively. Although the num- (%= Cha G O L]
bers obtained from experiment and simulation are Figure 1.5: Configurations

of D-glucopyranose. (a)Fisher

) ) ) projection of open chain glu-
fact that theoretical work are carried out in gas cose, (b)Haworth projection and

close, the small difference could be because of the

phase. The furanose and pyranose forms can exist (c)'Cy Chair conformation of

. . . . both anomers.

in multiple conformations. These conformations can

interconvert among themselves provided the energy

requirement is met. Furanose can exist in only two forms which are twist (T) and envelope
(E) where as pyranose can exist in five different conformations. They are chair (C), boat
(B), skew-boat (S), half-chair (H) and envelope (E). These representations are shown in
Figure 1.8 The reactions of polysaccharides are well dependent on the conformation of the
ring. Changes in the rotatable ring bonds lead to out of plane bending motions in the
flexible ring thus altering its conformation. This phenomenon of distortion of the ring

from the ideally planar hexagonal form is called as “ring-puckering”.

Wide range of techniques have been devel-

oped in order to characterize the extent
He 2 e of puckering in the ring[64, 65, 66, 67, 68].
These approaches are based on perpendicu-
lar displacement from mean position by the
ring atoms or triangular tessellation of the

ring and measure the angle between refer-

ence plane and triangular plane or measure

) . of torsion angles. Measure of torsion angle
Figure 1.6: Rotamers exhibited by the ) ] ] ] :
three bond 1—6 glycosidic linkage. alone is not sufficient as it cannot identify

the psuedorotation. D. Cremer and J. A.
Pople’s theory based on perpendicular displacement of ring atoms is widely accepted[64].
This method uses (N-8) parameters to describe the geometry of system with N vertices.
Thus, for a 6 membered ring, 3 puckering parameters are used to describe the extent of

puckering. The generalised ring puckering coordinates can be defined in the following way;

N :
Gm COS Oy, = \/%sz cos [%} (1.1)
j=1
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N :
Qm SN @y, = —\/%sz sin {%} (1.2)
j=1

712 zjcos[(j — 1)m| = N%Z(—l)jflzj (1.3)

Where N is the number of atoms, z; is the dis-

N\Z

placement from the mean plane cartesian coordinate N
along z-direction, ¢, is the part of the puckering
parameters which are used to describe the extent of THE
puckering and m is the index of puckering. If the o
number of atoms in the ring are even and N>3, m

takes the value of 2,3,...,N /2. So for a 6 membered 0 9

ring, a single amplitude-phase pair (gq,¢2) and a

single puckering coordinate ¢3 are used to describe

the three puckering degrees of freedom. They repre-

sent a set of puckering coordinates with amplitudes s

¢m (>0) and phase angle ¢,, (0<¢<2m). These Figure 1.7: The spherical co-
ordinate system representing the

Cremer-Pople puckering param-
“spherical polar set” (Q,0,¢) using the equations 1.4 eters for the six membered pyra-
nose rings.

coordinates can alternatively be represented by a

and 1.5. In the spherical coordinate system, the
“total puckering amplitude” is given by () and the
“distortion type” is specified by two angular variables which are 0 (psuedorotation angle)
and ¢ (phase angle)[69]. Figure 1.7 depicts the spherical coordinate system representing
the Cremer-Pople puckering parameters for the six membered pyranose rings. The quantity
Q(> 0) can be defined as shown in equation 1.4. This coordinate system permits the

projection of all types of puckering on the surface of a sphere.

Q= qu—z - (1.4)

7=1

G2 = Qsinf; g3 = Qcosl (1.5)

The pyranose ring is considered to be in the most stable chair conformation (*C; or 'Cy)
for 0= 0 or 180°. For 06=90°, which denotes the equatorial plane of the sphere, as the
phase angle crosses different values from 0 to 360°, the six membered pyranose ring touches
six boat (o= 0, 60, 120, 180, 240, 300°) and six twist boat conformations (o= 30, 90, 150,
210, 270, 330°). In between for 6=45 or 135°, envelopes and half-envelopes are observed.
The pseudo rotation leads to multiple equivalent conformations. Hence, ring puckers are

grouped into different “canonical forms”[68]. For example, the C and 'C} of the chair
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conformation, the °Hy,*Hs,*Hs > Hy,2H, "H, > Hy," Hy,' Hy, °Hy,° Hy > Hy of the half chair
conformation, E5,*E, E3,> B, E\°E, E,' E, Ey° E, E,,3 E of the envelope conformation,
085,1 S5,1 S3,2.50,% 51,2 Sy of the skew boat conformation and By s,"* B, B3 o,%° B, By 4,*" B

of the boat conformation[70] as represented in Figure 1.8.

B | 'S3|Byo| *So |*°B|°S; By [*Sy 9B [, |'Ss |Bys

0 30 60 90 120 150 180 210 240 270 300 330 360

Figure 1.8: Cremer Pople and Mercator representation representation of glucopyranose ring

The dominant *C; arrangement refers to a chair configuration, where the Cy carbon atom
is above the reference plane formed by (Cy — C3 — C5 — O3) and the C) carbon atom
is below the plane. In general, for D-glucopyranose, *C; conformer and the 3-anomers
are favoured in aqueous solution. Appell et al. reported that electronic energy of 'O,
chair is 5-10 kcal/mol higher than that of globally stable *C} chair conformation while
boat and skew boat are 4-15 kcal/mol higher. They also reported a relative higher energy
of tg conformer over gg and gt by 0.4-0.7 kcal/mol using B3LYP/6-311++G** level of
theory[71, 72]. The in vacuo calculations however favoured a anomer over 3 anomer
by 2.2 kcal/mol in both *C; and 'C, conformations which is quite opposite to what is
found experimentally in solution. This is because of the inter molecular stabilization of
axial OH groups by hydrogen bonding. Anomeric effect is also expected to play some
significant role in this case. The hydroxymethyl in g¢ conformation is of lowest energy
for both the anomers[71]. For 4C; and 'Cj conformation for 3-glucopyranose, barrows
et al.[73] and csonka et al.[74] have reported electronic energy difference of 3-4 kcal/mol
using MP2/cc—pVTZ//MP2/cc—pVDZ level of theory. To understand the transition
pathway between conformations, Biarnes et al. have reported a conformational free energy
map. This map has ring distortion as a function of puckering coordinates[75]. In an
earlier REMD simulation study by Gnanakaran et al. on cellulose fragments comprising
[B-D-glucopyranoside units linked by 1—4 glycosidic linkages, it was shown that although

4C) is the preferred chair conformation observed in the simulations and about 1-2%
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of conformers exhibited non-chair forms. It is noteworthy here that the propensity of

formation of non-chair forms increases with the degree of polymerization|76].

On a similar line, Saplin et al. have done gas phase acidity studies on both the anomers
of D-glucose. Using B3LYP functional and 6-31+G(d,p) basis set, they have stated
that the anomeric carbon is the most acidic among all the hydroxy groups for both the
anomers[77]. The orientation of hydroxyl group on the anomeric carbon is driven by a
competition between exo-anomeric effect and negative effect[78]. Preference of anomeric
axial or equatorial ring substituents to adopt gauche conformation is “exo-anomeric
effect”. While the negative effect is the preference of anomeric substituents in trans
orientation. De-protonation of the anomeric hydroxyl group may lead to ring opening or
interconversion among the anomers. The most stable conformations of a-D-glucopyranose
and (- D-glucopyranose have same energies and conformation expect for anomeric OH
group in axial () or equatorial (3) position[79]. This minute change as mentioned earlier

is sufficient to trigger variation in physical and chemical properties.

1.5.2 Studies on glucose based disaccharides and beyond

As mentioned earlier, two residues of D-
glucopyranose are joined by means of a “glycosidic
linkage”. Disaccharides are the smallest units rep-
resenting all the degrees of freedom determining
the conformational flexibility of higher saccharides.

They take a general formula of (CgH120s5),, where

n > 2. The population of rotamers about this gly-

cosidic linkage is crucial in determining the overall Figure 1.9: Schematic represen-
tation of 1—4 glycosidic bond be-

tween two a-glucose residues.

structure of the polysaccharide. Although an indi-
vidual pyranose ring exhibits some flexibility, there
is some limitation in the overall flexibility of the oligosaccharides. This is because of

restricted movement in the torsion angles.

For a given (1—n) kind of linkage, where n=2,3,4,6, the torsion angles ¢ and { can
be defined as (05 — C, — O, — C.) and (C; — O, — C! - C"_,
1.9 shows the glycosidic bond in between two a-D-glucose residues. The torsion angles
(O5 — C1 — 04 — Cy) and (Cy — Oy — Cy — C3) are used to represent ¢ and 1 dihedrals
respectively in this case. The ¢ angle is characterized by high degree of flexibility

) respectively. Figure

while 1 presents the restricted motion[80]. For an oligosaccharide, the conformational
characteristics can be plotted as ¢ against { in a way similar to proteins known as
“Carbohydrate Ramachandran plot”[81]. This map differs for all the glycosidic
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combinations as they differ in their relative orientation. Pereira et al. reported that on
a time scale of 50 ns, the complete rotation of the glycosidic dihedral ¢ is at most once
or twice and never for P[82]. Additionally, the w and the w* dihedral in 1—6 linkage,
defined as (O — Cs — C5 — O5) and (Og — Cg — C5 — Oy) respectively[82]. The peaks
in w torsion angle distribution refers to the population of gauche-gauche (gg, w~300),

gauche-trans (gt, w~60) and trans-gauche (tg, w~180) rotamers.

Salisburg et al. using GLYCAMO6 force field have modelled several disaccharides and
validated their results by comparing the Ramachandran plot with experimentally obtained
results[83]. Over the decades, significant efforts have been made to develop molecular
mechanics based force fields[55, 84, 85]. Olgun Guvench et al. reported the force field
parameters for 1—1, 1—2, 1—3, 1—4, and 1—6 glycosidic linkages[86] possible for D-
glucopyranose in CHARMM format. From simulation point of view, disaccharides are
the smallest entities which could validate the force fields and thus aid in the construction
of complex saccharides.These parameters were validated against XRD and NMR data.
This suggests a significant development in the quality of carbohydrate force field to run
MD simulations for determining their thermodynamic and structural properties. These
parameters can be used for the modelling of linear, cyclic, branched hexa pyranose
glycosidic linkages alone as homogeneous models as well as heterogeneous chains along
with proteins and lipids by clubbing with existing CHARMM biomolecular force fields.

Orientation of the glycosidic linkage also has a huge role in reorienting the structure of
the oligosaccharide. For instance, the glycosidic 1—2, 1—3, 1—4 and 1—6 bonds formed
between two o anomers are “axial-equatorial” in nature. This is because, the OH
group on anomeric carbon (7 is oriented in axial position while all other OH groups are
in equatorial position. On the other hand, the glycosidic bonds formed between two [
anomers are “equatorial-equatorial” in nature as all the OH groups are in equatorial
orientation. This property greatly alters the three dimensional structure of oligosaccharide
backbone. Thus we can say that the major driving forces governing conformational
preference of an oligosaccharide are ring conformation because of puckering, linkage type,
glycosidic dihedral angles, steric constraints because of substituents, exoanomeric effect,

intramolecular hydrogen bonding and nature of solvent[87].

Hardy et al. have reported the conformational behaviour of cello oligomers like cellobiose
(D-glc-B-1—4-D-glce), cellotetrose and cellooctose. These oligomers exhibit coiled and
twisted shape more than what is seen in crystalline cellulose[88]. This is perhaps due to the
less constrained structure in solution state. Almond et al. have thoroughly investigated
the effect of hydrogen bonding in oligosaccharide chains of both the anomers. They have
reported that chains with o glycosidic linkage have weak hydrogen bonding while those
with 8 glycosidic linkages have stronger hydrogen bonding[89]. Widmalm et al. have done
MD simulations on f1—4/51—3 glucose linked decasaccharide[47]. SAXS plots generated
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from these MD simulations were in close agreement with experimental data. Feng et al.
have performed MD simulations of 5 1—3 linked saccharides with chain lengths 6, 12,
18 and 24 inspired from curdlan structure[90]. They have shown that propensity of helix
formation does not change with chain length. They have extended their study by using
multiple single strands of variable lengths and shown that right handed triple helix to be

the thermodynamically most stable arrangement.

1.6 B-glucan bile acid interactions

Certain forms of oligosac-

charides called as “83-

- [ | @ I
(<=8
(@) pl1-4 Ppl-4 Ppl-4 Pp1-3 < X X ﬂ 1—>3, 1—4 linkages in
© B3 L3 pi3 =| the main chain and are
- [ | [ @& branched with § 16
(b) Bl-4 Bl-4 Bl-4 PBl1-4 P13 linkage. They are proven
to benefit human health

immensely. They posi-

glucans”, comprise of

Figure 1.10: Representative units of (a)Oat-Cellotriosyl units,
(b)Barley-Cellotetrosyl units and (¢)Mushroom based motif.
tively influence fat and

sugar metabolism in the body. They are known to alleviate certain chronic diseases like
dislipedimia and other cardiovascular disorders (CVD), allergies, obesity, constipation, di-
abetes mellitus etc[91, 92]. Because of their structure, they interact with innate immunity
receptors and also act as dietary fibers in digestive track[93]. Hence the interaction of (-
glucans with other dietary components and molecules emerging out of metabolic pathways
in the gastrointestinal (GI) tract is attracting widespread attention these days. These
are present in the cell walls of fungi, yeast, mushrooms and cereals like oat, barley, wheat
and rye. Their structures and molecular weight vary based on the source of extraction.
Typically, molecular weight of S-glucans can vary from few tens to thousands of kilodaltons.
For instance, oat and barley [-glucans have $1—4 linked glucose chains separated by
intermediate $1—3 glycosidic linkage. Usually, oat (-glucan exists as “cellotriosyl units”
i.e., after every three f1—4 glycosidic linkages, one $1—3 linkage is present as shown in
Figure 1.10(a). Whereas, barley [-glucan exists as “cellotetrosyl units” i.e., after every
four 51—4 glycosidic linkages, one $1—3 linkage is present as shown in Figure 1.10(b).
Similarly, mushroom based -glucans have $1—3 linked glycosidic bonds as the backbone
with small chain 51—6 branches as shown in Figure 1.10(c). Cellulose, the most abundant
[-glucan, is linear. The molecular weight, chemical structure, solution rheology, extent

and rate of dissolution are vital in influencing the physiological function of S-glucans[94].
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Recent findings by Jayanchandran et al. suggested that gut microbiota play a significant
role in maintaining healthy life, energy harvest and protection of host from harmful
pathogens[95, 96]. The gut microbiota is made up of around 1000 species which varies
uniquely for each individual[97]. These mixed linkage (-glucans promote health by
the regulation of gut microbiota. Dietary fibre reaching colon gets fermented by local
microbiota[8]. Thus, microbiota can be seen as an “additional digestive organ” which
has co-evolved with animals and aid in the digestion of selected food components|[97].
One of the mechanism behind cholesterol lowering effect of §-glucans is through the
production of short chain fatty acids (SCFA) by metabolism of microbiota. Increase
in the amount of SCFA decreases cholesterol biosynthesis[99]. There are two forms of
B-glucan, soluble and insoluble which can interact with lipids and biliary salts, thus paving
a way to reduce cholesterol. Usually, soluble -glucan fibers have $5-(1,3)/(1,6)-D-glucose
where as insoluble fibers have 8-(1,3)/(1,4)- D-glucose[100]. Solubility of the most of the
oligosaccharides depends on the source of extraction and their molecular weight and it
increases with increase in temperature. Due to their high viscosity, the water soluble
polysaccharides are believed to trap cholesterol, cholesterol based derivatives, low density
lipoproteins thus preventing their absorption. Presence of proteinaceous materials also
tend to increase the viscosity in the digestive track, thus influencing the aggregation of

B-glucans.

Several experimental studies have been carried on the interaction of -glucans with bile
acids. Meir et al. using 'H-'*C NMR have studied the host-guest interactions of -
(1,3)/(1,4) mixed linkages with bile salts at a pH of 5.3[101]. The effect of S-glucans in
reducing cholesterol can also be linked to its molecular weight. Ames et al. have reported
that high molecular weight S-glucans are more efficient in reducing serum cholesterol[102].
Wilde et al. have shown that (-glucan rich unrefined oat based foods are efficient in
cholesterol lowering over refined oat based foods[103]. Tosh et al. have reported the effect
of molecular weight and concentration of S-glucan on the extent of gelation and viscous
behaviour[104]. They have shown that S-glucans with low molecular weight tend to gel
faster whereas [-glucans with high molecular weight form harder gels which are even
resistant to mechanical stress. Till date, several clinical trials have suggested the ability
of polysaccharides aid in the reduction of cholesterol by getting bound to bile acids and
their aggregates[91, 105, 106, 107].

The complex hierarchical structures of the polysaccharide and mimicking the exact
physiological composition of intestinal fluid in vitro are major challenges among others[108,
109]. While it is understandable why molecular details of such interactions are less available,
one can focus more on utilizing computation tools to address such problems and fill up
the void. In recent times, homology modelling, molecular dynamics simulations, docking

and bioinformatics tools are increasingly used to model and study structure dynamics
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relationships of complex bio-molecular assemblies[110]. Partay et al. have reported the
aggregation behaviour of bile salts like sodium cholate and sodium deoxycholate at three
different concentrations (30, 90 and 300 mM)[111]. It has been shown that due to their
unique molecular structure, which is significantly different from the conventional aliphatic
surfactant molecules, the bile salts tend to form soft clusters distinct from the usual
spherical micelles. In case of lower concentration, bile acids only formed oligomers where
as in case of higher concentration bile ions formed large micelles. Hydrogen bonding
together with hydrophobic interactions between the polysaccharide and bile acids play
the dominant role in triggering such adsorptions. Li et al. have used molecular docking
to understand the adsorption of soy-hull polysaccharides on bile acids[112]. Recent work
have shown that aggregation of cholesterol is influenced by the presence of -glucans.
[f-glucan slows down the cholesterol aggregation by a factor of ~ 2. This results in the
formation of smaller aggregates which are relatively easy for elimination through dietary
fibers from our body[113]. In an other work, using well tempered meta dynamics they
have shown that oat §-glucans have better wrapping ability over cholesterol aggregates

when compared to a fungal S-glucan[114].

1.7 Force spectroscopy of polysaccharides

A set of techniques employed to study the interactions between individual biological
molecules is called as "Force spectroscopy”[115, 116]. Optical tweezers, magnetic
tweezers and atomic force microscopy are some of the common force spectroscopic tech-
niques in use. Over the last 20 years, tremendous progress has been made in devel-
oping these techniques, thus, enabling the force measurements of small molecules to
proteins[117, 118, 119, 120]. Simple and rapid sample preparation, ability to conduct
measurements on biological molecules in physiological conditions gives AFM an upper
hand over other microscopic techniques[115]. AFM technique can measure stretching
and deformation in single polysaccharide chains[121, 122, 123, 124, 125, 126, 127]. Force
induced conformational transitions are also detectable through AFM which are otherwise
not possible through conventional methods[121]. In this method, one end of the molecule
under study is attached to a piezo surface and the free end is attached to AFM tip through
which force can be applied. The force is measured by tracking the deflection of cantilever.
This ability to manipulate biomolecules attached to trapped micro or nanoparticles and
thereby measure forces with femtonewton accuracy has opened the way to study various
important topics like polymer and nanomaterial characterization, membrane stiffness
determination etc[128, 129, 130].
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Mechanical properties of polysaccharides are of sig- O
nificant interest[131]. Certain structural polymers °
help in maintaining body’s shape against exter- OVV‘{:A() t;
nal mechanical stress[132]. A series of seminal i
work by the groups of Marszalek and Gaub, ex- M‘ t
ploring the elastic properties of polysaccharides us-

ing AFM and steered molecular dynamics simu- ONWO . t3
lations (SMD) have already set the stage for the o d
problem[121, 124, 127, 133, 134]. The idea behind (MM = t
SMD simulation is to apply external force on one <= .

or more atoms and keep an other set of atoms fixed

and study the behaviour of biomolecule. Atoms
Figure 1.11: One dimensional

constant velocity pulling. The
while those kept fixed are “fixed atoms”. These dummy atom is coloured red and
SMD atom is coloured purple. As
constant velocity is applied on
time scales accessible to MD simulations, this tech- dummy atom, SMD atom experi-
ences the force which is a linear
function of distance between both
unbinding of ligands and conformational changes the atoms.

9

subjected to external force are called “SMD atoms’
two combined are the so called “tagged atoms”. On
nique can be used to explore biological processes like

associated with it. SMD can be broadly categorised

into two types, (a) constant velocity pulling and (b) constant force pulling. In case of
constant velocity SMD simulation, a dummy atom is attached to SMD atom through a
virtual spring. This dummy atom is pulled with constant velocity. On the other hand, in
case of constant force pulling, a constant force is experienced by the SMD atom in the
direction that defines the vector between SMD atom and fixed atom. Figure 1.11 shows

the one dimensional constant velocity pulling.

Stretching of the polysaccharides are associated with conformational changes. Usually,
the conformational transitions associated with the stretching of the polysaccharide can
be identified from the characteristic “force-extension (F-E) curves” generated from the
AFM studies or SMD simulations. The most common way to address the F-E curves
thus explaining the elasticity issue in polysaccharides is in terms of entropic and Hookean
regimes[135, 136]. A hump or plateau in the F-E curve would mean that a relatively
small force is able to induce extension in the polysaccharide length, thereby decreasing the
slope of the curve[137]. This region of smaller force and uncoiling of the polysaccharide is
known as the “entropic domain”, which on stretching, rotates and orients in the direction
of the applied force. Beyond a critical force, marked by the elbow region, the extension
usually increases linearly with the applied force, following a Hookean potential. The elastic
restoring force generated thereby tries to constrain the possible chain configurations and
reduce the configurational entropy. The polymer extends proportionately to the rapidly
increasing stress in the high stretch regime, called the “Hookean domain”. Finally, as
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the polymer reaches its contour length, the chain is fully stretched and has very few
configurational options left. In the limit, the entropy reduces to zero when the polymer

chain becomes linear[136].

In between the initial entropic and Hookean domain in the later part, there is sometimes
an additional region of moderate extension, where the force-extension curve is usually
observed to be non-gaussian. In this region, the polysaccharides stretch and transform the
chair to boat conformers; the system passes through a high entropy region, as numerous
skew boat conformers are possible as intermediates. Experiments reveal that in living
systems, certain connective tissues which are exceedingly elastic in nature, like skin, exhibit
additional elasticity beyond entropic and Hookean types[132]. This kind of elasticity has a
functional role in regulating macroscopic properties of biological materials. Conformational
changes originating from the structure of a pyranose can vary in lengths of individual
conformation[137]. These force induced conformational changes are also refereed as
“clicks”. Transformations between these conformers can be from one chair conformation
to other chair conformation (*C; to *Cj), chair conformation to boat and finally to chair
(*Cy to M B to 1Cy)[126, 134, 138].

With the help of statistical mechanical models of polymer extensibility, like the worm-like
chain model (WLC), the freely jointed chain model (FJC) or the extensible versions of
them, one can attempt to fit the experimental F-E curves[134, 135]. The worm-like chain
(WLC) or freely jointed chain (FJC) models are often used to successfully fit the low-force
entropic region of the F-E curve. In an improved version of the WLC model, also known
as the extensible worm like chain model (EWLC), the Hookean extension of a polymer
chain at higher forces can be fitted with reasonable efficacy. Additionally, the models
help estimate the free energy of transformation from a non extended to an extended
conformation[137, 139].

1.8 Polysaccharide membranes

Being the structural scaffold in plants (cellulose) and animals (chitin) and due to their
immense film-forming abilities, the traditional interest in polysaccharide membranes has
been limited along these lines. Of late, glycobiology has been emerging as a challenging
new area of research[140]. But developing synthetic carbohydrates like glycoproteins and
glycolipids is still a technical challenge[141]. Many reactions in our body take place via
some kind of carbohydrate interaction. Seemingly increasing interest in these mainstays
of carbohydrate chemistry has been supplemented by a growing appreciation of the
importance of the carbohydrate fractions of glycopeptides and glycoproteins in many

diverse biological roles. Like recognition processes because of their biocompatibility,
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chirality, capacity to form structure and the benign environmental property. These
polysaccharide membranes are also part of technologically crucial materials in food industry
like biodegradable cutlery, eco-friendly packaging, food coatings to increase the shelf lives
therefore manufacturing is also increasing. Some of the crucial characteristics of well
defined membrane are resistance to temperature and pH variations, limited permeability
to moisture, selective barrier to gasses like Oy and C'O,, possess high mechanical strength,

tunable transparency, biodegradability.

In food storage and packaging, the excess consumption of non-biodegradable synthetic
plastics has been a key cause of environmental pollution. With the soaring demand for
high quality fruits and vegetables, there is an increasing demand for the formulation of
preserving techniques. A sense of urgency is instigated to develop biodegradable and
natural methods of preservation. Biopolymers such as pectin, starch, alginate, xantham
gum and chitosan have been extensively used as edible food coatings. They are used to
extend the shelf lives of these. Due to their dense hydrogen bonding ability, polysaccharide
membranes act as effective barrier against gases like Oy and C'Oy[142]. Their natural
hydrophilicity limits the moisture barrier properties. Nair et al. have reported the edible
film/coatings of chitosan and alginate based functionalities. They have shown that these
membrane coatings on fruits and vegetables cause high water and moisture retention[143].
Liu et al have studied the selective antibacterial properties, permeability of water and gases
in chitosan of three different molecular weights. They have shown that higher molecular

weight chitosan has greater stability and has the product quality as packages|[144].

Several polysaccharide membranes function as drug delivery systems. Shariatina et al.
have recently shown the drug delivering abilities of chitosan using MD simulations[145].
Temperature variation analysis showed that at a temperature of 308.15 K, the membrane
showed desirable drug delivering ability as it had higher loading capacity. Mohit et al.
have shown the diffusion of ions through cellulose membranes[146]. In their method, they
have shown the relationship between charge on the surface group and diffusion coefficients.
Gumbart et al. have modelled a peptidoglycan membranes inspired from the cell wall of
Escherichia coli. They have shown that these membranes poses anisotropic elasticity which
arises from orthogonal orientation of the glycan strands and the peptide crosslinks[147].
Comparison of membrane elasticity, pore size and membrane thickness were done to
identify membrane closest to native cell wall structure. Recently, Luzhi Zhang et al. have
shown the ability of peptidoglycan membranes in self healing and bio friendly elastomers
for bio integrated electronics|[148] at room temperature. This peptidoglycan derives its
function from three dimensional network which are uniquely constructed by backbone of
alternating heterpolysaccharides which are N-acetylmuramic acid and N-acetylglucosamine.

These chains are further cross-linked by peptide side chains.
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1.9 Thesis overview

This thesis explores structural, mechanical and dynamical aspects of & and § glucans,
their interaction with bile salts and their membrane-forming abilities. Chapter 2 explains
the methodologies imbibed for carrying out the investigations. Details about the modelling
of systems, simulation software, force fields and configuration parameters used to perform
the simulations are described. In most naturally occurring systems, polysaccharides
carry out their functions in aqueous medium. Chapter 3 specifically gives insight into
the structural changes and dynamics spanned by 15 residue o and S-glucans joined
by 1—3, 1—4 and 1—6 glycosidic linkages in the aqueous medium. Detailed molecular
level investigations such as the extent of inter and intra-molecular hydrogen bonding,
end-to-end distance, root mean square deviation, radius of gyration and solvent-accessible
surface area add insight into the structural preferences of these oligosaccharides. PCA on
glycosidic angles gives insights on the dynamical freedom of individual oligosaccharides.
Chapter 4 gives an account on the influence of 10 residue oat [S-glucan on bile salt
aggregation. SAXS studies, DFT calculations, gives better appreciation on the aggregation
patterns, their compactness and interactions with polysaccharides. Chapter 5 is the
study of mechanical properties of 15 residue @ and [-glucopyranosides joined by 1—2,
1—3, 1—-4 and 1—6 glycosidic linkages in the aqueous medium. The force-extension
curves give a complete insight into the conformational changes accompanied by stretching
the oligosaccharide. Comparison of force-extension curves with experimentally obtained
AFM curves after appropriate normalisation validates the MD simulated data. In general,
polysaccharides and their derivatives are non-toxic. Thus, they are employed for various
food, pharmaceutical and biomedical applications. The work done chapters in 3, 4, 5 are
solely based on D-glucose units. Chapter 6 is the study of structural and mechanical
properties of oligosaccharide strands inspired from natural species having 1—4 linkage but
varied monomeric units. Chapter 7 concludes this thesis by pointing out the highlights,

drawbacks and future perspectives of the work.
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Methodology

This chapter outlines the general theory, the methods applied for all the simulations
performed, and the analysis techniques employed in the following chapters. Specific details
pertaining to the simulation setup and methods are described in the respective chapters.
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2.1 Molecular Dynamics

Atoms are in constant motion. This mo-

i, I tion involves rapid changes in their bonds,
§ T 2 angles and dihedrals giving a possibility of
SR} = . .
newer interactions and may lead to ceas-
S
@ ing of existing interactions. The bond
= . . .
5 vibrations are featured at a timescale of
S g
gl MD femtosecond (fs), while several conforma-
- . . .
W s Q tional changes can occur in the timescale
QM
&0 .
i (s | e of nanosecond (ns) to microsecond (us).
£ o . . .
& & Molecular dynamics (MD) is a technique
A nm pm mm

which gives an insight into this physical
Figure 2.1: Simulations at different levels

of resolutions and their applicability at dif-
ferent time scales. the time dependent behaviour of group of

motions at atomic scale[l]. It simulates

particles[2]. Although the biological pro-
cesses are experimentally studied, following the inputs from MD simulations one can get a
deeper insight of the atomic interactions. MD simulations can handle several thousand
atoms unlike Quantum mechanical (QM) calculations which are limited to only few hun-
dreds of atoms. Also there is no grouping of multiple atoms as one like in the case of
Coarse graining (CG). Figure 2.1 shows schematic representation of simulations performed
at different spatial and temporal levels of resolution. The microscopic details such as
atomic positions and velocities are generated in MD simulations using Newtons laws of
motions. Using statistical mechanics, this information can be processed to calculate the
macroscopic observables like stress tensor, heat capacity, viscosity and other topological
properties, structural properties, energetic properties and thermodynamic properties.

dFE
F=ma = — 2.1
(] m’La’L drl ( )
d?”i d'U,L'
R Vi 2.2
VT T (22)

Where m; and a; are the atomic mass and acceleration for the ith particle. F; as defined
in equation 2.1 is the force acting on particle i due to interactions with other atoms. The
force on an atom can be calculated as the derivative of energy with respect to change
in the position of the atom. This knowledge of force and atomic mass can be used to
determine position (r;), velocity (v;) and acceleration (a;) of each atom along a series of
small time step dt. For numerical integration of Newtons equations, “Verlet algorithm” is
employed[3]. MD simulation is called as “deterministic” , i.e, if the initial set of positions
and velocities are known, the subsequent time evolution can be determined from the
current state. Apart from the use of classical laws, MD simulations require a description
of interaction potential. This is provided in the “force field” (FF). The force fields are
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developed based on the “ball and spring” model of atoms which are connected through

bonds[4]. The general form of force field is:
E(R) = Epona + Eangle + Edihedral/imp + Er; + Ecou (23)

kdihedral/imp(]- + COS(niqbi + 52)) . Zf n; > 0
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where F(R) is the potential energy of the molecule as depicted in equations 2.3, 2.4, and
2.5. Epond; Eangle, Fdihedral and Ejp,, describes the energy terms associated with bond
length, bond angle, dihedral and improper angle respectively. These are the bonded
interactions and describe harmonic vibrational motion for all the simulations in this thesis.
The 2-body spring bond potential describes the harmonic vibrational motion between
covalently bonded pair of atoms (i,j). Where r;; = ||r; — 77|| is used to determine the
distance between the pair of atoms, ry is their equilibrium distance and kfj is the spring
constant of the bond. The 3-body angular bond potential is used to describe the angular
vibrational motion occurring between an (i,j,k) triplet of covalently bonded atoms. Where
0;;x is the angle in radians between r; = 7; — 75 and ry; = 71, — 775, 6y is their equilibrium

a

bond angle and k7, is the angle constant.

The dihedral and improper bonds are used to model the interaction between 4 bonded
atoms. The 4-body dihedral angle also known as torsion angle, is used to describe the
angular spring formed between the first three and last three atoms of a consecutively
bonded (i,j,k,1)-quadruple of atoms. The energy for a dihedral or improper between atoms
i,j,k and 1 is given by 2.4. where n; is a non-negative integer and indicates periodicity
of the bond type, kginedrai/imp 15 the multiplicative constant, ¢; is the calculated angle
between the plane formed by atoms (i, j, k) and the plane formed by atoms (j, k, 1).
0; is the phase shift. When n=0, the vibrational motion is harmonic in nature and ¢;
acts as equilibrium angle. If n>0, then it belongs to periodic motion. A given set of
(i,j,k,]) quadruple atoms can contribute multiple terms to the potential, each with its own

parametrization.

Eeconstraint 18 the harmonic constraint term. Where kfonstraint ig the force constant defined
for atom i, 7; is the current position of atom i and 7. is the reference position to
which atom i is constrained. Fg,,; and Ep; i.e., Coulomb and Lennard-Jones potential
respectively are energy changes associated with non-bonded interactions. This energy
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function is used to calculate energy experienced by a given atom provided the positions
of other atoms are known. 7y and 6y are the equilibrium bond length and bond angle
respectively. ¢; and o;; are used for defining Lennard-Jones potential well[5]. €; is a
distance dependent dielectric function. It is the depth of energy minimum for a pair of
atoms of the same type. On the other hand, o;; is the finite distance at which energy
becomes zero. While, the partial charges ¢;, g; are used for defining Coulombic interactions.
These parameters are derived from QM studies or by fitting to experimental quantities|6].
Over the years, several FFs have been developed using various strategies and varying levels
of accuracy based on equation 2.5[7, 8, 9]. All the bonding and non-bonding parameters
for polysaccharides and bile acids used in this thesis are taken from all atom CHARMM
forcefield developed by Alexander Mackerell et al.[10, 11, 12, 13]. Water molecules are
modelled using TIP3P developed by Jorgensen et al.[14, 15]. A.1 and A.2 are the sample
input file for running GROMACS and NAMD simulation respectively.

2.2 Steered Molecular Dynamics Simulations

With the advent of massive computational resources, MD technique has been extended to
huge systems. Systems with as many as thousands to couple of million atoms reaching
the size of most nanomaterials. However, it is not yet possible to reach the typical
laboratory timescales beyond few milliseconds. Also, biologically vital reactions are
involved in transitions between equilibrium states like binding or dissociation of ligands.
But these events involving barrier crossings, cannot be reproduced in MD time scales
as they require high energy/temperature, application of external force etc. For this
reason, some enhanced-sampling techniques are used which improves the conformational
sampling space by providing energy to overcome the barriers separating different states of a
system. This is called as “accelerated sampling”. Some of the commonly used accelerated
sampling techniques are Replica exchange molecular dynamics (REMD), Metadynamics
(METAD), Umbrella sampling, Multiscaling, Steered Molecular Dynamics (SMD) etc.
These techniques help in observing conformational changes which are too rare otherwise.
These rare states can be converted into highly populated states when the energy landscape
is biased by force.

Grubmiiller et al. and Klaus Schluten et al. are among the first few to introduce the
applications of steered molecular dynamics (SMD) simulations[16, 17, 18]. It is a method
which computationally mimics the use of Atomic Force Microscope (AFM) in estimating
the interactions between two objects[17]. Unlike classical molecular dynamics simulation
which carries out simulations in equilibrium, SMD is a non-equilibrium simulation. It
takes inspiration from single molecule pulling experiments. As the system is forced away
from its initial equilibrium conditions, transitions between several energy minima are

captured along a specific reaction coordinate in an accelerated manner[19, 20]. Typically,
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the range of forces lie between few tens to thousands of pico Newtons (pN). This enhances
the sampling path of interest. Brief introduction on SMD is mentioned in section 1.7. In
SMD simulations a PDB file has to be supplied which has information of the constrained
atoms along with the force constant and the velocity with which they move. In these
simulations, the center of mass of tagged atom(s) is allowed to move with constant velocity
or constant force. The potential applied on the system with SMD is given by the following

equation 2.6[21].
]_ —

U (7,75, 1) = Shvt - (R(t) — Ry(t)).71) (2.6)
Where k is the force constant specified in kcal mol~*A=2, v is the velocity specified in
A/(time step) in the direction 7i. t = Ny,dt, where Ny, is the number of time steps elapsed
in the simulation and dt is the time step size in femtoseconds (fs). Also, R(t) is the centre
of mass of SMD atoms at the time step and Ry is the centre of mass of initial position.
The SMD simulation is set up as close as possible to AFM experiments. Also, the spring
constant should be high enough to sample the local unbinding potential. The pulling
velocity is determined based on the required closeness to AFM, the total pulling distance,
time step and computer power which is available. Usually, a small velocity is chosen which
facilities long simulations, enough to study all the intermediate unfolding pathways. Apart
from the intermediate states, micromechanical and elastic properties of the biomolecule,
certain microscopic details missed by the experiments like role of hydrogen bonding and
water in unfolding pathway can be explored using this technique. All the SMD simulations
are carried out in orthorhombic simulation boxes in thesis.

In this context, it is noteworthy in understanding

the stretching of macromolecule using AFM force L L
spectroscopy mode. The molecule being studied
is anchored on the surface of substrate which is
usually made of gold, mica, silver, silica, pyrolytic
graphite, glass, silicon dioxide, zinc oxide, zinc sul-
phide or calcium oxide. The functionalised AFM
cantilever tip picks up the molecule somewhere along

A 4

its chain. As the cantilever is moved, the molecule i‘ D

gets stretched by the elastic force of the deflecting

Figure 2.2: Schematic of an
AFM experiment to measure the
the surface and then retracted. In this way, the me- force-extension curve of a macro-
molecule.

cantilever. The probe is repeatedly brought towards

chanical response of molecule in the force-extension
curve can be obtained[22]. The force-extension rela-
tion can be measured and calculated under different boundary conditions. Either by fixing
the length of the macromolecule and measuring the force required to maintain its length,
or apply force and thereby measure the resultant extension of the molecule. Figure 2.2

shows the schematic representation of an AFM experiment to measure the force-extension
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curve. The tip is at a distance D from the surface of anchoring when there is no contact
between cantilever tip and the molecule. Once the tip is attached to the molecule, the
molecule is stretched to an end-to-end length of L,,. Thus, the cantilever gets deflected by
a length of L. such that D=L,,+L.. L,, is always positive whereas L. can have any sign.
The distance D is adjusted and the resulting tip deflection is measured. This deflection
L. is used for calculation of force using Hooke’s law (F = K .L.) or any other force law.
The same can also be studied by deflection of cantilever as a function of piezoelectric
surface displacement[23]. In order to apply forces or perform on the fly calculations, Tool
Command Language (TCL) is implemented in NAMD analysis[24]. It provides a ready
made scripting interface to high performance code written in programming languages like
C or C++. It helps in parsing the configuration file for simulations, thus allowing variables
and expressions to be used in initially defined options and then to change required options
while running simulation. A.3 and A.4 are the sample SMD input files for running the

simulations.

Extension profiles of different polysaccharides as obtained from AFM experiments and
SMD simulations are compared. Here the normalised length of polysaccharide is defined
as 1 = l;/ly. Where, [, stands for length of polysaccharides against a pulling force at a
particular time instant. {; stands for the final length of polysaccharide at the end of 5 ns
of SMD simulation. For the AFM data, length of polysaccharide is already in normalised
form, so this normalisation is done for SMD data. Further, the abscissa of AFM curves
are normalised in such a way that, at highest force of AFM curves, the extension is made
equal to that of SMD simulations for the same force.

2.3 Modelling of initial configurations

Preparation of the sample Equilibration (NVT, NPT) Analysis of trajectories

! !
Step 1 Step2 Stép 3: > ,
l ,

Solvation, Ionization and Production simulations
PBC application

Figure 2.3: Step by step procedure involved from sample preparation to analysis

The starting configurations of all the polysaccharides used in this study were constructed
using Glycan reader and Modeler tool of CHARMM-GUI[12, 13]. The initial coordinates
of bile acids and bile salts are generated using Ligand reader and Modeler of CHARMM-
GUI[25]. The simulation boxes are prepared either by GROMACS editconf & solvate
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tools or VMD psfgen[26] & solvate plugin[27] or the Multicomponent Assembler Module
of CHARMM-GUI|28]. Figure 2.3 shows the step-by-step procedure involved in running
an MD from initial sample preparation to analysis.

2.4 Simulation details

The simulations discussed in this thesis are performed using GROMACS[29] (GROningen
MAchine for Chemical Simulations) or NAMDI7] (Nanoscale Molecular Dynamics) simu-
lation engines. The detailed description of configuration parameters is given in (https:
//manual . gromacs.org/current/user-guide/mdp-options.html) for GROMACS and
(https://www.ks.uiuc.edu/Research/namd/2.9/ug/node12.html) for NAMD simula-
tions. A.1 and A.2 has an example of input configuration file used for GROMACS and
NAMD NPT simulations . To simulate a system close to realistic environment and avoid
edge artefacts, Periodic Boundary Conditions (PBCs) are employed. These are a set of
boundary conditions for approximating large systems using a small replica called “unit
cell”. This unit cell can be replicated in space to form an infinite lattice. In the due
course of the simulation, as the particles move in the original box, the periodic images
move exactly in the same way in the neighbouring boxes. In topological terms, when an
object passes through one of the sides of unit cell, it would then reappear exactly on the
opposite side with same velocity. If the simulation box is so small as to an atom sees its
image, entail of internal correlations occur. So, the size of the simulation box should be
large enough to avoid this artefact. PBC is applied for all the simulations studied in this
thesis. Simulations involving stretching of polysaccharide chains need simulation box to
be long enough to house all the possible conformational transitions.

The center of mass drifting is prevented

Siyitdhing Bariotion by using ‘COM-pulling’ in GROMACS and
Inactive

Actve ‘COM-motion” in NAMD as ‘no’. Energy

% awitchdist  cutoff calculation at each integration step is com-
R e e e

| putationally expensive. This is because

for a system of N particles, N? summa-

tions are required. The keyword ‘Cut-off’

Distancs ) distance in GROMACS and ‘cutoff’ dis-
Figure 2.4: van der Waals potential graph tance in NAMD is specified beyond which
with and without application of switching non-bonding interactions are not calculated.

function. This would enhance the computational ef-

ficiency. The cutoff parameter is imposed
only on Lennard-Jones potential as it is fast decaying. It is unlike the Coulombic potential
with terms r~! leading to slower decay compared to the former with 7=¢ term[30]. The
‘rvdw’ parameter in GROMACS and ‘switchdist’ in NAMD is used for smooth truncation
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of vdW potential at the cutoff distance. Setting this parameter as ‘oft” will lead to abrupt
truncation of vdW energy at cutoff distance thus will lead to non-conservation of energy.
The values of these parameters are lower than that set for ‘cutoff’ as the smoothing
function starts acting well before to bring van der Waals potential to zero at cut off.
Figure 2.4 shows the van der Waals potential graph with and without the application of
switching function (equation 2.8). The potential is smoothly reduced to 0 keeping the
switching function active. On the other hand, truncation point is seen with discontinuity
without the switching function. The modified energy function of van der Waals interaction
is given by equation 2.7.

A B .
By = (.,_12 - Tﬁ) Svdw(|755]) (2.7)

ij T'ij

where the switching function S,4,, is defined as,

1 : |7:;]| S Ron
~ (R%,  —72)2(R2, . 42|F;;|>—3R2, o
Swaw(|T3]) = = j()RﬁfnggJ;?fl D Ron < |Fy] < Rogy (2.8)

0 D Ropyp < |7

Where R,, is specified by the parameter ‘switchdist’, R,z is specified by the configuration
value 'cutoff’” and r;; is the distance between two atoms.

There are two cases to consider for electro-

static interactions. The first case is where
electrostatics are truncated at a given dis-
tance and the second case is where full elec-

Direct at every step

Energy

trostatics are employed. In the first case,

the cutoff parameter represents the local
PME

cutol : distance up to which the electrostatics are

—— calculated for every time step. Beyond this

cutoff distance, the electrostatic interac-
Figure 2.5: Electrostatics potential graph

when full electrostatics are used. tions are assumed to be zero or ignored. If

the switching function is set on, the shift-
ing function is applied to prevent the discontinuity in potential at cutoff distance. In
case of full electrostatics, the electrostatic interactions are not truncated at any distance.
The cutoff distance parameter in this case represents, the local distance within which
electrostatic pairs are calculated for every time step. Beyond this distance, interactions are
calculated only periodically. In periodic systems, Particle Mesh Ewald (PME) summation
is used for computing long range interactions. It is an efficient method for computing
full electrostatics. PME method is used for all the simulations in this thesis. Figure
2.5 shows the electrostatics potential curve when full electrostatics are used. The first

portion (represented in blue) is calculated directly for every time step while the second
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portion (represented in orange) is calculated using PME. PME full electrostatics are less
expensive than large cut off values and is more accurate. Small integer values of grids
corresponding to the size of unit cell, is specified. NlogN scaling is employed with fast
Fourier transformations for calculations of reciprocal sum and it is more efficient than
Ewald summation[31].

Another critical parameter for non-bonded interaction calculations is ‘pairlistdist’. A
pair list containing all pairs of atoms for which non-bonding interactions to be calculated
is used, to reduce the cost of computation. This search for pairs of atoms with which
they have their interactions calculated is quite an expensive operation. So, the pairlist is
calculated only periodically. But the atoms move at a faster pace than the updation of
this list. So, if the pairlist is to be built including atoms only within cutoff distance, it will
be possible for the atoms to drift closer than the cutoff distance during the subsequent
time steps and still not have their non-bonded interactions calculated. Thus the parameter
pairlist is used to specify distance greater than cutoff distance for the pairs to be part
of pairlist. Figure 2.6 shows the difference between pair list distance and cutoff distance.
The pair list distance thus specifies a boundary which is slightly larger than the cutoff
distance so that pairs of atoms can move in and out of boundary specified by cut off
distance and do not hamper energy conservation.

For all the simulations, the intramolecular non-
bonding interactions separated by 3 bonds (1-4 inter-
actions) are excluded. The time step chosen has to
be smaller than fastest motion in the system. Bond
vibrations in general are of the order of femtoseconds,

thus restricting the time step to ~ 2 fs. Throughout, Yy i _E)?liﬁis.t\distance
a time step of 2 fs is used for the MD simulations ( i :
reported in this thesis and 1 fs for SMD simulations. \ cutoft 7

A.3 and A.4 have the input files for SMD simulations. v

SETTLE algorithm[32] for NAMD simulations and
LINCS algorithm[33] for GROMACS simulations
are used to maintain all water molecules and bonds

involving hydrogen as rigid . ‘Noose-Hoover thermo-
Figure 2.6: Difference between

stat’ and ‘Parrinello-Rahman barostat’ are used for e
cutoff and pairlist distance.

all GROMACS simulations with a coupling constant
of 1 and 2 ps respectively. Langevin dynamics is
employed to regulate the temperature and pressure in all NAMD based simulations with

a damping coefficient of 5 ps—*.
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2.5 Analysis techniques

VMD is used for visualization of simulated trajectories[34]. MATLAB is used for plotting
all the graphs. The Ramachandran (@, \p) angles and Cremer Pople puckering angles (0,
@, R) exhibited by individual residues are determined using Plumed[35, 36] scripts. These
are calculated using the plumed keyword ‘“TORSION’ and ‘PUCKERING’ respectively.
The equations behind the calculation of puckering coordinates is briefly explained in
section 1.5.1. The root mean square deviation (RMSD), radius of gyration (R,), end to
end distance, inter and intramolecular hydrogen bonding and solvent accessible surface
area (SASA) as shown in chapter 3 are calculated using the GROMACS tools “gmx rms”,
“emx gyrate”, “gmx polystat, “gmx hbond” and “gmx sasa” respectively.

n

RMSD = % Z((’I"m — 7“0;,;)2 + (Tiy — ’f‘oy>2 + (Tiz — T[)z)Q) (29)

i=1

Equation 2.9 is used for calculation of RMSD, where r; and r are the positions of reference
structures and initial or mean position of ‘n” atoms. This is usually calculated for the
backbone atoms. In this case being the C & O atoms and excluded for H atoms. The
double cubic lattice method is used in the determination of SASA[37].

g(r) = (2.10)

g(r) given in equation 2.10 is defined as the average local number density of particles at a
distance r, to the bulk density of particles p. Around a central reference particle, g(r) gives
a statistical description of particle density and local packing of the system. The 'H NMR
profiles of bile acid in presence and absence of 3-glucan is done using DFT calculations.
The inter & intramolecular hydrogen bonding and interaction energies in chapter 4 are
calculated using GROMACS tools “gmx hbond” and “gmx energy” respectively. In SMD
simulations, the single point energies of conformers at various polysaccharide stretching
points is done through DFT calculations using B3LYP functional and 6-311++g (d,p)
basis set. “WebPlotDigitizer” (https://automeris.io/WebPlotDigitizer/) is used for
digitalization of data when and where needed.

2.5.1 Principal component analaysis (PCA)

Principal component analysis is a statistical technique used for dimension reduction,
feature extraction and data visualization[38, 39]. It aims to transform a high-dimensional
dataset into a lower-dimensional space while preserving the most important information
or patterns in the data. It involves an orthogonal linear transformation of data to a
new coordinate system in such a way that the greatest variance of the data comes to
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lie on the first coordinate. This first coordinate is called as first principal component
(PC1). The PC1 can be written as the linear combination of variables X;, Xs, ......X,, as
given in equation 2.11 where the sum of squares of weights (a1, aqa, ...., a1,) is constrained
to be 1. The second principal component (PC2) is calculated in such a way that it is
uncorrelated /perpendicular to the first principal component. This second greatest variance
on second coordinate and this is followed by subsequent ones. This is continued until the
total principal components are calculated. In this way, loss of information is minimized.
PCA can be performed on any structure database in order to capture and characterize
inter-conformer relationships. The number of variables present in the dataset is referred

as dimensionality.
}/1 = alle -+ a12X2 -+ G13X3 + + Cllep = CL’{X (211)

a2 tal, ... +add =1 (2.12)

The transformation of original variables to matrix form can be written as follows, Y = X A.
The values within a given row matrix A, are called ‘loadings’ for a particular variable.
They describe how much each variable contribute to a particular principal component. If
the loadings value is large, then it implies, that particular variable has a strong relationship

with that particular principal component.

PCA is sensitive to the scale of variables. So, the data is standardised to have zero
mean and unit variance. From the standardised matrix, its covariance is calculated. The
covariance between two variables measures their relationship and indicates how they
change together. The covariance matrix is diagonalised to obtain eigen vectors (principal
component) and corresponding eigen values. The eigenvectors (column vector) represent
the directions in the original feature space along which the data vary the most, and the
eigenvalues (scalar values) indicate the amount of variance explained by each eigenvector.
The relation between variables and principal components is given by correlation values.
These values can range from -1 to +1. If the correlation value is -1, then the variables are
inversely proportional to each other while if the correlation value is +1, then the variables
are directly proportional to each other. If the correlation value is 0, then the variables are
not correlated to each other.

The eigen values monotonically decrease from first principal component to the last. These
eigenvalues are commonly plotted on a ‘scree plot’. To obtain the new lower-dimensional
representation of the data, the standardized data matrix X is projected onto the selected
principal components. This is done by taking the dot product of X with the matrix of
selected eigenvectors. The resulting matrix represents the transformed data, where each
row corresponds to a data point, and the columns represent the principal components.
The positions of each observation in this new coordinate system of principal components
are called ‘scores’. The overall motion in the dynamical space is explained by different
principal components. If the values of all principal components are similar, then the system
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is exhibiting diffusive behaviour. If one of the principal component value is dominating,
then the system has a discrete behaviour. Principal Component Analysis of dynamical
conformational space of glycosidic oxygens of polysaccharides is done using Bio3D[40] on
R platform in chapter 3. PCA is done both on the cartesian coordinates and the torsion
angles. The dihedral angle PCA is also quite appealing as the other internal coordinates
like bond length and bond angle do not undergo large amplitude changes[41].

2.5.2 3x3x3 Simulation cell to account for boundary crossing
artefacts of soft clusters

To account for the boundary crossing effects of the portions of the soft aggregate during
the course of the simulations in chapter 4, a bigger simulation cell of 3x3x3 dimensions is
created from the molecular dynamics trajectory by accounting for the periodic images
along +x, +y and 4z directions. A.5 has the MATLAB script corresponding to big box
generation. The coordinates obtained from this ‘big box’ is then used to calculate the
radial distribution functions, the coordination numberA.6, radius of gyrationA.7, moment
of inertia, shape anisotropy of the biggest cluster formed at a given time instant along
with the scattering profiles. The radial distribution function, g(r), is calculated from
post-processing of the simulation trajectory using a FORTRAN code. This ‘big box’ is
constructed to ensure proper normalization of g(r).

2.5.3 Moment of inertia and shape anisotropy

I = MR? = (myr} +mari 4 ... + mpr?) (2.13)

The moment of inertia (I) about a given axis of rotation is given as equation 2.13. Where
R, is the radius of gyration, it is the distance between axis of rotation to center of mass of
the structure. n is the number of particles and rq, 79, ..., 7, are the perpendicular distances
from particle to the axis of rotation and mq, ms, ..., m, are the mass of corresponding
particles. For the same system, different axes of rotation will have different moments of
inertia about those axes. All the moment of inertia components can be summarized into a
moment of inertia tensor. This matrix is given by the following equation.

Some(yi +22) = 2 mMkTeyk — > METR2k
Lo Ly, —I. =1 k=1 k=1
I = _Iyx [yy _[yz = — MEpTEYk Z mk(xz + Z]%) — MYk 2k
k=1 k=1 k=1
—1L.s _[zy L. n n n 9 9
=D myxkz = muyeze Y (T + Y)
L k=1 k=1 k=1 -
(2.14)
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The matrix in equation 2.14 is diagonalised. The diagonal components are the principal
components of the moment of inertia along xx, yy and zz directions respectively. The
square of radius of gyration is determined by dividing the sum principal components of
inertia by the total mass of the system. A.7 is the MATLAB script used for calculating
the moment of inertia of the biggest cluster and there by its radius of gyration. The
relative shape anisotropy can be calculated from the principal moments of inertia using

the following expression,
4 4 4
Ii2 _ §(Ixx + Iyy + Izz) B 1 (215)
2012, +12,+12) 2

2.5.4 Small angle scattering profiles

Small angle scattering experiments are an efficient way to characterise the general shape
of soft molecular assemblies. The scattering intensity /(g), can be expressed in terms of
the total structure factor S(g). The total structure factor S(g), can be estimated from the
molecular dynamics trajectories by calculating the atom-atom radial distribution functions
of all possible combination of atoms (except H) comprising the soft cluster and using the

corresponding atomic scattering functions, f.
M) o 8(a) = Y G2 +amp [ IS0 A () - D (210
i 0 ij

i and j represent the atomic indices running over all the atoms (except H) in the molecular
assembly under consideration.

5
f=3 e @ (2.17)
i=1

The atomic scattering functions is estimated from the work of Waasmaier and Kirfel[42, 43].
Equation 2.17 is used to calculate atomic scattering function of C and O atoms present in
the molecule. It is a linear combination of 5 gaussians with 11 parameters. Where a;,b;
and ¢; are the parameters of analytical scattering factor functions. Fourier transformation
of the pairwise radial distribution function g,;, is calculated between i"* and j** atomic
species in solution phase, and is averaged over all orientations. p denotes the total number
density of the simulation box and C denotes the mole fraction for each atomic type. Each
atomic-pair distance r in the molecule contributes sin(qr)/qr like oscillatory term to the
scattering intensity. q is the reciprocal space scattering vector and is represented by,
47

q= Tsin@ (2.18)

Here, 6 is half the scattering angle and A is the wavelength of the incident radiation.
Equation 2.16 can be written as follows for the bile acids studied studied in chapter 4.
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Where q values range from 0.01 to 2 A~! with an interval of 0.01 A~! and r values range
from 0.25 to 60.25 A.

o) = Cuf? + Cofi +4mp | %r?[@?ﬁ(g@m 1)+ 2 (goolr) — 1)
+ CcCofcfo<gco(r) - 1)]

(2.19)

p is determined using the expression,

number of molecules in system X total number of atoms in that molecule
(edge length of the box)?

(2.20)
Section A.8 has the MATLAB scripts which is used to calculate the scattering profiles of
soft bile acid clusters.
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Chapter 3

Relation between glycosidic linkage,
structure and dynamics of a« and

B-glucans in water

This chapter is based on the following paper, Peesapati, S., Sajeevan, K., Patel, S. & Roy,
D. Relation between glycosidic linkage, structure and dynamics of a-and 3-glucans in
water. Biopolymers. 112, €23423 (2021)
url:https://onlinelibrary.wiley.com/doi/abs/10.1002/bip.23423
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3.1 Introduction

Carbohydrates are integral components of both extracellular and intracellular matrix
in living organisms. They exist as mono-, di-, oligo-, or as polysaccharides, when their
reducing ends are free and not covalently linked to other molecules. They are also found
as glycoconjugates, where the terminal sugar residues form N or O glycosidic linkage to
proteins or lipids. Apart from being the predominant source of energy, carbohydrates are
essential components of our staple diet. They are the primary macronutrients consumed
by humans. They comprise more than 50% of the regular intake. Certain form of this
macromolecule, called 3-glucans have proved immensely beneficial for human health in
resisting chronic diseases and modulating/blocking metabolic pathways. These conditions
can otherwise be detrimental to health. For instance, in combating dyslipidemia by
slowing down cholesterol/low-density lipoprotein (LDL) absorption in the gut[l, 2, 3, 4, 5].
This class of complex polysaccharides, especially those with mixed glycosidic linkages are

W

indeed “super foods,” owing to their hypolipidemic effects[2, 5, 6, 7]. With cardiovascular
diseases being the lead cause of death worldwide, the need for such super foods in order to
promote the cardiovascular health and cholesterol lowering properties are increasing. Both
Food and Drug Administration (FDA) and The European Food Safety Authority (EFSA)
have approved the health benefits of 5-D-glucans. After various clinical trials, a minimum
dosage of 3 g/day of S-glucan as part of diet low in saturated fat and healthy life style was
recommended by FDA for successful reduction in blood cholesterol levels[1, 8, 9, 10, 11].
They also exhibit wide spectrum of biological properties like immunostimulant, anti-tumour,

anti-ageing and anti-inflammatory.

These (-glucans are natural ingredients of endosperm and aleurone cell walls of fibre rich
cereals (e.g., oats, barley, wheat and rye), bacteria and fungi|2]. They significantly vary in
chemical and physical diversity, depending on the source of extraction[12]. For example,
the endospermic cell walls of food grains like oats, barley and wheat mainly constitute
mixed-linkage §-glucans composed of linear polysaccharides in which D-glucosyl residues
are linked by 1—3/ 1—4 glycosidic bonds. Schematic representation of the same is shown
in Figure 1.10. The ratio of these linkage types varies with the source of S-glucan. A major
component of the fungal and yeast cell walls and mushrooms like Shiitake is (1—3)-3-linked
glucose polymer with (1—6)-3-linked side chains. The structures of mushroom and fungal
[B-glucans are different from the cereal -glucans and so are their functions and efficiencies.
Detailed explorations on their functions can be obtained from some comprehensive clinical
level research literature[8, 9]. Mixed § 1—3/1—6 D-glucans, derived from baker’s yeast,
are also known for their potency as immune-system enhancers[13].

Food scientists have already recognized the beneficial and detrimental effects of carbohy-
drates on human health, especially in the light of diabetes, obesity, celiac disease, gluten
allergy, and so forth. The effect of water-insoluble oligosaccharides/carbohydrates on bowel
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movement as purgatives is also explored widely. However, the most interesting property of
some water-soluble oligosaccharides containing 1—3/1—4 (- D-glucopyranoside linkages
with /without 1—6 side chains in lowering the plasma cholesterol/LDL is what is exceed-
ingly fascinating and worth researching further at the molecular level[l, 11, 14]. The effect
of B-glucans in reducing serum cholesterol is related to the dissolution and aggregation
behaviour of these oligosaccharides in the gut during digestion. The abundance of 5-glucan
in the digestive tract is believed to create viscous slurries during digestion. This decreases
the intestinal uptake of dietary cholesterol resulting in the increase of hepatic conversion of
cholesterol into bile acids. So, the cholesterol pools are reduced and plasma LDL removal
is facilitated[9]. Electrostatic interaction between bile acid pool and S-glucan aggregate is

also considered to play an important role in the process|[15, 16].

Usually, polysaccharides are non-toxic in nature. Thus, they are employed for various
food, biomedical and pharmaceutical applications. These applications depend on their
solubility in solvents. In most naturally occurring systems, polysaccharides function
in aqueous medium. This brings up a huge necessity in understanding their structural
changes, dynamics spanned, their interaction with other particles of the medium, me-
chanical features, etc. The relationship between polysaccharide structure and solubility
is well established[17, 18, 19]. This present work is attributed in understanding of the
structural and dynamical properties of -glucans. In this context the behaviour of the
corresponding anomeric a-series of glucans is equally important to understand what role
do stereochemistry and glycosidic linkage pattern play in dictating the structural and
dynamical attributes. Apart from just being a comparative benchmark, a-glucans, like
starch and glycogen are known for their energy-storing capacity in nature and are worth

exploring further.

Physical and chemical properties of these oligosaccharides vary widely depending on
the anomericity of the D-glucose residue, repeat sequence, molecular weight and linkage
pattern[16, 20]. Owing to the conformational constraints imposed by the presence of cyclic
monomers and the intramolecular H-bonds, the oligosaccharide chains, especially those
linked by 1—3/1—4 glycosidic linkages are fairly stiff in nature. Oligosaccharides having
1—6 linkages, which are actually “three-bond” glycosidic linkages allows extra freedom to
the chain. A stiff chain would impart high shear viscosity to the solution[21, 22]. Hence,
the structural attributes of the glucan are important factors, which regulate physical
properties like water solubility, viscosity, and gelation propensity[23, 24, 25, 26, 27, 28].

Along the same line, the contrasting flexibility imparted to the oligosaccharide chains
as the glycosidic linkage type of either the a or -D-glucopyranosyl units are varied
is an important physical attribute to calibrate properly. A very good measure of chain
flexibility is the persistence length of the oligosaccharides. However, here, as the lengths of
oligosaccharides are limited, the decay of the autocorrelation functions for the glycosidic

torsion angles are followed to estimate the chain flexibility[28]. Literature survey of
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molecular level experimental or computational studies in the current field shows that most
reports encompass primarily the di-, some oligo- and few polysaccharides in a systematic
way|[23, 29, 30, 31, 32, 33]. However, it is still challenging to draw patterns or general
conclusion out of the dataset as the structural or dynamical behaviour is very specific
and customized for a given oligosaccharide, depending a lot on the residues involved,
the degree of polymerization, the glycosidic linkage pattern and the solvent/temperature
conditions used. Investigating the structure and/or dynamics of oligosaccharides is
especially challenging owing to their numerous degrees of freedom, which make the
conformational space highly complex. Thus, this work is an attempt to compare and
contrast the two-anomeric glucan series in water, composed of linear polymers having either
a or -D-glucopyranosyl residues with various glycosidic bond positions (1—3/1—4/1—6)
using molecular dynamics simulations.
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Figure 3.1

3.2 Methodology

3.2.1 Modeling of oligosaccharides

The initial coordinates of the polysaccharides are generated using Glycan Reader and
Modeler as available in CHARMM-GUI[34, 35]. Homo oligosaccharides containing only «
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or -D-glucopyranosyl residues having any one of the three different glycosidic linkage pat-
terns, namely 1—3, 1—4 and 1—6 are modeled and solvated with ~28,000-31,000 TIP3P
water. Each of these polysaccharide strands is composed of 15 residues. Additionally,
mixed 1—4/1—3 linked - D-glucopyranosides as found in oat and barley are also modeled
as shown in Figure 3.1. Oat and barley fragments have 16 and 20 (- D-glucopyranosyl
residues, respectively. Smallest repeating units of oat and barley are shown in Figure 3.1b.
The oat fragment has one 1—3 linkage after three consecutive 1—4 linkages while the
barley chain has one 1—3 linkage after four consecutive 1—4 linkages. Final equilibrated
cubic simulation boxes have an edge length of ~80 to 95 A. All the systems under consid-
eration correspond to a concentration of ~0.5% to 0.7% (wt/wt). Each oligosaccharide is

explored with multiple starting structures.

3.2.2 Simulation software, parameters and force fields

All MD simulations in this chapter, have employed GROMACS as the molecular dynamics
software[36]. The polysaccharides are modeled following the CHARMM36 force field[37,
38, 39]. The water molecules are explicitly modeled by TIP3P forcefield as incorporated in
CHARMMB36[39]. In all the simulations reported, a time step of 2 fs is used. The “LINCS”
algorithm is used to keep all waters and bonds involving hydrogens rigid. Each of the
system is energy minimized using the steepest descent algorithm followed by equilibration
in NVT ensemble for about 10 ns. This is followed by 20 ns of equilibration and 90
ns of production runs in NPT ensemble. These simulations are carried out at 310 K
and 1.013 bar pressure. Temperature and pressure are kept constant by coupling the
oligosaccharides and solvent to a Nose-Hoover thermostat[40, 41] and Parrinello-Rahman
barostat[42] with coupling constants of 1 and 2 ps, respectively. Cubic PBC is used along
the three directions of the orthogonal simulation box. A cutoff distance of 1.2 nm is
used for the non bonded vdW interactions, with the switching of LLJ potential starting
at 1.0 nm, extending up to 1.2 nm. A pair list distance of 1.2 nm is used for vdW and
electrostatic calculations. Coulomb interactions are calculated through the PME method.
Intramolecular non-bonded interactions between atoms separated by three bonds (1-4
interaction) are excluded. Visualization of the structures and analysis of the data are done
using VMD[43], PLUMED[44, 45], Gromacs analysis tools and MATLAB (R2015b, version
8.0). The principal component analysis is done using Bio3D library in R platform[46]. The
H-bonds are estimated within a cutoff distance of 3.5 A and an Acceptor-Donor-Hydrogen
(A-D-H) angle cutoff of 30°.

3.3 Results and discussion
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Considering the conven-

Oat
Barley

tional solvent water, a
moderately high temper-
ature of 310 K is used.A
first-hand RMSD anal-
ysis for the polysaccha-
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Figure 3.2: RMSD plots of oligosaccharides (without Hydro-

rides without hydrogen, gen).

as calculated with re-

spect to the starting

structure of the production run trajectory indicates that throughout the simulations,
all the systems exhibit significant conformational fluctuation. Figure 3.2 shows the RMSD
plots of oligosaccharides part of this study. The reference structure is the starting configu-
ration of the production run trajectory for each system. The fluctuations are especially
prominent for the oligosaccharides having only 1—4 glycosidic linkage or mixed 1—3/1—4

linkages as found in oats and barley sequence.

Anomer | Glycosidic (0] P w Refere-
-ic series linkage -nces
1—=3 -72(-69 to -85) | -108(-109 to -162) - [31]
1—4 -75(-71 to -96) 111(110 to 154) - [47, 48, 49, 50]
b 1—6 -70 (~ -70) +178 (~ +£178) | -66 (gg) [29]
-59(gt)
1—3 87 (71-100) -138 (-90 to -135) - [47, 51, 52, 53]
1—4 98 98 -
“ 1—6 66 (64-70) -170 (-170 to -178) | -63 (gg) [47, 53]
66 (59) 78 (94) 62 (gt)

Table 3.1: Most Probable values of the glycosidic torsion angles for the different linkages in
oligosaccharides composed of 15 D-glucopyranosyl units

The starting coordinates of glucans is challenging to model, as the 3D structures of
most of these complex polysaccharides are still experimentally unattainable. Having
said that, one can still attempt to generate a reasonable starting configuration of these
complex molecules using algorithms based on heuristics, incorporating information from
experimental data to create the three-dimensional structure. The CHARMM-GUI glycan
builder is one such tool. Therefore, the starting structures already have a quite close guess
to the experimentally observed internal coordinates and overall structural parameters.
Hence in our equilibrium simulations, while fluctuations reflecting the extent of rigidity in
diverse glucans having varied glycosidic linkages are seen, the overall structures appear
not to evolve much. However, outcomes of the simulations have been checked in terms
of structural data like the glycosidic dihedral space spanned by the oligosaccharides and
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compared with literature, wherever available. References to experimental data are given
in Table 3.1.
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Figure 3.3: Dihedral angle (@,\) distributions of oligosaccharides.

The (1—3), (1—4) or (1—6) glycosidic linkages that feature most predominantly in
natural a or (-glucan fibers, like those in starch, oat and barley, have significantly
distinctive distributions of the glycosidic torsion angles @ (O — C; — O; — C’;L) and
P(Cy — O, — C, — C, ) as defined for the (1—n) glycosidic linkage, where n=3, 4 or
6. They are shown in Figure 3.1. Figure 3.3 shows the comparative @, 1 distributions,
the “Carbohydrate-Ramachandran” plots for the oligosaccharides under consideration.
The plots are globally normalized and the same color bar is applicable to all. Hence,
the color distributions for all the plots are comparable to each other. The heat-maps
indicate the region of maximum probability and the inverted nature of the ¢ glycosidic
torsion angles in the two-anomeric series of glucans. It further points to the additional
freedom that the 1—6 linkage provides to the oligosaccharide chain that helps spanning
a relatively wider range of torsion angle combinations, with the flexibility appearing to
decrease in the order (1 — 6) > (1 — 3) &~ (1 — 4). While barley and oat exhibit mixed
linkage patterns of 1—4 linked cellotetraosyl and cellotriosyl 8-D-glucopyranosyl units
respectively, intervened by a unit of 1—3 linked (- D-glucopyranose. This feature shows
up explicitly in their torsion angle distributions where the overall plot bears signatures
of both (1—4) and (1—3) glycosidic linkage patterns. This further points out that the
individualistic torsion angle signatures exhibited by a given linkage pattern is reasonably
preserved even in the presence of other linkage types.

The most probable values of the (@,1) combination as obtained from the heat map plot
as shown in Figure 3.3 for the (1—3), (1—4) and (1—6) linkages are given in Table 3.1.
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The results are in line with those obtained from previous experimental and simulation
studies[29, 48]. In a detailed NMR and molecular dynamics simulation study involving
1—6 linked oligosaccharides, comprising diverse o or (§-D-pyranosides, Mackerell and
co-workers reported the scanning of the conformational space of the disaccharide made up
of a-D-Manno-pyranose units linked by 1—6 glycosidic linkage[29]. In accordance with
previous reports|54],¢@ prefers an exoanomeric conformation with some transitions to higher
energy conformations (anti-¢), as noted also in the case of our 1—6 a-D-glucopyranosides.
In our work, for the a-D-linked oligosaccharides (1—+3/1—4/1—6), the most probable
value of @ is 66 to 98° , in agreement to ~70° as mentioned by Mackerell and co-workers. It
is to be noted that @.,,, an exoanomeric conformation is defined by the region 0°<@<120°
for a-D-/p-L-anomeric compounds and -120°<@<0° for $-D-/a-L-anomeric compounds.
The trans glycosidic NMR coupling constant measurement of 2J(Cq , H}) validate the
preference of exoanomericity[55]. In line with our observations, the studies further observed
~80 to 90% of the populations belonging to the anti periplanar 1 conformation given by
120°<Pp<180° or -180°<P<-120° . Some high energy conformations, centered around 90°
(0°<p<120° 5 hgge ) or -90° (-120°<p<0° ; 1hgge ) Were observed as well, in accordance to
our data. Evidence for the existence of these high-energy conformations (with ¢_gpo ) can
be obtained from the NMR and molecular modelling study of Lycknert et al.[56]. Further,
it is also noted that the deviation of 1 from the preferred anti-periplanar conformation
results in the preference of the “¢t” rotamer as given by the w angle distributions.
This feature clearly shows up in our simulation data as well, where the 1—6 linked
a-D-glucopyranoside oligomer shows an exceptional preference to the “gt” conformer as
discussed in Figure 3.4.

From Figure 3.3, it appears that «/f-(1—6) glucans have the most flexibility, but Figure
3.2 indicates that these have the least fluctuation in their RMSD values as compared to
their 1—3 and 1—4 counterparts. With respect to the sampling of the glycosidic dihedral
angles, the 1—6 glucans have greater freedom because of the extra ~-CHs-" group. This
feature is not reflected while considering the overall backbone RMSD. RMSD calculation,
reflecting the square root of the number averaged squared distortions from the starting
structure, is highly dominated by the motions of the flexible termini. In fact it is observed
in several studies involving structure of bio-macromolecules in literature that RMSD is
greatly affected by the amplitude of errors, as pointed out in a detailed discussion by
Kufareva et al.[57]. It appears further that alteration of a few backbone dihedral angles
can lead to significant distortion in the global structure and packing. On the other extreme,
very similar structures, in terms of RMSD, can sometime have a significant disparity in
their dihedral angles. Partial cancellation of these variations, especially if the chain flips
or turns, may leave RMSD value relatively unaffected.

For the three bond glycosidic linkage, as observed in 1—6 linked oligosaccharides, along
with the two conventional backbone torsion angles ¢ and 1V, there is an additional

handle of freedom in terms of the side-chain torsion angle w(Og — Cs — C5 — O5) and
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w*(0Og — Cg— C5—C}) to describe the conformations of the hydroxyl group side chain. The
peaks in w torsion angle distribution usually refers to the population of the gauche-gauche
(99, w~300), gauche-trans (gt, w~60), and trans-gauche (tg, w~180) rotamers for the
1—6 linked oligosaccharides. The details of the definition of the various rotamers as
characterized by the values of w and w* can be found in previous reports[29, 48, 58].
Figure 3.4 shows the distribution of the wtorsion angle (w=w*+120) for the 1—6 linked
oligosaccharides under consideration[29, 58].

(a) B-D-glucopyranosides (b) a-D-glucopyranosides

Figure 3.5: Polar plot showing the variation of the Cremer-Pople pseudorotation(f), and phase
angles (@), (in degrees) for the different oligosaccharides under consideration. 1—3 linked (Red);
1—4 linked (Green) and 1—6 linked (Blue)

The puckering of the rings in such oligosac-

s1-6 a1-6 charides can be followed by estimating the
1400 ot = Cremer-Pople puckering parameters as a
1200

1600

spherical polar set (Q, 6, @). A polar plot

1000
representing only the variation in the psue-

No. of frames
2]
o
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600 9 dorotation angle(0), and phase angle(@),
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A is adequate to probe the conformers exhib-

ited by each of the oligosaccharides along

-180 -90 0 90 -90 0 90 180

180 -180
(dihedral) . . .
o the course of the simulations as shown in

Figure 3.4: w dihedral angle distributions Figure 3.5. The energy barriers associated
(in degree) for the oligosaccharides having

1-56 glycosidic linkage. with ring flipping is significantly high to

be reached in equilibrium simulations at
310 K. However, small distortions from the ideal *C; chair are observed in our simula-
tions in line with some earlier studies[58, 59, 60]. Among the §-D-glucopyranosides, the
1—6 linked oligomer undergoes the highest puckering. When a-D-glucopyranosides are
compared, it is found that the o/f-D-1—3 and -D-1—6 linked oligosaccharides shows
some population density around the boat/twist-boat region, along with some envelopes/
half-envelopes. The «/f-D-1—4 linked oligosaccharides show the least distortion from
the ideal chair among all. In an earlier REMD simulation study by Gnanakaran et al.[58],
on cellulose fragments, comprised of (-D-glucopyranoside units linked by 1—4 glycosidic
linkages, it was shown that although #C is the preferred chair conformation observed

in the simulations, ~1 to 2% of conformers exhibited non chair forms. It is noteworthy
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here that the propensity of formation of non-chair forms increases with the degree of

polymerization[58, 60]. It was further noted that the glucose ring in the non-reducing end

shows fewer flips than the other rings.

With greater accessibility toward
different glycosidic torsion angle
combination, arises higher prob-
ability of exhibiting conforma-
tional variance with respect to
end-to-end distance and radius of
gyration(R,). The trends of these
two physical attributes are similar
across the oligosaccharides stud-
ied. The end-to end distance is
calculated as the distance between
the two most distant atoms, C; of
residue 1 and Og of the last residue.
Figure 3.6 shows the comparison
of the end-to-end distance and R,.
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Figure 3.6: (top)Variation of end-to-end distance per
residue (bottom)Variation of Radius of gyration per
residue.

The end-to-end distance and R, values are normalized per number of residues for the

two anomeric series of glucans having different glycosidic linkages. From the figure 3.6 it

appears that the 15-meric a/f-1—6-D-glucans have the smallest end-to-end distance and

Rg among all oligosaccharides under consideration. The $-1—4 variant has the highest

end-to-end distance and R,. This implies that among all the oligosaccharides studied,

[-1—4 takes linear form and is less curled.

Figure 3.7 depicts the solvent
accessible surface areas for the
oligosaccharides, normalized per
number of residues. The 1—3 and
1—4 «/(-D-glucans show a rela-
tively narrow distribution of sur-
face areas, peaked at 1.8 to 2 nm?.
The a/-1—6 glucans assume sev-
eral conformations with relatively
broad distributions (peaked re-
spectively at ~1.5 and ~1.8 nm?).
The a-1—3/1—4 glucans show rel-
atively less solvent exposure than
their S-variants.
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Figure 3.7: Solvent accessible surface areas per
residue of the oligosaccharides under consideration.
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n The structure of the different glucan vari-
ants and their interaction with the aqueous
environment are indicated by a compari-
son of distributions of the intramolecular
vs intermolecular H-bonding as shown in
Figure 3.8. The donor-acceptor distance
cut-off used in the calculation is 3.5 A and
the A-D-H angle cutoff of 30°.
the glucans interact extensively with wa-
ter through 5-7 H-bonds per residue. It
appears from the plots that 1—4 linked

Overall,

D-glucans exhibit more intra-molecular H-
bonding as compared to their 1—=6 coun-
terparts. Among all the oligosaccharide
variants studied, 1—4 a-D-glucan oligomer
showed relatively less intermolecular H-
bonds with a concomitant rise in intra-

molecular H-bonding propensity. This is
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Figure 3.8: (A)Intra molecular H-bonding,
(B)Inter molecular H-bonding.

further verified from the appearance of organized motifs held by H-bonding network in its

lowest energy structure identified from our simulations as discussed later in Figures 3.15

and 3.16. The 1—6 linked oligomers on the other hand have noticeably less intramolecular

H-bonds. The structures as given in Figures 3.15 and 3.16, however, shows significant

curling up, but low intra-molecular H-bond propensity for these oligomers indicates that

the structures are lacking systematic repetition of motifs which interferes with H-bond

formation between two parts of an oligosaccharide chain.

Apart from the structural attributes,
oligosaccharides behaving like a fluctuat-
ing random coil in conventional solvent wa-
ter have also distinctive dynamical features.
However, due to the presence of significant
number of degrees of freedom, the over-
all motion is too complicated to conceive,
let alone understand comprehensively. To
simplify the dynamical scenario, principal
component analysis (PCA) is performed on
the glycosidic torsion angles of these several
variants of oligosaccharides to understand
what effect the different glycosidic links in
the two anomeric series of oligosaccharides
precisely have on the dynamical freedom.
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Figure 3.9: Depiction of glycosidic oxygen
atoms along oligosaccharide chain
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To simplify the problem, only the oxygen atoms participating in the (1—n) glycosidic
linkage are considered to be the backbone. Figure 3.9 indicates the backbone atoms
considered for principal component analysis of the representative - D-glucopyranosides
under study. It is evident that the choice of glycosidic oxygen atoms (red spheres in vdw
representation as incorporated by VMD) as the backbone is not too bad to catch up
the overall dynamical intricacies while keeping the overall degrees of freedom at check.
Relatively small oligomeric molecules in solution, such as those considered here, exhibits
both translation and rotation in addition to vibrational motion, which makes the natu-
ral separation between overall motion and internal motion difficult. Thus, the internal
coordinates of the backbone torsion angles are subtended between the oxygen atoms of
the glycosidic linkage, which reflects only the internal motion of the oligomeric chain as
represented in Figure 3.9. This approach is known to reduce statistical noise in the data
by evading accentuated correlations between backbone and side-chain atoms|[61].

An eigenvalue scree plot as shown in Figure 3.10 can be generated to understand the
distribution of the overall oligomer dynamics (in terms of fluctuation of the internal coordi-
nates) into the most relevant principal components (PCs) in the reduced dynamical space.
The scree plot shows the respective weightages of the PCs on the total variance of the data.
Although the first two PCs could capture

just ~30 to 50% of the overall dynam- T T T T 1T ==
ics, for simplicity, analysis is restricted to ¢ o T
PC1 and PC2. PCA is a relatively difi- ¢ »
cult analysis to comprehend, especially for ‘

nce (%)

Proportion of v:

big molecules having numerous degrees of

freedom. Therefore, the scree plots have | e — ]

rather long tails, which extend to several Eigen valus rank
tens of components. As the total number Figure 3.10: Eigenvalue Scree plot show-
of principal components would be equal to ing the weightage of the different principal

components in the overall dynamical space

the number of degrees of freedom available, for the oligosaccharides under consideration

providing physical interpretation to this en-

tire set becomes very stiff. Thus to keep it

understandable only the first two major components are considered. While this approach
does not cover the entire scenario, but it does provide the major information, which
possibly one would mostly care about.

S. Peesapati 2023



Chapter 3. 48

- - Oat
200 B1-3 B1-4 .
200 - 0.9
e . s
. 10.7
-200
10.6
 -400
10.5
&
400 a l-3 al-4 al-6
40.4
200 0.3
0 0.2
-200 0.1
-400 0
-200 0 200 -200 0 200 -200 0 200 -200 0 200
PC1

Figure 3.11: Distribution of scores for the 4000 snapshots collected from 40 ns simulation
trajectory in the PC1 to PC2 dynamical space for the different variants of oligosaccharides under
study.

Figure 3.11 shows the distribution of the snapshots in the PC1 and PC2 dynamical
space for all the oligosaccharide variants, bringing out the disparity in dynamics caused
principally by the difference in anomericity and glycosidic linkage type. Except Oats
and barley, the rest of the oligosaccharides contain exactly the same number of residues
of D-glucopyranoside type. The plots indicate that in general the dynamics of the
oligosaccharides are characterized by low redundancy or correlation in PC1 and PC2
dynamical space. This is indicative of random diffusive motion along the oligosaccharide
chains. Among the p-oligomers, the 1—6 linked oligosaccharide is the most flexible,
while it is the 1—3 and 1—6 linked oligomers for the a-anomeric series, which show
maximum spread in the data. Oligosaccharides bearing the 1—6 linkage have significantly
more dynamical freedom as compared to their 1—3/1—4 peers owing to the “3-bond
glycosidic linkage” or the additional CHy group. The presence of multiple maxima and
the asymmetric spread of the PC1 and PC2 distribution for 1—6 linked oligosaccharides

point toward this aspect.

To further understand these features, the loadings of the residues are analysed along the
oligosaccharide chains for all the variants in Figure 3.12. While for oligosaccharides of the
[S-anomeric series, the contribution of PC1 and PC2 toward the dynamics of a given residue
follow similar trends, for the a-anomeric series, it appears to be more complementary
in nature. For example, in a 1—3 oligomer, the residues that feature prominently in
PC1 (residues 3-6; 9-12) are downgraded in PC2 and vice versa. Interestingly, this
complementarity is also prominent in the loading plot of oat. Although they are composed
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Figure 3.13: (a)Pictorial representation of the contribution of each oligosaccharide residue
towards PC1. For generating this data, PCA is done using the Cartesian coordinates of the
backbone glycosidic oxygen atoms. The colorbar is common to all the different oligosaccharides
under consideration and the data is normalized for easy comparison. AGLC and BGLC refer
respectively to a or 8-D glucopyranoside unit and the number denotes the residue. (b)Loadings
of the oligosaccharide residues towards PC1 as obtained from PCA using Cartesian coordinates.

of f 1—4/1—3 linked D-glucopyranoside units, barley has higher content of 1—4 linked
units as compared to oat, which is probably the cause of different PC1 and PC2 weightages
in the two oligosaccharide chains.

To comprehend the dy-
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Figure 3.12: Residue loadings for the different oligosaccharides

using internal coordinates toward the first two principal compo-

nents: PC1 (blue) and PC2 (red). s/hinges for non-terminal
residues, the a1—6 oligomer

showed reduced motion-

exhibited substantial distortion throughout the length of the oligomeric chain. Compared
with oat, barley is observed to have fewer hinges.
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Figure 3.14: Cross correlation plots as calculated by linear mutual information for all the
different oligosaccharides. The non-correlated and anti-correlated movements are both reduced
to zero in this approach.

While the VMD representations of the overall dynamics of the oligosaccharides and their
corresponding residue wise loading plots are indicative of the magnitude of fluctuations
observed in a given residue along the chain, no information is obtained regarding the
presence of correlated motions, if any. Figure 3.14 shows the cross-correlation plots of the
residues in the different variants of oligosaccharides. Here, the data are calculated using
linear mutual information theory, which reduces both non-correlated and anti-correlated
motions to zero. The plot brings out contrasting features of correlated motions along
the chain for the different variants. While 5 1—4 oligomer shows existence of dominant
correlated motions, which are indeed visible in oat and barley fragments as well, the
al—4 oligomer shows less correlation. Among both o and [-D-glucopyranosides, the
1—6 linked oligomer shows the highest uncorrelated/anti-correlated movements.

The dynamical space of oligosaccharides spanned by the first two principal components,
PC1 and PC2, can be further classified into four clusters by K-means clustering. The
minimum number of clusters sufficient to describe the dynamical space is found by
the “elbow criterion” as observed in the variation of SSR/SST ratio against number of
clusters[62]. In the case of all the oligosaccharides under consideration, an optimum four
clusters could refine the dynamical space adequately as depicted in Figure 3.15. This figure
shows the variation in the structure of the lowest energy oligosaccharide conformation
belonging to each cluster across all the oligosaccharide variants studied. A comparison of
Figures 3.14 and 3.15 reveals that correlated movements are lost as the structure of the
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oligosaccharide curls up as in the case of a/ 1—6, & 1—4 and 8 1—3 linked variants.
Correlated movements are relatively high for the straight chain oligosaccharides.

51-3
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200 K\\\X )
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Figure 3.15: K-means clustering performed on the dynamical space spanned by PC1 and PC2.
The conformations closest to the centroid in each cluster are shown. Color-codes for the clusters
are as following: cluster-1 (Red); cluster-2 (Green); cluster-3 (Cyan) and cluster-4 (Blue).

Lastly, it is important to compare the most stable solvated oligomeric structure obtained
in the course of the simulation for all the variants studied. These variants are depicted in
Figure 3.16. While the $-1—3 and 1—4 oligosaccharides are mostly slender and straight,
the 1—6 variant is zigzag. While a-1—3 is straight, a-1—4 and 1—6 are noticeably
curled. Oat is more wrapped up than barley. For the mixed linkage (1—3, 1—4)-5-
glucans, like oats and barley, the discontinuity induced into the 3-(1—4) linked sequences
by intermittent 5-(1—3) linkages usually prevents the oligosaccharides from stacking up
forming layers. On increasing the ratio of $-(1—3)-linkages in the sequence, more kinks
are introduced in the structure leading to an open conformation and a water-soluble
polymer[63, 64]. In our study the barley sequence has lower -(1—3):8-(1—4) ratio as
compared to oats. This is probably the reason why barley chain appears to be straighter
and dynamically more labile as compared with oat. The presence of kinks in oat can also
be noted in the pictorial representation of the contribution of each oligosaccharide residue
toward PC1 in the dynamical PCA map (Figure 3.13a, the red regions are domains of
minimal movement in PC1). These structural features are indicative of the lincage that
the oligosaccharides carry out of their anomeric type and glycosidic linkage pattern and

could prove useful while designing newer motifs.
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B1-3 B1-4

al-6 Oat

Figure 3.16: Lowest energy conformation of hydrated oligosaccharides under consideration.
The oligosaccharides are represented by twister and paper-chain representations to depict the
twist along the oligosaccharide chain and the puckering of the glucopyranose ring.

3.4 Conclusion

The present study compares and contrasts the conformational changes and dynamics
spanned by 15 residue oligosaccharides belonging to two anomeric series of linear o and
(- D-glucopyranosides and having varying glycosidic linkages of types 1—3, 1—4 and 1—6.
Two mixed linkage (- D-glucan fragments comprising 1—4 and 1—3 linkages in certain
ratio as found in natural fibers of oats and barley are also investigated. The primary aim
of the work is to understand how changes in glucopyranose rings as dictated by changes
in anomeric nature and glycosidic linkage, forces the oligosaccharides to reveal different
structural patterns, H-bond propensity, solvent exposure and the radius of gyration.
As structure is affected, it influences critically the dynamical freedom along the chain,
exhibited by significantly different score maps in the PC1 and PC2 dynamical space.
While some oligosaccharides show diffusive dynamics, the overall motional behaviour of
others are more restricted into specific clusters. Overall, the following observations are
noted: Firstly, as compared to the o series, the -oligomers, especially the 1—3 and 1—4
linked chains are relatively more slender with higher solvent exposure, high end-to-end
distance with concomitant rise in the radius of gyration. The 1—6 linkage on the other
hand attains diverse configurations in solution. $-1—6-D-glucan is especially remarkable
in terms of its litheness as evident from the multiple maxima in the score plot in the
PC1 and PC2 dynamical space. The significant uncorrelated /anti-correlated motions as
indicated by the cross-correlation plot and the uniform loadings across all the residues of
the 1—6 oligomeric chain further endorse this aspect. Information obtained from this
work is intended to help design oligosaccharides, linear or branched, with tunable physical
characteristics for specific purposes. For example, for wrapping spherical cholesterol or
LDL particles in simulations mimicking physiological disorders like dyslipidemia.
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Structural and spectroscopic details
of polysaccharide—bile acid
composites from molecular dynamics
simulations

This chapter is based on the following paper, Peesapati, S. & Roy, D. Structural and
spectroscopic details of polysaccharide—bile acid composites from molecular dynamics
simulations. Journal Of Biomolecular Structure And Dynamics. pp. 1-13 (2022)
url:https://www.tandfonline.com/doi/abs/10.1080/07391102.2022.2137242
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4.1 Introduction

Polysaccharides, apart from being integral component of diet, play a vital role in metabolic
processes of digestion and excretion[l, 2, 3, 4, 5]. They have both therapeutic and
detrimental effects on human health. Hence, the interactions of polysaccharides with other
dietary components and molecules emerging out of metabolic pathways in the GI tract is
attracting widespread attention these days(6, 7, 8]. Polysaccharides of the form (-glucan,
help alleviate some chronic pathological conditions like dyslipidemia, fatty liver, diabetes,
gallstones and other metabolic syndromes[9, 10]. These conditions are associated with

abnormal lipid metabolism and bile transport.

In this context, it is crucial to understand the structure and types of lipids like bile
acids/salts which play a critical role in the metabolism. Diverse bile acids are synthesized
from cholesterol in liver[11]. They are also called as ‘primary bile acids’. They belong
to a large class of molecules which take the structure of steroids. Chenodeoxycholic
acid (CDCA) and cholic acid (Ch) are the common primary bile acids in humans. They
are conjugated with taurine or glycine residues to give bile salts. These bile acids are
amphiphilic in nature i.e., they have both hydrophobic and hydrophilic regions. These
primary bile acids are subjected to bacterial action in colon, thus getting converted to
secondary bile acids. The cholic acid gets converted into deoxycholic acid (DCA) and
chenodeoxycholic acid gets converted to lithocholic acid (LiCA). The bile acid pool is
mostly comprised of cholic acid and chenodeoxycholic acid. Small amounts of deoxycholic
acid and lithocholic acid and minute amounts of ursocholic acid can also be present.
Increased bile acid usually account for liver damage.

A major fallout in dyslipidemic patients is the raised serum cholesterol levels, subsequently
leading to accumulation of surplus cholesterol in various body parts including eyes, arteries,
liver etc[12, 13]. Cholesterol although detrimental in excess amounts, is actually vital
for several metabolic processes[14]. Unfortunately, the human body often obtains much
excess of cholesterol from biosynthesis and by significant absorption through the GI tract.
The liver hepatocytes, on the other hand, can only disintegrate cholesterol down to bile.
Thus any inhibitory effect on bile production or reabsorption in the GI tract triggers the
conversion of cholesterol to bile acids in the liver, in order to maintain the constancy of
the biliary pool[15, 16]. The interlink between cholesterol and biliary metabolic pathways
is thus well known and is often exploited by therapies to treat dyslipidemic patients.

[-glucans can significantly lower down serum cholesterol levels by binding to bile acids
thereby facilitating faecal excretion|[3, 5, 17, 18, 19, 20, 21, 22, 23]. A substantial portion
of primary and conjugated bile acids, especially the hydrophilic ones like cholic acid,
chenodeoxycholic acid and deoxycholic acid are reabsorbed through specific transporters
present in the enterocytes[24]. It is noteworthy that polysaccharides constituting the

dietary fibres are particularly resistant to enzymatic degradation in the upper GI tract and
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help adsorb such bile acids on their surface by hydrophobic interactions. Section 3.1 has a
brief discussion of role played by polysaccharide viscosity in prevention of reabsorption of
bile acids[25, 26, 27]. Several clinical studies indicate that S-glucans can alternate the
microbiome activity in the gut, which has additional direct influence on the host bile acid
and cholesterol homeostasis[28, 29, 30].

Numerous clinical studies along with some computational work indicate that polysaccha-
rides have the ability to bind with bile acids and bile salts. But, the molecular details
highlighting such interactions are still awaited. The complex hierarchical structures of the
polysaccharide and mimicking the exact physiological composition of intestinal fluid in
vitro are major challenges among others[31, 32]. Conformations and related properties
of polysaccharides are challenging to study experimentally. NMR spectroscopy|31, 33],
SAXS[34, 35] and AFM imaging[36] are few techniques used to characterize the binding
of bile acids to polysaccharides. Brief introduction on the analysis techniques of polysac-
charides given in section 1.4. In a recent work, Zielke et al, investigated the bile acid
binding capacity of oat f-glucan using asymmetric flow field-flow fractionation (AF4)
and NMR assays[31]. Bile acids are seen to affect the density of the undigested -G
aggregates, which further manifests itself in the altered chemical shifts values of carbons as
observed through NMR. Another in-vitro assay utilizing low and medium viscosity barley
p-glucan having 5-(1—4)/(1—3) glycosidic linkages and bile salts like glycocholate (GC)
and tauro-chenodeoxycholate (TCDC) could detect changes in NMR chemical shifts for
both bile salts and [-glucan in the timescale of minutes, indicating evidences of dynamical
interactions between the molecules[33]. The stabilization of the bile salt micelles by the
barley glucans is found to be pH dependent and likely favoured at pH 5.3[33]. Inter-particle
interactions between bile salts and glucans are also noticeable from the changes in the
SAXS patterns of bile salt aggregates in presence and absence of 3-glucan, as reported by
Gunness et al,. The extent of interaction and binding depends on several factors, primarily
the method of extraction from natural sources, the molecular weight of the -glucan, the
glycosidic linkages available, just to name a few|[37].

While it is understandable why molecular details of such interactions are less available,
one can focus more on utilizing computation tools to address such problems and fill up
the void. In recent times, homology modelling, molecular dynamics simulations, docking
and bioinformatics tools are increasingly used to model and study structure-dynamics
relationships of complex bio-molecular assemblies. In an earlier report on the aggregation
behaviour of two typical bile salts like sodium cholate and sodium deoxycholate. Paartay
et al reported that due to their unique molecular structure, which is significantly different
from the conventional aliphatic surfactant molecules, the bile salts tend to form soft
clusters distinct from the usual spherical micelles[38]. In a recent study, Li and co-workers
have used molecular docking to understand the adsorption of soy-hull polysaccharides
on bile acids. Hydrogen bonding together with hydrophobic interactions between the
polysaccharide and bile acids play the dominant role in triggering such adsorptions[39].
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In the present work, molecular dynamics tools are employed to understand atomistic
details of a prototypical bile acid and its corresponding sodium salt would potentially
interact with strands of a standard decameric S-glucan chain which is inspired by that
extracted from oat or barley. Each polysaccharide strand comprises of ten units of g-D-
glucopyranose, linked by mixed §-(1—4)/(1—3) glycosidic linkages. The bile components
are prone to form soft clusters of varying moment of inertia and coordination number.
These properties are described in detail in section 4.3. Some spectroscopic signatures,
directly comparable to experimental data, like, the small angle scattering profiles and 'H
NMR chemical shifts are estimated to compare with experimental reports.

4.2 Methodology

4.2.1 Modelling of the polysaccharide, cholic acid and sodium

cholate

The initial coordinates of the oat polysaccharide are generated using Glycan Reader
and Modeler as available in CHARMM-GUI[40, 41]. The oat polysaccharide consists of
mixed 1—4/1—3 type glycosidic linkages joining ten S-D-glucopyranose residues. The
oat-inspired polysaccharide fragment has one 1—3 linkage after three consecutive 1—4
linkages. Fifteen such decameric strands are considered for studying the interaction with
the bile acid (Ch) and the corresponding sodium salt (NaCh) after solvating with ~40,000
TIP3P water[42]. Equilibrated cubic simulation boxes resulted in edge length of ~11 nm.
The structural and dynamical properties of the polysaccharide are explored with several
independent starting structures as reported in previous work[43]. The initial coordinates
of cholic acid (CA) and sodium cholate (NaCh) are generated using Ligand Reader and
Modeler of CHARMM-GUI[44]. Multicomponent Assembler Module of CHARMM-GUI is
used to combine these molecules with the polysaccharide and hydrated with TIP3P water
to generate the simulation cell[45].

4.2.2 Simulation parameters and force field

All the molecular dynamic simulations employed GROMACS as the simulation engine[46].
The mutually compatible CHARMM General Force Field and CHARMM all-atom additive
force field are used to model the molecules[47, 48]. The water molecules are explicitly mod-
elled by TIP3P force field as incorporated in CHARMMS36[42]. A time step of 2 fs is used
for the simulations. Each of the systems is minimized using a ‘steep’ integrator followed
by equilibration in NVT ensemble (at 310 K) for 2 ns. This is followed by NPT simulation
for 300 ns at 310 K and 1 atm. Temperature and pressure are maintained by coupling
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the system to a Nose-Hoover thermostat[49, 50] and Parrinello-Rahman barostat[51] with
coupling constants of 1 ps and 2 ps respectively. The ‘LINCS’ algorithm[52] is used to
keep all waters and all bonds involving hydrogens rigid. Coulomb interactions are treated
through the particle mesh Ewald method. Cubic periodic boundary conditions (PBC) are
employed along the three directions of the orthogonal simulation box. A cut-off distance
of 1.2 nm is used for the non-bonded vdW interactions, with the switching of LJ potential
starting at 1.0 nm, extending up to 1.2 nm. A pair list distance of 1.2 nm is used for
vdW and electrostatic calculations. Gaussian 09 is employed for the prediction of NMR
chemical shifts and surface charge distributions from the structures isolated from molecular
dynamics trajectory. The Gauge-Independent Atomic Orbital (GIAO) method and ‘mixed’
option as implemented in Gaussian are used along with BSLYP functional and 6-311G
basis set. The structures for the quantum calculations are sampled randomly from the
last 10 ns of the 300 ns long MD trajectory. After a snapshot is selected, a disaccharide
unit of the polysaccharide in close contact with the bile acid molecule is chopped off and
capped with H. The bile acid molecule along with the disaccharide unit is then subjected
to the DFT study. Same approach is taken while selecting two bile acid molecules for
studying them using DF'T.

4.2.3 Software and data analysis

Gaussian 09, VMD (1.9.4a)[53], PLUMED (2.7.2)[54] and MATLAB (R2021b) have been
used respectively for the studies using density functional theory (DFT), visualization of
the structures and analysis of the data. Radius of gyration, and non-bonding energy have
been determined using the GROMACS analysis tools, gyrate and energy respectively.
Hydrogen bonds are determined using VMD plugin with distance cut-off of 3 A and
Acceptor-Donor-Hydrogen angle cut-off of 30°. Coordination number, moment of inertia
and scattering patterns are determined using in-house MATLAB scripts. 3.5 nm is used
as the cut-off distance in coordination number calculation. Moment of inertia and shape

anisotropy have been calculated only for the biggest cluster present in the frame.

4.3 Results and discussions

Figure 4.1 shows the structure of Ch, NaCh and the S-Glucan under study. The polysac-
charide structure is inspired after those obtained from cereals like oat and barley and
consists of a decamer of S-D-glucopyranoside residues linked by mixed 8-(1—4)/(1—3)
glycosidic linkages. Intermittent 8-(1—3) linkages induce discontinuity into the g-(1—4)
linked sequences, which is shown to prevent the polysaccharides from stacking up in
layers. As the proportion of -(1—3)-linkages increase in the sequence, more kinks get
introduced in the polysaccharide structure resulting in an open conformation and better
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water-solubility[43, 55, 56]. Bile, on the other hand, is a complex aqueous mixture of
several bile acids and salts along with phospholipids, cholesterol and other steroids, with
water being the major constituent (95%)[57]. Ch and its sodium salt, NaCh are the major
constituents of the biliary pool and are abundant in the GI tract. The concentrations of
Ch and NaCh, individually, in the human caecal extract is <1 mM, which is typically
below the critical micellar concentration of Ch (8 mM) and NaCh (13 mM) in water at
310 K[58, 59]. In such low concentration range, the bile components do not aggregate
and typically gets adsorbed on the food residues. However, Tanaka et al, showed that
the total bile acid concentration in rat ileum is often very high and reaches 100-160 mM,
large enough to possible trigger clusterization[60]. Thus, in the present work, a higher
concentration of the prototypical bile acid Ch (130mM) and the salt NaCh (140 mM) has
been used to observe the possible soft clusterization of such molecules in absence and
presence of the g-glucan (20 mM).

Figure 4.1: Molecular structures of (A) the polysaccharide ($-glucan) having mixed 1—4/1—3
glycosidic linkages connecting ten units of 5-D-glucopyranose; (B) Cholic acid (Ch) and (C)
Sodium cholate (NaCh)

4.3.1 Molecular arrangements of Ch and NaCh in water and

impact of polysaccharide

The problem of studying the interaction of bile components with other dietary elements is
of huge clinical interest and it is certainly non-bonding interactions, primarily van der
Waals and sometimes electrostatic forces that dominate such complex ensembles. As
the simulation data of the aqueous Ch system is compared to those from aqueous Ch in
presence of f-glucan (130 mM or 5.3% w/v Ch; 20 mM or 3.2% w/v S-glucan), it becomes
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apparent that the aggregation of the Ch molecules proceeds uninterruptedly even in the
presence of the polysaccharide.

Figure 4.2 shows the radial dis-
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posites. The Cy, Cs, O1 and Oz atoms are on Ch and
. . NaCh, as depicted in Figure 4.1. Og is the hydroxyl
dominant than in the case of Ch. oxygen on Cg of the 5-D-glucopyranose residue in the

This is probably because of the polysaccharide. O,, denotes the oxygen atom of TIP3P
water.

of the polysaccharide chain is less

negative charge on cholate, which
approaches the carbons of the
polysaccharide chain a bit more favourably than Ch, as given by the C3-Cy distribu-
tions. The O;-Og or O3-Og distributions are comparable for both the bile acid and its
salt. NaCh interacts strongly with water as given in the inset. The interactions between
two Ch molecules are still preferred in the near vicinity leading to rather unperturbed
Ch cluster formation, even in the presence of g-glucan. The polysaccharide chain is more
comfortable either coiling around itself or interacting with surrounding water molecules
(Figure 4.2,Right).

4.3.2 Time evolution of the shape and size of the bile acid and

B-glucan composites

Figure 4.3 shows the impact of the presence of polysaccharide chain on the time evolution
of the radius of gyration. The radius of gyration is calculated by considering all the
molecules of Ch or NaCh present in the simulation box (Figure 4.3,Left). Additionally, the
radius of gyration of the biggest cluster of Ch is also calculated for a given time instant,
both in presence and absence of S-glucan (Figure 4.3 Right). The molecular composition of
the biggest cluster in a simulation snapshot is estimated from the maximum coordination
number that a particular Ch molecule (out of 100 molecules) is exhibiting at a given
time instant. The coordination number of a Ch molecule is calculated by considering all
neighbouring Ch molecules which are lying within a cut-off radius of 3.5 nm.
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Figure 4.3: Time evolution of the radius of gyration of the
assembly of bile components in presence or absence of S-glucan:
(Left) considering all the Ch or NaCh molecules in the box;
(Right) considering only those Ch molecules which are part of
the biggest cluster.
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Figure 4.4: (Left)Time evolution of the coordination number
(Right) Normal (solid line) and cumulative (marker) distributions
of coordination number of Ch in the biggest cluster in presence
and absence of S-glucan.

molecules along the course of the simulation. NaCh is ionic and hence considerably more

hydrophilic than Ch. Thus aggregation is not observed appreciably in these simulations

for the bile salt (Figure 4.3,Left), in line with previous reports[59]. As a cut-off of 3.5 nm

is used to identify the biggest cluster formed in a given time instant, the radius of gyration

of the 100 molecular Ch ensemble starts from 3.4 nm compacting up to 2.1 nm towards

the end of the trajectory, when the nearly 100-mer cluster is fully matured and dense

(Figure 4.4). No particular interference in the packing of the Ch molecules is noticed in

the presence of the -glucan.
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Starting structure t=10ns t=50ns t =300 ns

Figure 4.5: Snapshots from the simulation trajectory of NaCh (pink, Top panel) and Ch (blue,
Bottom panel) in presence of S-glucan (green) strands at different time domains. The ‘starting
structure’ marks that at the beginning of the production runs.

The time evolution of the coordination number of Ch molecules within a cut-off radius
of 3.5 nm is plotted in Figure 4.4,Left. The biggest cluster evolved from a coordination
number of ~30 to 100 within a time window of 100 ns and remained noticeably stable
till 300 ns. Figure 4.4,Right shows the normal and cumulative distributions for the same
data. Presence of f-glucan does not inhibit the build-up of the compact Ch cluster.
Snapshots from varied time instants retrieved from the simulation trajectories of both Ch
and NaCh in presence of -glucan reveal the progress of clusterization (Figure 4.5). The
average cluster size after 300 ns of simulation is significantly larger in Ch than those found
in NaCh. Figure 4.5 further shows the evolution of the real cluster shape, as obtained
from the trajectory being broken up into three domains of clusterization, identified as
‘predominantly monomeric’ denoting cluster size less than trimers, ‘intermediate’ and
‘fully matured’. These snapshots are correlated to the relative shape anisotropy factor, x?
as given by Equation 2.15 and Figure 4.7.

4.3.3 Moment of inertia and shape anisotropy

At this point one may like to know about the shape of the biggest cluster formed and follow
the breathing of the cluster along with its change in shape as the simulation progresses
and the cluster matures. The principal moments of inertia of the biggest cluster of Ch, in

presence and absence of the S-glucan is calculated. This is shown in Figure 4.6. It is clear
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from the components of the principal inertial moments that Ixx < Iyy =~ Iz pointing to
the possible prolate or more aptly, an asymmetric ellipsoidal shape.

The molecular cluster breathes

and fluctuates in size. Particu- 6 Ch + 6-G

larly, in the trajectory analysed,
few cholic acid molecules come in

IS
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Figure 4.6: Principal components of the moment of
inertia along the simulation trajectory. The biggest
mains stable. The inertia tensor cluster evolves as a compact asymmetric ellipsoid. I

can work as a morphological de- denotes the sum of the three components.

scriptor for the shape of the Ch

along the trajectory however re-

aggregates as it fluctuates along the trajectory. The relative shape anisotropy can be
calculated from the principal moments of inertia using the expression given in equation
2.15. For a spherical aggregate, k?=0[61, 62]. Figure 4.7 aptly shows the intuitively ex-
pected structure of the 100-mer Ch aggregates, which are neither spherical nor significantly
elongated with somewhat symmetric top characteristics. In principle, they are asymmetric
top soft clusters with varying degrees of anisotropy.
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Figure 4.7: Shape anisotropy of the biggest cluster of Ch molecules as it evolved along the
trajectory in presence (Brown) and absence (Blue) of S-glucan. Snapshots of the biggest Ch
cluster at different time instants are shown in VDW representation: Carbon (cyan spheres),
Hydrogen (white spheres) and Oxygen (red spheres).
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4.3.4 Small angle scattering profiles of the Ch self-assembly and

other biliary components
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Figure 4.8: Small angle scattering profiles of Ch in presence

and absence of S-glucan. Compared with the simulated data
inter-atom distances and are the experimental SAXS profiles of glycoche-nodeoxycholate
(GCDC), L-Phe conjugated bile acid, a/S-L-PheC and sodium
taurodeoxycholate (NaTDC)[34, 35, 65].

leads to smaller values of

low frequency of the os-
cillations, which typically
dominate the scattering
signal at high q values. A relatively loose structure leads to high frequency oscillations
appearing pre-dominantly at low q[63, 64]. Scattering patterns of elongated or rod-shaped
particles show absence of oscillations at high or low q values. Apart from the oscillatory
nature, the scattering profiles of anisometric particles appear to be relatively featureless
decaying significantly slowly as compared to that from globular particles[64]. Figure
4.8 shows an encouraging comparison between the simulated scattering profiles of the
Ch cluster, f-glucan strands and the Ch/g-glucan mixed systems. Experimental SAXS
data on 1—4/1—3 linked barley S-glucan in presence and absence of bile salt glycochen-
odeoxycholate (GCDC)[35], the L-Phe conjugated bile acids, a/(-L-PheC[65] and sodium
taurodeoxycholate (NaTDC)[34] are plotted for comparison to the simulated data. Oscilla-
tions at q>0.1 A1 is noticeable in the simulated profiles of Ch cluster, with the frequency
increasing in the presence of §-glucan, indicating formation of more compact spheroidal
assembly. Some of the scattering profiles including those from this simulations for Ch soft
assemblies, in presence and absence of $-glucan exhibits the Guinier plateau region at low
q values (<0.1 A=!) with the intensities levelling off. Strong inter-particle interactions
leading to aggregation and instrumental artefacts at very low q values can often lead to
disappearance of the Guinier plateau[63]. Overall, the scattering profiles simulated in this
work mostly indicate existence of spheroidal soft-assemblies.
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Proton Ad Proton Ad Proton A6
index in A | (ppm) | index in B | (ppm) | index in C | (ppm)
H4 0.86 H2 0.52 H16 1.06
H6 -0.66 H3 -0.57 H18 1.09
H10 -0.67 H7 -0.55 H30 1.98
H13 -0.74 H16 1.01 H32 0.72
H16 0.90 H18 1.19 H35 1.59
H17 0.69 H29 0.82 H36 -0.69
H19 0.72 H30 0.54 H39 -0.81
H20 -1.23 H31 1.59 H40 -.88

H26 0.87 H35 0.88
H27 0.91 H39 -0.99
H30 1.78
H31 1.33
H34 0.65
H37 0.63
H40 -0.78

Table 4.1: Change in 'H NMR. chemical shift of representative protons of Ch molecule in
presence of S-glucan from the three structures given in Figure 4.9.

4.3.5 NMR chemical shifts of Ch in absence and presence of
B-glucan

Figure 4.9: Snapshots isolated from molecular dynamics trajectories subjected to DFT
calculations. The protons having a change in NMR, chemical shift (A¢d) values > +0.5 ppm are
shown. Protons experiencing downfield shifts (orange); upfield shifts (yellow).
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-0.064

Figure 4.10: Snapshot from the molecular dynamics trajectory from which smaller assemblies
are scooped out and subjected to DFT calculations. Charge distributions are indicated for:
(A-C) Ch-B-glucan assemblies; (D-F) Ch-Ch assemblies. The colour bar denotes the extent of
the partial charges. The black ellipse in structures A, B and C encircles the disaccharide domain
in the molecular assemblies.

Literature search further reveals that there are many experimental reports where the
interaction between bile components and polysaccharides are investigated using NMR
spectroscopic tools[31]. Keeping that in mind, in order to have similar correlations with
experiment, snapshots of the Ch aggregate in presence of -glucan from the simulated
trajectory are isolated to prepare structures for DFT calculations (Figures 4.9 ) in order
to estimate a change in the chemical shift values of the protons of Ch[13]. To lessen the
computation cost and complexity, in every structure, disaccharide unit is scopped out
from the S-glucan chain, which is in close vicinity of a Ch molecule in the cluster. The
sampling of the structures from the Ch-f-glucan assembly can be seen in Figures 4.9.
Three representative structures with varying relative orientations and the change in the
'H NMR chemical shifts of some selected protons are shown in Figure 4.9. The change
in chemical shift (Ad) for a given proton on Ch molecule in presence of the §-glucan is

calculated as following:
Ad = 5Ch/B—G — 5Ch (41)

In Figure 4.9, the protons on Ch are coloured based on whether the change in chemical
shift, Ad, is positive (up-field shift) or negative (downfield shift). Tables 4.1 and 4.2
respectively list the Ad (those for whom |Ad| >0.5 ppm) values of the protons of some
representative Ch molecules in close vicinity of another Ch or a disaccharide unit of the
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[-glucan, as marked in Figure 4.9. Similar magnitudes of Ad can be found in the work of

Meier and co-workers|[33].

In some cases, the DFT calculations further revealed a small extent of charge transfer
(1-5%) between a Ch molecule and the disaccharide unit of S-glucan or between two Ch
molecules. As a result of this charge transfer, equal and opposite charges develop on the
previously uncharged pair of molecules. Figure 4.10 shows the surface charge distributions

between the molecular pairs.

Presence of hydrogen
bonding type specific

LIPID-LIPID(LL)/LIPID-OAT(LO) LIPID-SOLVENT(LS)
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interactions between a Tt 300 e

——NaCh + -G (LL)
Ch and the p(-glucan
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%
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sooft ||'
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stand how the Competi- % 20 20 60 80 100 200 300 400 500 600 700 800 900

tive H-bond scenario be-
tween two Ch or NaCh
molecules (lipid-lipid, LL
type) and that with sol-

Number of hydrogen bonds

Figure 4.11: Comparison of hydrogen bond distributions in
Ch/NaCh in presence and absence of §-glucan. Competition
between lipid-lipid (LL), lipid-3-glucan (LO) and lipid-solvent
(LS) hydrogen bonding is evident.

vent (lipid-solvent, LS

type) changes in presence of the 8-glucan (lipid-polysaccharide, LO type). It appears that
upon addition of the polysaccharide, the possibility of formation of L-O type H-bonds
between a Ch or NaCh molecule and the g-glucan chain competitively inhibits the corre-
sponding L-L type H-bonding. H-bonding of Ch or NaCh with solvent water is clearly
dominating and is not affected much by the presence of the polysaccharide strands. The
non-bonding interactions between the different molecular pairs are documented in Figure
4.12. A significant stabilizing short range vdW interaction is noticed between the lipid
and [-glucan strands indicating their close association in solution.
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Proton index in D

Moleculel Ad (ppm) | Molecule2 | Aj (ppm)
H3 0.57 H7 -0.98
H6 0.59 H13 0.70
H7 -0.56 H15 -0.74
H13 0.91 H16 -0.56
H30 2.39 H24 -0.67
H38 -0.84 H30 -1.53
H39 0.95 H31 -1.43
H40 0.52 H38 -0.90
H39 0.64
Proton index in E
Moleculel A0 (ppm) | Molecule2 | Ad (ppm)
HS8 0.68 HS8 0.71
H15 0.73 H10 1.04
H20 0.88 H13 0.96
H29 0.57 H15 -0.64
H30 -1.41 H19 -0.61
H31 -1.49 H30 -2.46
H33 0.56 H35 -1.55
H38 -0.62 H39 0.86
H39 0.90 H40 0.53
Proton index in F
Moleculel A6 (ppm) | Molecule2 | Ad (ppm)
H3 0.61 H3 0.97
H4 -0.85 H4 -1.11
H6 0.64 H15 1.04
H10 0.73 H30 -1.71
H12 -0.82 H35 -0.92
H15 0.66 H39 0.54
H28 0.61
H30 -2.06
H32 -0.58

Table 4.2: Change in 'H NMR chemical shift of representative protons of two Ch molecules in
close vicinity as obtained from the three structures shown in Figure 4.9.
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Figure 4.12: Interplay of non-bonding interaction energies (electrostatic and vdW) for different
combinations of molecules.

4.4 Conclusion

Simulating the human intestinal fluid, that is known to contain colloidal structures of small
molecules in a complex dynamic equilibrium, is a topic of significant challenge and utmost
curiosity at the same time. In that ensemble of varied molecules, interactions between
molecular assemblies are ubiquitous. Bile acids and salts are predominant constituents of
bile with a total concentration in the range 100-160 mM, high enough to trigger aggregation.
The bile acid aggregates often interact strongly with other dietary components, majorly
polysaccharides that are still left undigested in the GI tract. This work sheds light on
the molecular level interactions of a standard dietary S-Glucan motif (f-glucan) with a
prototypical bile acid, the cholic acid (Ch) and its corresponding sodium salt (NaCh) by
means of molecular dynamics simulations. The bile components are amphiphilic in nature
and thus it is important to understand how the Ch-f3-glucan soft assembly would organise
and remain stable. The simulation data indicates that Ch aggregates use non-bonding,
primarily short range attractive van der Waals forces to hold onto the polysaccharide
chain. Due to this association, there is a significant change in NMR chemical shifts of
the protons on Ch. Some extent of charge transfer interaction is also observed between
Ch and polysaccharide or another molecule of Ch. An estimate of the principal moment
of inertia and radius of gyration of the Ch-g-glucan composites along the simulation
trajectory indicates that they are asymmetric top soft clusters with varying degrees of
shape anisotropy. The scattering profiles mostly indicate existence of spheroidal soft-
assemblies with prominent Guinier regions at low q values. Small angle scattering patterns
and change in 'H NMR chemical shifts are seen to be in line with the already reported
experimental data, indicating non-specific interactions in the Ch-{-glucan composites.
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Control of anomericity and glycosidic
linkage on the mechanics of
polysaccharides

This chapter is based on the following paper, Peesapati, S. & Roy, D. Control of anomericity
and glycosidic linkage on the mechanics of polysaccharides. Journal Of Chemical Sciences.
135, 32 (2023)
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5.1 Introduction

Polysaccharides, the most diverse class of biomolecules, are omnipresent in nature[l, 2].
They offer an incredibly complicated conformational and dynamical space[3, 4, 5]. These
conformational variations are undoubtedly translated to a wide array of structural and
mechanical properties, which are absolutely important to recognize for various reasons|1,
6, 7]. Their incredible film & sheet forming abilities, gelling abilities deserve thorough
investigation as to how the conformational properties of the integral monosaccharide units
end up influencing the polysaccharide elasticity[8, 9, 10, 11]. The monosaccharides, which
are linked by glycosidic linkages into linear or branched arrays of polysaccharides, dictate
the polymer’s physical properties to a great extent. As discussed in section 1.1 there are
several handles regarding the structure of the monosaccharides and how they control the
overall properties of the polysaccharide[3, 12, 13, 14]. Given so many features that can
influence polymer elasticity, it is undoubtedly a problem of a significantly large scale and
deserves systematic addressing[15, 16, 17, 18, 19].

A series of seminal work by the groups of Marszalek and Gaub, exploring the elastic
properties of polysaccharides using atomic force microscopy (AFM) and steered molecular
dynamics simulations (SMD) have already set the stage for the problem[15, 16, 17, 20].
Lot of insights can be obtained from these work on how the varied glycosidic linkages
found in natural polysaccharides can affect the stretching of the polymer. Conformational
transitions involving conversion from chair to boat through intermediate half-chair and
skew boat conformers could be identified along the stretching process[16, 19]. Apart from
the chair-boat transitions, the force induced conformational flips from a compressed to
an extended conformation often lead to helix-sheet transformations, as found in some
a-linked polysaccharides[15, 18, 19, 20, 21].

The conformational transitions associated with the stretching of the polysaccharide can be
identified from the characteristic force-extension (F-E) curves generated from the atomic
force microscopic (AFM) studies or steered molecular dynamics (SMD) simulations. As
discussed in section 1.7, the F-E curve is mostly characterised by three regions. The
initial plateau is explained as the entropic domain. It is the region of smaller force and
low extension in entropic domain. Upon further stretching, the polysaccharide segment
orients in the direction of applied force. The domain in which the polysaccharide extends
proportionately to the rapidly increasing stress is the Hookean domain. This is usually
marked by the elbow region. As the polymer reaches its contour length, the chain is fully
stretched and has very few configurational options left. In this limit, the entropy reduces
to zero when the polymer chain becomes linear[22]. Apart from the initial entropic and
Hookean domain in the later part, there is sometimes an additional region of moderate
extension in between, where the force-extension curve is usually observed to be non-

Gaussian. In this region, the polysaccharides stretch and the chair is transformed to boat
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conformers; the system passes through a high entropy region, as numerous skew boat
conformers are possible as intermediates. This can be understood more easily from the
Cremer-Pople representation of the possible conformers arising from a - D-glucopyranose
moiety as shown in the Figure 1.8, as the *C; chair transcends to boat forms through
the flexible boat-skew cycle for aldopyranoses[23]. The colour trend followed by various

puckering conformations is shown in Figure 5.1.

Certain polysaccharides can exhibit this extra elastic extensi-

bility, triggered by a conformational change under stress. The

chemical structure of the pyranose ring and the glycosidic I:l Chair
linkage present in the polysaccharide crucially control whether _ Boat

the polysaccharide would show extra extension. The origin of |:| Half-chair
this lies in the presence of different conformers of varying gly- I:l —
cosidic lengths in equilibrium. Typically, a D-glucopyranose

moiety prefers to be in the *C| chair conformation in the S Envelope

absence of any stress. Thermodynamically, this is more stable

than the 'C} chair by ~8 kcal/mol[24, 25]. Thus, under stress, Figure 5.1:  Colour
code for various puck-

the monomers may undergo the following transformations: ering conformations

from one chair to another (e.g. “C} to !C}), from a chair to
a boat, or from a chair to an envelope/half-chair[15, 19, 20, 22].

It is important to recognize which pyranose-based polysaccharides would show the extra
elongation or stretching as the conformations switch. Further correlating them to the
monosaccharide structure and the glycosidic linkage present is vital. The primary criterion
to have significant elongation as the pyranose changes conformation from the *C; chair is
to have at least one axial glycosidic linkage. One main conformational transition can be
observed in amylose in 1(axial)-4(equatorial) glycosidic linked polysaccharide. Conversely,
Pectin with 1(axial)-4(axial) glycosidic linkage exhibits two transitions. On the other
hand, in cellulose with 1(equatorial)-4(equatorial) glycosidic linkage, no transition is
observed[15, 19, 21].

SMD simulation data in the present report endorses some of these previous findings along
with newer insights on conformational flips for the a and [-D-glucopyranosides with
1—2, 1—3, 1—4 and 1—6 types of glycosidic linkages. The mechanics of different homo-
polysaccharides have been compared with an attempt to address the following: (i) The
effect of glycosidic linkage type and orientation on the extra elasticity of polysaccharides;
(ii) The extent of monosaccharide ring puckering as the conformational transitions are
noticed and (iii) whether the conformational flips are synchronous in nature down the
polysaccharide chain.
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5.2 Simulation methodology

The initial coordinates of the polysaccharide chains are generated using Glycan Reader
and Modeler as available in CHARMM-GUI[26]. The generated polysaccharides are linear
strands composed of a or S-D-glucopyranosides having any one of the 1—+2, 1—3, 1—4, or
1—6 linkage types. Each strand has 15 residues and is solvated with TIP3P[27] water in a
box with dimensions 30x30x150 A. The SMD runs employed five independent trajectories
for each system originating from different starting structures, sampled from molecular
dynamics simulations in NPT ensemble at 1 atm and 300 K.

All the molecular dynamics simulations employed NAMD as the simulation engine[28].
The CHARMMS36 all-atom additive Force Field is used to model the molecules|29]. The
water molecules are described by the TIP3P model as incorporated in the CHARMM
force field[27, 30]. A time step of 1 fs is used for the simulations. A cut-off distance of 12
A is used for the nonbonded vdW interactions, with a switching distance of 10 A. A pair
list distance of 14 A is used for electrostatic and vdW calculations. The particle mesh
Ewald (PME) method is employed to calculate the electrostatics. The starting structures
of the SMD runs are picked up from a 20 ns equilibrium simulation trajectory for each
system. The long axis of the simulation box is oriented along the z-axis using the orient
plugin of VMDI31]. Each starting structure is then subjected to initial conjugate gradient
minimization followed by SMD simulations in NVT ensemble for 5 ns at 300 K. In all
the SMD simulations of the 15-mer polysaccharide strands, the atom Oy4 of the pyranose
residue, 15 is kept fixed (fixed atom) while atom O of pyranose residue 1 is pulled (SMD
atom).

1is used for all the systems, and the force constant

A constant pulling velocity of 0.1 A ps~
is set to 1 kcalmol ' A=2. The nature of unfolding forces of a molecule in SMD simulations
often increase with the pulling speed. Here, the magnitude of the pulling velocity and the
force constant are optimized based on previous literature reports on similar molecules and
the computation cost involved[15, 17, 32]. While SMD simulations do provide microscopic
details of the unfolding process for a molecule, the simulated forces and pulling speeds
required for unfolding are actually several orders of magnitude larger than those used in
a typical AFM experiment (~100-500 nm s~'). SMD simulations, within a reasonable
temporal window of a few nanoseconds, tend to induce a desired event under the applied
stretching forces. Hence, simulations likely require higher pulling speeds and stronger
forces than those observed in an AFM experimental setup. VMD (1.9.4)[31], MATLAB
(R2019b) and Plumed (2.7.2)[33, 34] are used for the visualization of the structure, plotting,
and analysis of data. Gaussian 09 is employed to predict the single point energies of the
pyranose conformers for a chosen monosaccharide residue along the SMD trajectory. For
a given polysaccharide, five different residues are picked: three successive residues R3, R4,
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and Rb, close to the SMD atom, one in the middle (R10), and one close to the fixed atom
(R14).

Each of the chosen residues is saved separately and capped with the missing OH/H atoms
using Gauss-View. The single-point energy calculations for each of these residues are done
using the B3LYP functional and 6-311++g (d,p) basis set, as used in a previous study
on the mechanical properties of the polysaccharide, pectin[35]. The color code used to
represent the monosaccharide conformers are adapted from the work of Cross et al, as
implemented in VMDI[36].

5.3 Results and discussion

5.3.1 Monosaccharide variants and the glycosidic linkages

Figure 1.3 shows different monosaccharide repeating units along with the respective glyco-
sidic linkages studied in this work. The two anomeric series of o and [-D-glucopyranose
with either axial-equatorial (ae) or equatorial-equatorial (ee) orientation of the bonds
involved in the glycosidic linkage brings substantial differences in their stretching patterns
under the influence of an external pulling force. As mentioned in the introduction, the
presence of an axial glycosidic bond would help trigger a prominent conformational transi-
tion from the *C; chair to ¥ B thereby stretching the pyranose residue and resulting in the
extra-elastic domain for the polysaccharide in the F-E curves. A detailed description of
the nomenclature and interconversions of the conformational variants of the six-membered
aldopyranose ring is available in the report from the IUPAC-IUB Joint Commission on
Biochemical Nomenclature (JCBN)[37].

In Figure 5.2, some representative starting structures for each kind of polysaccharide
picked up from their respective equilibrium trajectories and used for subsequent SMD runs
are depicted to emphasize the difference in the extent of ordering in their 3D structures.
All the D-glucopyranose residues in a given polysaccharide are in *C} chair conformation

at the beginning of the simulation.
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Figure 5.2: Starting conformations of the steered molecular dynamics simulations for the

different polysaccharide strands.

5.3.2 Force-extension (F-E) curves:

AFM data

The force-extension (F-E) curve,
as depicted in Figure 5.3, is an out-
put of the SMD runs, which can
be compared to those from AFM
experiments after appropriate nor-
malization. Some of the polysac-
charides exhibit a phenomenon of
extra elasticity where a stretch
in the polysaccharide strands is
noticed in the form of a hump
or kink in the F-E curves in be-
tween the entropic and Hookean
domains, corresponding to inter-
mediate pulling forces of ~1000-

Force (pN)
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comparison of SMD and
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Extension per ring (A)

Figure 5.3: Extension of the different polysaccha-
ride strands under pulling stress. The extension of a
polysaccharide chain is measured per ring as: Al =

(Ig-l

:)/15, where l; and Iy, respectively stand for the

initial length of the polysaccharide and that at a given
time instant.

2000 pN. This phenomenon is evident from Figure 5.3. a-D-1—3 and $-D-1—3/1—4
linked glucopyranosides appear to show low elasticity, with the F-E curves transitioning

directly from the entropic to the Hookean domain. Further, different starting configura-

tions of the same polysaccharide can exhibit the varying extent of ‘entropic elasticity’,

given by the initial linear region at very low forces, depending on the extent of coiling in

the structure.
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Figure 5.4: Conformational transitions for a selected residue (R2) of the different polysaccha-
rides in a particular SMD trajectory. The initial structure is the one obtained from the starting
conformation. The final structure is the one reached at ~2100 pN force. The percentage increase
in glycosidic bond length is given. The glycosidic oxygen atoms, labelled as red vdW spheres,

are used to calculate the

This is clearly observed
in the overall confor-
mational organization of
the various systems and
their different starting
structures, e.g., [/-1—3
strand is helically coiled,
thereby exhibiting a rel-
atively long entropic do-
main in the F-E curves.
Figure 5.5
starting structure vari-

shows the

ation of all the sys-
tems. Figure 5.4 doc-
uments the conforma-
tional switches and exten-
sions of the 2nd residue
(R2) from the 15-meric
strands of the polysac-
charides under consider-
ation, which is adjacent
to the residue containing

the SMD atom. The final

glycosidic bond length.
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Figure 5.5: Extension of the different polysaccharide strands
under pulling stress. Five different starting structures are shown
for each system. The extension of a polysaccharide chain is
measured in the same way as in Figure 5.3.
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structure of the residue corresponds to the one taken from the F-E curve of the corre-
sponding polysaccharide under a stretching force of ~2100 pN. The prominent difference
in the extent of stretching of the glycosidic linkage, given by the distance between the two
glycosidic oxygen atoms is evident in some polysaccharides.

Most of the «-series

shows puckering of the ——AFM data — Current work

4C, chair to intermediate 2500 o 14 2000 216
conformations that leads 2000 1500

to the prominent exten- 1500

sion by ~14-37% for each 1000 1000

residue. The impor- 54 500

tant observation at this 2 0 0

point that has gone unre- g 1500 s1-4 4000 s1-6
ported previously is that 3000

some of the members 1000

of the [-series, like the 2000

[-1—2 linked polysac- >0 1000

charide, can also un-

0
dergo puckering and dis- 0.4 0.5 0.6 0.7 0.8 0.4 0.5 0.6 0.7 0.8
Normalized length

tortion from the conven-
tional chair form, result- Figure 5.6: Comparison of the extension profiles of different
ing in extra elasticity. polysaccharides as obtained from AFM studies[38, 39] and SMD
simulations from this work. Here, the normalized length of the
polysaccharides is defined as: 1=l;/l;, where, [, stands for the
monosaccharide rings is length of the polysaccharide against a given pulling force at
evident from the Figures a particular time instant. [y stands for the final length of the

polysaccharide that is achieved after 5 ns of SMD simulation. The
5.4,5.10 and 5.11. The experimental curve is normalized by making the experimentally
length of a polysaccha_ observed extension at the highest force reported equal to that
observed in SMD simulations at the same force.

This puckering of the

ride chain may affect the
stretching profile as the
population of non-chair conformers is shown to depend on it. In an earlier REMD
simulation study by Gnanakaran and co-workers on cellulose fragments comprising 3-D-
glucopyranoside units linked by 1—4 glycosidic linkages, it was shown that although *C}
is the preferred chair conformation observed in the simulations, about 1-2% of conformers
exhibited non-chair forms. It is noteworthy here that the propensity of formation of
non-chair forms increases with the degree of polymerization[40].

The advantage and usefulness of SMD simulations lie primarily in their ability to generate
F-E curves that can be compared to AFM results after appropriate normalization, as
mentioned in the legend of Figure 5.6. Hence, it is imminent to validate the simulations
against the output from AFM studies reported in the literature. Figure 5.6 compares the

F-E curves of some representative trajectories after normalizing them at the maximum
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force in the available experimental data. Despite the limitations in classical molecular
dynamics force fields and artefacts in modeling and simulation, good correspondence
between simulated profiles and the experimental F-E curves is found.

5.3.3 Glycosidic dihedrals and Cremer-pople pyranose ring puck-

ering parameters

1o i

-180  -90 0 90 180-180  -90 0 90 180-180  -90 0 90 180-180  -90 0 90 180

¢ (°)

Figure 5.7: Carbohydrate Ramachandran plots of SMD simulations for the dihedral angle (¢,1)
distributions for oligosaccharides containing 15 a or S-D-glucopyranosyl units linked by the
different glycosidic linkages at 310 K in water. The plots are globally normalized with respect to
population of snapshots and the same color bar is applicable to all. Hence the color distributions
for all the plots are comparable to each other.

As the polysaccharides stretch under the influence of the pulling forces, the glycosidic
dihedral angles ¢ (O5 — C; —O,— C.) and ¢ (C;— O,,— C,— C'_,) curve out a phase
space, which helps to understand the allowed regions for a polysaccharide with a given
glycosidic link. Along with anomericity, this work shows that glycosidic linkages also play
a vital role in the extent of stretching, as discussed later in this section. Figure 5.7 shows
the carbohydrate ramachandran plots for the various systems constructed by collecting
snapshots along the SMD trajectory. The spread in the dihedral angles for a-1—4 and -
1—2/1—3/1—4 linked D-glucopyranosides is substantial, indicating significant flexibility
in this attribute that might lead to twisting of the polysaccharide chains. Also under
stretched conditions, the glycosidic dihedral angles show deviation from their unstretched
configurations (shown in Figure 5.8). This deviation from equilibrium values is quite
notable for 1-6 glycosidic linked system owing to their higher flexibility due to the presence
of -CHj group in the glycosidic linkage. Also, the stretching of polysaccharides facilitates in
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coverage of dihedrals which are otherwise not accessible in equilibrium simulations. Along
with the glycosidic dihedrals, the puckering of the monosaccharide rings under perturbation
is an important attribute to follow. The puckering of the rings in monosaccharides can
be followed by estimating the Cremer-pople puckering parameters as discussed in section
1.5.1[41]. This classification has been very useful in distinguishing between the different
stable, metastable and transition states along the potential energy surface, as given in
Figure 1.8. The color codes given in Figure 5.1 is used in Figures 5.12-5.13 later to track
the conformers along a SMD trajectory.

Deviation of 6 from 0°
indicates distortion from
the *Cy chair form[42].
The pyranose ring is con-

180

90
0
sidered to be in the most

. . -90
stable chair conformation

(*Cy or 'Cy) for 6 = 0
or 180°. Out of the

two chair conformers, D-

-180
180

P (°)

90

0

glucose has a strong pref- ol %

erence towards the C}

-180 = =
2180 -90 0 90 180180 -90 0O 90 180-180 -90 O 90 180

chair[43]. For conform- e
ers lying in the equato-

rial plane of the sphere Figure 5.8: Carbohydrate ramachandran plots as obtained from
equilibrium simulations for the dihedral angle (¢,1) distributions
for oligosaccharides containing 15 « or (3-D-glucopyranosyl units

as the phase angle (qb), linked by different glycosidic linkages.

corresponding to #=90°,

crosses different values

from 0 to 360°, the six-membered pyranose ring moves through six boat (¢ = 0, 60,
120, 180, 240, 300°) and six twist boat conformations (¢ = 30, 90, 150, 210, 270, 330°).
In between, for § = 45 or 135°, envelopes and half-envelopes appear[41, 42].

Figure 5.9 depicts the distributions of the Cremer-Pople angles along the simulation
trajectory. It is clear that under the influence of the pulling force, all the a-polysaccharides
undergo major puckering of the pyranose ring leading to boat or twist boat conformers.
In the B-series, polysaccharides with 1—2 and 1—3 linkages exhibit similar distortions.
However, the 8-1—4 and 1—6 linked polysaccharides undergo minimal distortion; hence,

no extra elasticity is observed due to the conformational switch in the F-E curves.

The case of $-1—6 D-glucopyranoside is however more interesting, owing to the stretching
observed under pulling stress due to the presence of the extra flexible 1—6 glycosidic
linkage (Table 1 and Figures 1-3). Figures 5.10 and 5.11, showing the residue wise variation
in the psuedorotation angle and phase angle, for all the residues of some representative

polysaccharide strands and colored based on their time of appearance, are important to
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understand how the act of distortion proceeds down the polysaccharide chain in the course
of the SMD runs. This plot is further intended to show how far along the chain the memory
of distortion of a pyranose ring lasts. In the a-series, for most of the polysaccharides except
a 1—2, the residues show transitions from *C; to boat or twist boat-like conformations,
which are stable and have long residence times. In some cases, envelopes or half-envelopes
are also noted. None of them, however, undergo complete flipping to the 'C} chair. Hence,
in the F-E curves, all these polysaccharides exhibit a single hump corresponding to a
single *C} chair-to-boat/twist boat transition. In the (3-series, except 3-1—2 and the
SMD residue of the $-1—3 polysaccharide, none of the other residues show appreciable
distortion; at the most, envelopes or half- envelopes are noticed in some cases. This is
in line with expectations from the simulated F-E profiles and also validated by AFM
signatures.
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Figure 5.9: Distribution of the Cremer-Pople puckering angles of the SMD simulations for
the different types of polysaccharides. The puckering angles of all the residues for the 15-
mer polysaccharide chain along the entire simulation trajectory are considered here. The
Mercator representation is used to indicate whether a snapshot belongs to a boat or skew-boat
conformation.
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Figure 5.11: Distribution of the Cremer-Pople puckering angles of the SMD simulations for
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polysaccharide chain along the entire simulation trajectory are tracked here. The conformations
are color-coded based on their time of appearance.
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5.3.4 Structure and energetics of the monosaccharide conformers

along an SMD trajectory

Figures 5.12, 5.13, 5.14, 5.15 and 5.16 depict the conformers for a given monosaccharide
residue along a representative SMD trajectory for three classes of polysaccharides: a-1—6,
[-1—2 and [-1—4. While a-1—6, $-1—2 polysaccharides are noted for their extra
elastic behavior, $-1—4 shows minimal extension. Figure 5.12a shows upon stretching, a
typical residue from a strand of a-1—6 polysaccharide would start with a *C; chair and
gradually evolve into the boat conformer through intermediate half chairs and envelopes.
Figure 5.14 shows the fates of some selected residues along the polysaccharide chain,
some from the end which is pulled (R3, R4 and R5), one from the middle (R10) and
the last one is close to the fixed end (R14). The single point energy of the capped
residues as calculated using DFT and the glycosidic bond length are mentioned below
each conformation. The time of appearance and the force exerted on the polysaccharide
are denoted above the panel. Similar plots for the 5-1—2 polysaccharide also indicate
steady and consistent progression from the “C) chair to the boat form. However, for
[-1—4 linked polysaccharides, this kind of transition is not noticed. It is reported in the
literature that for cellulose, «,8-1—4 polysaccharide, the region of ‘extra elasticity’ is
minimal[44]. For the 1—6 linked polysaccharides of both anomeric series, the stretching
originates from the dual combination of conformational switch and straightening of the
extra-flexible 1—6 glycosidic bond. Indeed, the flexibility of the extra -CHy group in
the 1—6 linkage can help stretch the polysaccharides without a ring conformation switch.
This is why the elasticity is maximum for the o 1—6 polysaccharide, where both of these
factors contribute. For the same reason, the corresponding 8 anomer (3-1—6) exhibits
~27% extension in glycosidic bond length, although a conformational switch is absent, as

seen previously in Figure 5.10.
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Figure 5.13: Extension of a 8-1—4 linked glucopyranoside strand under pulling stress.
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Figure 5.14: Conformational transitions for selected residues (R;) of an a-1—6 linked glucopy-
ranoside along the simulation trajectory under pulling stress. The time instant (ps) and the
force (pN) are denoted. Below each structure, energy (Hartree) and the glycosidic bond length
(A) are given.
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ranoside along the simulation trajectory under pulling stress. The time instant (ps) and the
force (pN) are denoted. Below each structure, energy (Hartree) and the glycosidic bond length
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Figure 5.16: Conformational transitions for selected residues (R;) of an -1—4 linked glucopy-
ranoside along the simulation trajectory under pulling stress. The time instant (ps) and the
force (pN) are denoted. Below each structure, energy (Hartree) and the glycosidic bond length

(A) are given.
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Figure 5.17: Extension of three representative classes of S-D-glucopyranoside strands under
pulling stress. The force (pN) is depicted beside each strand. The color of each glucopyranose
ring denotes the instantaneous conformation as explained in Figure 5.1. The glycosidic linkage
involved is given in each panel.

Figure 5.17 shows time-resolved snapshots depicting the progress of the overall stretching
of the polysaccharide strands along the SMD trajectory for representative systems. Each
pyranose ring is color-coded based on its conformation, as depicted in Figure 5.1. The
gradual evolution from the “C; chair to the intermediate half-chair/ envelope leading
to the boat is evident from the snapshots. The conformational switching across the
monosaccharides along a polysaccharide chain is not following any apparent synchronous
pattern. However, this aspect needs thorough investigation with longer polysaccharide
strands before any conclusion can be reached.

5.4 Conclusion

Understanding the mechanics of polysaccharide framework bearing unlimited mechanical
potential, is worthy to say the least. Polysaccharides are future must for many applications
including the design of non-conventional and bio-conducive membranes. Especially, in
the context of the present scenario, where plastics have turned out to be a menace,
polysaccharides show great promises to come up with viable alternatives. This study is
thus aimed at unfolding the fundamental structural intricacies of some model 15-meric
D-glucopyranosides and how the glycosidic linkage patterns and anomeric nature of the
monosaccharides affect their mechanics. Steered molecular dynamics simulations and

DFT calculations are used to track the changes along a polysaccharide chain as it is
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subjected to a wide range of pulling stresses. The transformations from the entropic
to the Hookean domain is clearly visible in the force-extension curves generated by
SMD and validated by AFM studies from literature for these polysaccharides. The
‘extra-elastic’ region as it appears between the entropic and Hookean domain in the
F-E curves of some polysaccharides is correlated to the conformational switch of the
aldopyranose ring from the *C} chair to a boat or intermediates like half-chair or envelopes.
Wherever possible, the SMD F-E curves are compared to the experimentally obtained AFM
curves after appropriate normalization and a reasonably good agreement is noticed. The
polysaccharides belonging to a-D-1—4 and «a-D-1—06 series show significant stretching and
so do B-D-1—2 and [-D-1—6 series. A special characteristic of polysaccharides bearing
1—6 linkage is the extra freedom imparted to them by the presence of an additional -CHjy
group in the glycosidic link. This contributes significantly to stretching of the strand under
stress, even sometime without any conformational switch, as observed in the 5-D-1—6
strand. In future, temperature dependent SMD runs could be attempted to understand
the evolution of the entropic domain of the F-E curves for the different polysaccharides.
Additionally, one could also explore polysaccharide sheets consisting of multiple strands
of such pyranosides linked by varied glycosidic linkages, with an eye to understand and

tune their mechanics.
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Chapter 6

Characterizing the mechanical
properties of natural polysaccharides

through steered molecular dynamics

The contents of the chapter is based on the following paper, Peesapati,S. & Roy, D.
Characterizing the mechanical properties of natural polysaccharides through steered
molecular dynamics.

(Manuscript under preparation)
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6.1 Introduction

The conformational transitions associated with the stretching of «,f-linked glucans has
been thoroughly investigated in chapter 5. Current chapter involves detailed study of struc-
ture, molecular force-extension behaviour of selected polysaccharides involving o or § 1—4
glycosidic linkages between their constituent pyranose rings of homo or hetero polymers.
These modelled oligosaccharide strands are inspired from the naturally available polysac-
charides like acetan, amylopectin, galactose chain, mannose chain, galactomannan, chitin,
gellan, pullulan and pectin. Among these gellan, acetan, amylopectin and galactomannan
are hetero polysaccahrides while rest are homo polysaccharides. All these polysaccharides
can be extracted from plants, animals or bacteria and are gaining popularity in food
and packaging industries. Acetan is an anionic bacterial hetero-polysaccharide[l, 2]. It
is water-soluble in nature. This polysaccharide contains cellulosic backbone with penta-
saccharide branching on alternate glucose units[3]. The molecular composition can be
quite heterogeneous across species and strains. Acetan and acetan-like polymers have a

huge potential for commercial usage in food and pharmaceuticals industries[3].

Amylopectin, a highly branched water-insoluble polysaccharide is composed of a-glucose
units[4]. It is one of two major components of starch which is found in plants. It contains
large number of residues with irregular branching by 1—6 glycosidic linkage every after
~22 monosaccharide residues[5]. The main function of amylopectin is to store energy
in plants. The major sources of amylopectin include rice, wheat, maize, root vegetables
like potatoes, casaava etc. Galactomannan is a hetero polysaccharide present in most
leguminous seeds and is composed of galactose in the backbone and mannose as the
branched unit[6]. Bean gum, guar gum, cluster bean and fenugreek are the most common
sources of galactomannan. These polymers are resistant to human digestive secretions
and so act as natural fiber[7]. These are commonly used as food additives to increase
the viscosity of the water phase. Pectin is a water soluble structural fibre[6]. It is
linear polymer with few hundred to thousand galactouranic acid units linked forming the
backbone. It is found in the primary cell wall of fruits such as apples, oranges, lemons,
etc. Pectin is used in jams, jellies, frozen foods, as an alternative of sugar in low calorie
food items[8]. Pectins can be highly methyl substituted, intermediate methyl substituted
or de-methyl substituted. This degree of substitution can greatly alter the extent of cross
linking, thus altering its properties|9].

Chitin is present in the exoskeletons of arthropods such as crabs and shrimps. It is highly
acylated and insoluble in water[6]. It is the second most abundant biopolymer on earth
after cellulose. Chitin can be used as edible coatings to extend the shelf life of fresh and
frozen food[10, 11]. Pullulan is a linear glucosidic polysaccharide[12]. It is commercially
in use for edible films of oral hygiene. It is a water soluble polymer and can replace
starch in baked foods[13]. Due to their adhesive properties, pullulan and their derivatives
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can be used in wound healing compositions. Pullulan based biofilms are known for
their low oxygen, moisture permeability and promising mechanical properties. Esterified
and etherified forms of pullulan are water insoluble in nature. Gellan is an anionic
polysaccharide that can contains tetrasaccahride repeating units. It can be processed into
heat resistant transparent gels[14]. The gellan gum chains can interlock with each other
to form a coherent network which can trap high fraction of water[15]. Depending on the
degree of acyl substitution, gellans can be categorised as high acyl or low acyl gellan gums.
Both of which are insoluble in water. While the former can only be tuned into soft and
elastic gells, the later can form strong and brittle gels[16].

These natural polysaccharides, with their ability to form gels and sheets have garnered
much attention as valuable alternative to plastics. The diverse range of applications
include food, pharmaceuticals and material engineering. For determining suitability for
specific application, ‘elasticity’ of polysaccharides plays a crucial role. The conformational
properties of the individual monosaccharide units, which constitute polysaccharides,
have a profound impact on their overall elasticity[17]. As discussed earlier in section
5.1, conformational properties of monosaccharide units are influenced by several factors
including glycosidic linkage, anomeric state and presence of functional substitutions. These
factors play a critical role in the spatial arrangement and interactions between adjacent
monosaccharide units within the polysaccharide chain.

Understanding the relationship between conformational properties and elasticity is useful
in optimizing processing conditions such as pH, temperature, solvent composition, etc. in
order to manipulate structure and properties of polysaccharide based films or membranes.
The current chapter provides a comprehensive idea on the intricate relation between
conformational properties of selected polysaccharides and their elasticity. This knowledge
opens up avenues in harnessing in them for the development of innovative applications in

various fields.
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Figure 6.1: Individual building blocks for the structures generated. The structure and its
graphical notation are given for all the monomeric variants part of this study.
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6.2 Simulation methodology

The initial coordinates of the polysaccharide chains are generated using Glycan Reader
and Modeler as available in CHARMM-GUI[18]. The generated polysaccharides are linear
or branched strands having 1—4 linkage types in the backbone and branched using 1—6 or
1—2 linkage types. Each strand has 15 residues (except for gellan which has 16 residues) in
the backbone chain and is solvated with TIP3P[19] water in a box with dimensions ranging
from 30x30x150 to 50x50x150 A. Figure 6.1 depicts the structures of individual monomers
which are used in the generation polysaccharide strands. The graphical notation beside
each building blocks is used to illustrate the repetitive units in strands as shown in Figure
6.2.

Acetan

Amylopectin

Galactomannan

Galactose chain

Bl-4 _ Bl-4 al-4 _ql-4 _alo4 _al-4 Bl-4 _ Bl-4_ Bl-4 Bl>4 Bl-4
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Figure 6.2: Repetitive units used for the construction of the polysaccharide strands.

The acetan chain is composed of § 1—4 linked glucose units in the backbone. Every
alternate residue is linked by a side chain from the mannose end using o 1—3 linkage.
The branched chain is composed of -a-MAN-2-3-GLCA-4-a-GLC-6-5-GLC-6-a-RHA.
Amylopectin is composed of &« 1—4 linked glucose units in the backbone chain. Every
third residue starting from residue number 2 is branched through @ 1—6. The branching
side is composed of -a-GLC-4-a-GLC-4-a-GLC. Similarly, the chain galactomannan is
composed of 8 1—4 linked mannose units in the backbone chain and branched at every
The linear chains of
galactose, mannose, chitin and pectin are composed of § 1—4 linked GAL, § 1—4
linked MAN, 5 1—4 linked 2-NAGLC (N acetyl substitution in second position) and «
1—4 linked GALA units respectively. Gellan chain is composed of alternating repetitive
units of -3-GLC-3-4-GLCA-(5-4-GLC-a-4-RHA-. Pullulanl and pullulan2 are linear chain
polysaccharides with o 1—4 linked units in the backbone. Pullulanl has @ 1—6 linked

alternate residue through 1—6 linkage with a-galactose units.

after every third 1—4 linkage where as in pullulan2 it is present after second 1—4 linkage.
Here, GLC, GLCA, MAN, GAL, GALA, NAGLC, RHA stands for glucose, glucuronic
acid, mannose, galactose, galactoronic acid, 2-N-acetyl glucose, rhamnose respective.

All the systems were subjected to NVT equilibration for 2 ns followed by 20 ns of NPT
equilibration. This was followed by 80 ns of production run in NPT ensemble at 1
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atm and 310 K. Thus obtained 80 ns of production run trajectories are used for the
structural analysis. All the molecular dynamics simulations employed NAMD as the
simulation engine[20]. The CHARMMS36 all-atom additive Force Field is used to model
the molecules[21]. The water molecules are described by the TIP3P model as incorporated
in the CHARMM force field[19, 22].

SMD simulations were run by picking 3 different starting structures from 80 ns of production
runs for each system. The long axis of the simulation box is oriented along the z-axis
using the orient plugin of VMD[23]. Each starting structure is then subjected to initial
conjugate gradient minimization followed by SMD simulations in NVT ensemble for
4 ns at 310 K. In all the SMD simulations, the atom Oy of residue 15 (residue 16 in
case of gellan) is kept fixed (fixed atom) while atom O of residue 1 is pulled (SMD
atom). A time step of 2 fs and 1 fs is used for the equilibrium and SMD simulations
respectively. Temperature variation for the SMD simulation is done on chitin, galactose
and pectin chains. The temperatures are elevated from 297 K to 447 K with 5 K increase
in separate simulations. The choice of these systems is due to the nature of glycosidic
linkage i.e., equatorial-equatorial, axial-equatorial and axial-axial in chitin, galactose and
pectin respectively.

A cut-off distance of 12 A is used for the non bonded vdW interactions, with a switching
distance of 10 A. A pair list distance of 14 A is used for electrostatic and vdW calculations.
The particle mesh Ewald (PME) method is employed to calculate the electrostatics. A
constant pulling velocity of 0.1 A ps~! is used for all the systems, and the force constant is
set to 1 kealmol 'A=2. VMD (1.9.4)[23], MATLAB (R2019b) and Plumed (2.7.2)[24, 25]
are used for the visualization of the structure, plotting, and analysis of data. Gaussian
09 is employed to predict the single point energies of the pyranose conformers for a
chosen monosaccharide residue along the SMD trajectory. For a given polysaccharide,
five different residues are picked: three successive residues from the beginning, close
to the SMD atom, one in the middle, and one close to the fixed atom. Each of the
chosen residues is saved separately and capped with the missing OH/H atoms using
Gauss-View. The single-point energy calculations for each of these residues are done using
the B3LYP functional and 6-311++g (d,p) basis set[26]. The color code used to represent
the monosaccharide conformers are adapted from the work of Cross et al, as implemented
in VMD[27].

6.3 Results and discussion

6.3.1 Structural properties of the variants
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Figure 6.3: Carbohydrate ramachandran plot for the dihedral angle (@) distributions of
oligosaccharides containing 15 residues in the backbone chain (16 in case of gellan) as obtained
from equilibrium simulations at 310 k in water. The colour distributions for all the plots are

normalised.

Figure 6.3 shows the carbohydrate ramachandran plots for the oligosaccharides under
consideration. The heat-maps indicates the region of maximum probability. The inverted
nature of @« and S anomers is clearly reflected in the dihedral distribution. This pattern
is independent of the building block and only based on its anomeric nature. The most
probable values of the § and a linkages are in well agreement with previous simulation

and experimental studies[28, 29, 30].
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Figure 6.4: Cremer-Pople puckering angle distribution of all the backbone residues for the
various oligosaccharides as obtained from equilibrium simulations under consideration. The
puckering angles for all the residues along the entire simulation trajectory are considered here.

Apart from the dihedral angles, the Cremer Pople puckering angles give a fair idea on the
conformations of the residues under study. Cremer Pople analysis of the oligosaccharide
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strands is shown in Figure 6.4. This kind of mercator representation is used to indicate
whether a snapshot belongs to chair, boat or inverted-chair conformation. The present data
implies that under equilibrium condition at 310 K, all the residues of all oligosaccharides
remain in chair or close to conformation, except for gellan. In case of gellan, a-rhamnose
exits in inverted chair conformation and so it is reflected in the puckering distribution.
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and residue 15 of the oligosaccharides
at 310 k as obtained from equilibrium

(b) Hydrogen bond distribution in the oligosaccharide variants
as obtained from equilibrium studies at 310 k. (left) depicts
the intramolecular hydrogen bonding and (right) depicts the
intermolecular hydrogen bonding.

studies.

Figure 6.5

Figure 6.5a shows the end-to-end distance of all the oligosaccharide variants. From the
figure, it is evident that the oligosaccharide variants with § 1—4 linkage have higher
end to end distance. On the other hand, oligosaccharide variants with @ 1—4 linkage
have lower end to end distance and seem to be curled in nature. Among all the variants,
galactomannan has the maximum end to end distance, i.e., it exists mostly in linear form
while gellan takes the most diverse range of structures. This result is in well agreement with
literature values[3]. Another key property for structural elucidation is hydrogen bonding.
The hydrogen bond interaction of all the saccharides with themselves and their interaction
with aqueous solvent is shown in Figure 6.5b. On an average, acetan and amylopectin
based oligosaccharides exhibit less intramolecular and intermolecular hydrogen bonding
when compared to others. This can be explained in terms of the additional residues which
are part of the backbone through branching which aid in curling up of the system. Pectin
on the other hand, exhibits the maximum number of hydrogen bonding with water.

6.3.2 Force-extension curves, comparison of SMD and AFM

The force-extension (F-E) curve, as depicted in Figure 6.6 , is an output of the SMD runs,
which can be compared to those from AFM experiments after appropriate normalization.
Clearly, each of the structure exhibit a different profile. At intermediate pulling forces,
some variants show extra elasticity in the form of a hump in between entropic and hookean
domain. Galactomannan appears to show low elasticity, with the entropic domain passing
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directly into hookean domain. Pectin clearly shows two humps in the curve suggesting

the complete flipping of residues.
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g
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Gellan Pullulanl
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Figure 6.6: End-to-end distance of different polysaccharide strand under pulling stress
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Figure 6.7: Comparison of the extension profiles of different polysaccharides as obtained from
AFM studies[31, 32] and our SMD simulations. Here, the normalized length of the polysaccharides
is defined as: 1 = {;/l; , where, [; stands for the length of the polysaccharide against a given
pulling force at a particular time instant. {; stands for the final length of the polysaccharide
that is achieved after 4 ns of SMD simulation. The experimental curve is normalized by making
the experimentally observed extension at the highest force reported equal to that observed in
SMD simulations at the same force.
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Type Initial Final Glycosidic Type Initial Final Glycosidic
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Figure 6.8: Conformational transitions for selected residue (R2) of different oligosaccharides in
a particular SMD trajectory. The color code of the conformations is based on Figure 6.9

Figure 6.7 compares the F-E curves of pullulan, pectin and

amylopectin trajectories after normalizing them at the maxi-

mum force in the available experimental data. In spite of the Chair

limitations in classical molecular dynamics force fields and Boat

artifacts in modelling and simulation good correspondence Half-chair

between simulated profiles and the experimental F-E curves
Skew-boat

has been seen. It is evident from Figure 6.8 that oligosaccha-

i

Envelope

rides with equatorial-equatorial (ee) kind of linking undergo

the least extension while those with axial-equatorial (ae) or
equatorialaxial (ea) has intermediate extension and those Figure 6.9: Colour
followed to track the
conformations across
tension. The initial structure is obtained from the starting the simulations

with axial-axial (aa) kind of linkage has the maximum ex-

conformation. The final structure is the one reached at a

force of ~2100 pN. The percentage increase in glycosidic bond length is given. The
glycosidic oxygen atoms, labelled as red vdW spheres, are used to calculate the glycosidic
bond length. Pullulan-2 exhibits more stretching when compared to pullulan-1 because of
the presence of additional ‘—C'Hy’ groups in the torsion angle coming from 1—6 glycosidic
linkage.
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6.3.3 Glycosidic dihedrals and Cremer Pople puckering under

stretched conditions
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Figure 6.10: Carbohydrate ramachandran plot for the dihedral angles (¢, V) distributions of
oligosaccharides containing 15 residues in the backbone chain (16 in case of gellan) as obtained
from SMD simulations at 310 k in water.

Under the influence external pulling forces, as the oligosaccharides stretch and the glycosidic
dihedral angles transcend the confines of ordinary space. This helps in understanding
the allowed regions of conformational space for a given set of polysaccharide. Figure 6.10
shows the carbohydrate ramachandran plot for all the variants studied by collecting all
the snapshots across the complete trajectory. The spread in case of pullulanl is maximum
suggesting significant stability over oligosaccharides.
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Figure 6.11: Cremer pople puckering angles distribution of all residues of all the oligosaccharide
variants studied as obtained from SMD simulations at 310 k in water.
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Figure 6.11 shows the puckering angle distribution in all the residues for all oligosaccha-
rides variants. It is clear that under the influence of external pulling, residues undergo
conformational flipping. Specifically, pectin undergoes conformational shift from *C; to
1C, with boat conformation as an intermediate. Figure 6.12 is used to specifically portray
the extent of flipping in individual residue across the backbone. The colouring of the
distribution is based on the time of appearance in the trajectory. The oligosaccharides
possessing equatorial-equatorial linkage do not undergo much change in conformation.
They remain in chair or close to chair kind of conformation. While, the variants with
axial-equatorial or equatorial-axial kind of linkage undergo conformational transition from
initial *C; to intermediate boat. On the other hand, variant with axial-axial kind of linkage
undergoes conformational flip from initial chair to inverted chair through intermediate
boat. In the case of gellan, a-rhamnose which initially is in 'C} position flipped to boat

conformation over time. This phenomenon is clearly evident from the Cremer Pople plot
color coded based on time of appearance.
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Figure 6.12: Cremer Pople puckering angles distribution of all residues of all the oligosaccharide
variants studied as obtained from SMD simulations at 310 k in water. The conformations are
color coded based on the time of appearance.

6.3.4 Structure and energetics of the monosaccharide conformers
across the SMD trajectory
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stress.

Figure 6.13

Tracking of conformers for selected residues
through the course of trajectory has been

done on three different variants following
their difference in linkages. They are chitin
(ee), galactose (ea) and pectin (aa). Fig-
ures 6.13 and 6.14 show the force-extension
curves of three different systems and the

evolution of one of the residue (R3) in the

strand. The energy plots are obtained from

Extension ()

DFT calculations. At a closer glance, the
energy difference between the first and last Figure 6.14: Extension of a pectin strand
residue shown here is similar. But, the under pulling stress.

residues from chitin strand remain close to

4| chair, the residue from galactose chain undergo conformational flip from stable chair
to boat or skewed boat forms. But the pectin undergoes complete flipping from chair to
inverted chair. This phenomenon suggests that variants with axial-axial kind of linkage
would require low amount of energy to in order to stretch for longer distances. Figures 6.15,
6.16, 6.17 show the conformational transitions for selected residues along the simulation

trajectory under pulling stress for chitin, galactose and pectin respectively.
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Figure 6.15: Conformational transitions for selected residues for the chitin strand along the
simulation trajectory under pulling stress. The forces in pN corresponding to each residue are
denoted. The color code of the conformations is based on Figure 6.9
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Figure 6.16: Conformational transitions for selected residues for the galactose strand along
the simulation trajectory under pulling stress. The forces in pN corresponding to each residue
are denoted. The color code of the conformations is based on Figure 6.9
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Figure 6.17: Conformational transitions for selected residues for the pectin strand along the
simulation trajectory under pulling stress. The forces in pN corresponding to each residue are
denoted. The color code of the conformations is based on Figure 6.9
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the simulation trajectory.

three different start-

ing structures. Clearly,
for no residue of chitin in any of the starting structures, there is a conformational change
beyond envelope even at high pulling forces. In the case of galactose, the 6 values gradually
increase with the pulling force. It requires a minimum of 2000 pN of pulling force for
the conformational change to occur. Once the conformational change has happened in
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case of most residues, they remain in less stable boat/skew-boat form. Except in case of
one/two residues where it tries to come back to stable chair but flips back to less stable
conformation with increasing force. In case of pectin, a minimum of 2100 pN is required
to flip from stable chair to inverted chair conformation. The amount of time, a given
residue spends in the intermediate boat/skew-boat phase is minimum. It flips immediately

to inverted chair form.

6.4 Temperature varying SMD simulations of Chitin,

Galactose and Pectin
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Figure 6.19: Variation of % non-chair forms with force (in pN) for different temperatures in
kelvin.

The three systems with different monomeric building unit and different glycosidic linkage
have been subjected to different temperatures ranging from 297 K to 447 K with 5 K
increment. Figure 6.19 shows the variation of % non-chair forms as a function of force (in
pN) for 6 different temperatures. The SMD simulations with higher temperature shows
least amount of force required to attain the conformational transitions. In case of chitin,
even at 447 K temperatures, there is hardly any deviation from chair form. This suggests
that for oligosaccharide variants with (ea)/(ae)/(aa) kind of glycosidic linkage, higher
temperature increases the feasibility in conformational changes and thus the stretching.

6.5 Conclusion

With the rising need for lasting materials, understanding the relationship between confor-
mational properties and mechanics of naturally available materials is crucial. To attain this,
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the steered molecular dynamics simulations and DF'T calculations have been performed
to track the changes along selected oligosaccharide variants as they are subjected to a
wide range of pulling stresses. This information is highly useful in tuning the properties
of polysaccharide membranes. The comparison between SMD force-extension curves and
AFM curves show good agreement. The polysaccharides with axial-axial linkage show
the maximum elongation while the polysaccharides with equatorial-equatorial linkage
shows the least elongation. Comprehending this information can be used for the prac-
tical application of polysaccharides with designed structures in various understanding
the generation and utilisation of such function might ultimately allow polysaccharides
with designed architectures to be utilised in a host of biomimetic soft nanotechnology

applications including sensors and advanced materials.
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The last 8-10 decades has seen a sharp increase in the utilization of materials derived
from conventional fossil fuels for food storage and packaging. With the dearth of non-
renewable resources and ever increasing demand, it has become crucial to device renewable
alternatives. In this context, materials made out of traditionally popular items like
banana leaves, coconut scrap, sugar cane & jute fibres, etc. are gaining the lime-light.
Banana leaves, for instance, have been used for centuries in various cultures as natural
food wrappers. These leaves possess several desirable properties for packaging, including
flexibility, water resistance, and biodegradability. Similarly, coconut scrap, derived from
the fibrous husk of coconuts, is known for its robust and resilient nature, making it
suitable for packaging applications. Sugar cane and jute fibers, obtained from the cane
sugar and jute plant respectively, have long been utilized for their strength, durability,
and eco-friendliness, making them suitable for packaging various products. What these
materials have in common is their primary composition, which is primarily composed of
“polysaccharides.” These materials offer renewable and biodegradable options for packaging
applications, thus reducing the reliance on conventional fossil fuel-based materials and

contributing to a more environmentally friendly future.

In this context, understanding the primary structure, dynamics and mechanics of & and
[ polysaccharides, specifically those of glucans is critical. To understand these features,
a,f polysaccharides strands have been modelled which are linked with 1—2, 1—3, 1—4,
1—6 glycosidic linkages and two mixed linkage (- D-glucan fragments comprising 1—4
and 1—3 linkages in certain ratio as found in natural fibers of oats and barley in aqueous
solution. The influence of anomericity and glycosidic bond is reflected in the hydrogen
bonding, end-to-end distance, radius of gyration, dihedrals and puckering of the residue.

As the structure is affected, it critically influences the dynamics spanned.

Further, to understand the mechanical strength of these polysaccharides, one of advanced
sampling techniques called the “steered molecular dynamics (SMD)” has been employed.
Along with DFT calculations, the conformational changes as the polysaccharides strands
subjected to an external force have been studied. As the polysaccharide strands are pulled,
they undergo transition from initial entropic domain to hookean domain. This phenomenon
is clear by studying the force-extension curves. The F-E curves show reasonable agreement
with AFM curves after appropriate normalization. The polysaccharide strands of a-D-1—4,
a-D-1—6, -D-1—2 and p-D-1—6 show significant stretching compared to others.

Furthermore, the mechanical properties of some special polysaccharides like acetan,
amylopectin, galactomannan, chitin, pectin, galactose, mannose and pullulan strands
have been studied. It has been seen that strands with axial-axial linkage like pectin
undergoes maximum stretching with the initial *C; converting to 'C, conformation.
While, the strands with axial-equitorial linkage exhibits intermediate stretching with
chair conformation getting converted to boat form. On the other hand, strand with

equitorial-equitorial linkage undergo the least amount of stretching with the initial chair
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form remaining in chair or close to chair conformation. This pattern has been seen
irrespective of the monomeric building block and side chain variation. These studies
provide valuable information in understanding and tuning the mechanics of polysaccharide
based membranes.

e s /
I ' . & Pva B
"*F\**&&‘%f\g*‘&“;‘gxx{ﬁ%r\ifw} —;i«i
, ) \ \'\ J\

'\CJ‘ B2 ‘ ' 1

7

Figure 7.1: Representation of polysaccharide backbone. This unit is replicated 7 times in order
to make the membrane

Additionally, research and innova-

tion in the field of polysaccharide- OH -

based materials have led to the %moﬂ OHO
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blends, and composites with en- Hao OH

hanced properties. Polysaccha- 7

rides are future must for many H,N

applications including the de- U o

sign of non-conventional and bio- 0 e

conducive membranes. Biodegrad- /ZJ

able films and coatings are solid 5 NH HOO

matrices formed by cross-linking ki

between polymers and additives. OH )/go
Especially, in the context of the OH HZﬁ&o

. . & o OH
present scenario, where plastics S Ho & o OH
h d OH HO o] O
ave turned out to be a men- Sn HO 0%
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ace, polysaccharides show great

promises to come up with vi- Figure 7.2: Tetrameric unit of serine which interlocks
the polymeric strands in the current membrane

able alternatives. By modifying
the structure and composition of
polysaccharides, their mechanical strength, barrier properties, and biodegradability can
be tailored to meet specific packaging requirements. Motivated by sustainability con-
cerns, several groups are striving to fabricate carbohydrate membrane based green
technologies[1, 2, 3]. Keeping these applications in mind, a § 1—4 linked glycopep-
tide based membrane has been modelled in TIP3 water. Individual strands are cross
linked by the amino acid-glucan bond. Serine-Glucose glycopeptide bond in the present
context. The membrane is made of 5-D-1—4 linked glucose strand as shown in Figure
7.1.

S. Peesapati 2023



Chapter 7. Conclusions and Future Perspectives 105

X

Pulled atoms

© Fixed atoms
® Pulled atoms

® Fixed atoms

Figure 7.3: (left)Initial structure of the membrane, (right)Structure of the membrane after

1.5 ns

These strands are branched with single glu-
cose unit intermittently through the non-
conventional ‘3—6" glycosidic linkage. The
parameters for this particular linkage have
been derived from the existing parameters
in the CHARMM force-field. This residue
is part of the glycopeptide bond. There are
4 serine units in each of the cross linking.
Figure 7.2 has the schematic representa-
tion of the tetrameric serine interlocked in
between polysaccharide backbone. Figure
7.3 shows the representative images of the
initial structure and the structure obtained
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Figure 7.4: Repeating unit showing the
non-conventional 3—6 glycosidic linkage
and the tetrameric serine units interlocked.

after 1.5 ns of NPT equilibration. In order to study its mechanics, the membrane has

been subjected to external pulling in two different directions i.e., along z and y-axis. The

SMD simulations were run for 4 ns in both the cases. Along z direction, 7 different atoms

are kept fixed (Oy4 of the non-reducing end, shown as blue spheres in Figure 7.3(left))
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and 7 different atoms are pulled (O; of the reducing end, shown as red spheres in Figure
7.3(left)) with constant velocity. Similarly, along y direction, 4 atoms are kept fixed (Os
atoms of residues 4,8,13 and 19 of chain 7, shown as purple spheres in 7.3) and 4 atoms
are pulled (O atoms of residues 3,7,12 and 18 of chain 1, shown as green spheres in 7.3).
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;i; 2 2
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Figure 7.5: The snapshots of stretched membrane for both the cases at the end of 4 ns.

The force-extension plots of the membrane are shown in Figure 7.4. On an average, both
the directions exhibit similar extent of stretching for this particular starting structure.
The snapshots of the final frame of SMD simulation is shown in Figure 7.5. More thorough
investigation has to be made using different starting structures, different amino acids in
place of serine, diverse branching . Similar membranes can be modelled based on the
application which it will be used. Modeling carbohydrates makes it feasible to study and
understand their structures, properties, and interactions without the need for laborious
and complex synthesis. Such complex membranes can be modelled first and studied
for their properties and synthesized only if the requirements are met. Apart from the
mechanics, the penetration of small gas molecules, water vapour can be a worthwhile
future study.

To summarise, this thesis is focused on the structure, dynamics, interactions with bile acids
and mechanics of a;, f sugar units having diverse linkages in aqueous solution. Chapter
1 gives an introduction to polysaccharides, techniques for their extraction and synthesis,
limitations in the chemical synthesis, advantages of modelling over simulations, brief
overview of the studies on D-glucose anomers and their chains. Chapter 2 gives a brief
introduction to molecular dynamic simulations, importance of advance sampling techniques,
details of steered molecular dynamics and its comparison with AFM, methodologies
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adopted for their studies, modelling of simulation box and simulation parameters definition.
Chapter 3 studies the structure and dynamics of a and S-D-glucopyranosides having
varying glycosidic linkages of types 1—3, 1—4, 1—6 and mixed linkage (-D-glucan
fragments comprising 1—4 and 1—3 linkages in specific ratio in aqueous solution. The
changes in structural aspects are correlated with the dynamics spanned by the molecules.
It points out the diverse configurations taken by systems with 1—6 linkage because of the
additional ‘-CHy’ group in the glycosidic linkage. Chapter 4 studies the interaction of
[-glucan moieties inspired from oat and barley with that of cholic acid and its salt. Small
angle scattering patterns and 'H NMR chemical shifts are in line with the experimental data.
Chapter 5 studies the mechanics of 15-meric «,(-glucan strands. The force-extension
curves are compared with AFM data after appropriate normalisation wherever possible.
The polysaccharides belonging to f-1—2, a/8-1—6, a-1—4 show significant extension
when compared to others. Chapter 6 studies the mechanics of oligosaccharide strands
inspired from naturally available materials with 1—4 glycosidic linkage in the backbone.
Pectin having axial-axial kind of glycosidic linkage is reported to show maximum stretching
while the variants with equitorial-equitorial kind of glycosidic linkage show the least
stretching. Chapter 7 points out the possible applications of polysaccharide/glycopeptide
based membranes.
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A.1 GROMACS input file

The following is a sample configuration file for GROMACS NPT simulations

integrator

dt

nsteps
nstxout
nstvout
nstfout
nstcalcenergy
nstenergy
nstlog
cutoff-scheme
nstlist

rlist
coulombtype
rcoulomb
vdwtype
vdw-modifier
rvdw_switch
rvdw
compressed-x-grps
energygrps
nstxout-compressed

compressed-x-precision

tcoupl

tc_grps

tau_t

ref_t

pcoupl
pcoupltype
tau_p
compressibility
ref p
constraints
constraint_algorithm
continuation
nstcomm
comm_mode
comm_grps
refcoord_scaling

= md

= 0.002

= 1000000

=0

=0

=0

= 5000

= 5000

= 5000

= Verlet

=20

=1.2

= pme

=1.2

= Cut-off

= Force-switch
=1.0

=1.2

= CARB

= CARB SOL_ION
= 1000

= 1000

= Nose-Hoover

= CARB SOL_ION
=1.01.0

= 310 310

= Parrinello-Rahman
= isotropic

= 2.0

= 4.5e-5

=1.0

= h-bonds

= LINCS

= yes

= 100

= linear

= CARB SOL_ION

= com
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A.2 NAMD input file

The following is a sample configuration file for NAMD NPT simulations

structure

coordinates

set temperature

set outputname
firsttimestep
binCoordinates
binVelocities
extendedSystem
paraTypeCharmm
parameters

parameters

temperature

# Force-Field Parameters exclude
1-4scaling

cutoff

switching

switchdist

pairlistdist

# Integrator Parameters
timestep

rigidBonds
nonbondedFreq
fullElectFrequency
stepspercycle

# Constant Temperature Control
langevin
langevinDamping
langevinTemp
langevinHydrogen
#Periodic Boundary Conditions
cellBasisVectorl
cellBasisVector?2
cellBasisVector3
cellOrigin

wrap Water

wrapAll

wrapNearest

# PME (for full-system periodic electrostatics)

=step2_solvator.psf
=chitin_allignzaxis.pdb
=310

=chitin_rl

=10010000

= chitin_eq.restart.coor

= chitin_eq.restart.vel

chitin_eq.restart.xsc

on

=par_all36_carb.prm
=par_tip3p.prm
=temperature
=scaled1-4

=1.0

=12

=on

=10

=14

=2.0
=all
=1
=2
=10

=on
=5
=temperature
=off

=30, 0, 0
=0, 30, 0

=0, 0, 150

= -0.218, -0.021, 0.069

on

on

= off
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PME =yes
PMEGridSizeX =30
PMEGridSizeY =30
PMEGridSizeZ =150
useGroupPressure =no
useFlexibleCell =no
useConstantArea  =no
outputName =outputname
restartfreq =1000000
dcdfreq = 2000
xstFreq =1000000
outputEnergies = 2000
numsteps =20000000
minimize =10000
reinitvels =temperature

A.3 SMD input file

The following is a sample configuration file for SMD simulations

structure
coordinates
outputName

set temperature
paraTypeCharmm
parameters
parameters
temperature

# Force-Field Parameters
exclude

1-4scaling

cutoff

switching
switchdist
pairlistdist

# Integrator Parameters
timestep
rigidBonds
nonbondedFreq
fullElectFrequency
stepspercycle

=acetan_allignzaxis_autopsf.psf
= 16634.pdb

=acetan_sl

=310

=on

=par_all36_carb.prm
=par_tip3p.prm
=$temperature

=scaled1-4
=1.0
=12.0
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# Constant Temperature Control

langevin = on
langevinDamping =1
langevinTemp =$temperature
langevinHydrogen = no

wrap Water = on
wrapAll = on
wrapNearest = off
#periodic boundary conditions CellBasisVectorl = 30, 0, 0
CellBasisVector2 =0, 30,0
CellBasisVector3 =0, 0, 150
CellOrigin = -0.2077, -0.0217, 0.0406
PME = yes
PMEGridSizeX =30
PMEGridSizeY =30
PMEGridSizeZ =150

# Output

binaryoutput = no

# dedfreq as tclfreq (50)

dcdfreq = 2000
outputEnergies = 2000
tclForces =on
tclForcesScript = smd_sl.tcl
minimize = 2000
#run =5000000

A.4 SMD tcl script

The following is a sample TCL script used for SMD simulations
# Atoms selected for force application

# "BH” is molecule name (probably "PEP” or ”PRO0”)
set id1 [atomid CARB 15 O2]

set grpl

lappend grpl $idl

set al [addgroup $grpl]

set id2 [atomid CARB 1 O2]

set grp2

lappend grp2 $id2

set a2 [addgroup $grp2]

# set the output frequency, initialize the time counter
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set Tclfreq 2000

set t 0

# constraint points

# these should closely match actual positions.
# al3 gives a distance via VMD of 19.61
set clx 22.26001

set cly -2.73

set clz -3.214

set ¢2x 12.926

set c2y 0.388

set ¢2z 14.454

# force constant (kcal/mol/A?)
set k 1

# pulling velocity (A /timestep)
set v 0.0001

set outfilename s1_acetan_smd.out
open $outfilename w

proc calcforces

global Tclfreq t k v al a2 clx cly clz ¢2x c2y c¢2z outfilename
# get coordinates

loadcoords coordinate

set r1 $coordinate($al)

set rlx [lindex $r1 0]

set rly [lindex $rl 1]

set rlz [lindex $rl 2]

set 12 $coordinate($a2)

set r2x [lindex $r2 0]

set 12y [lindex $r2 1]

set 12z [lindex $r2 2]

# calculate forces

set flx [expr $k*($clx-$rlx)]

set fly [expr $k*($cly-$rly)]

set flz [expr $k*($clz-$rlz)]
lappend f1 $f1x $fly $flz

set f2x [expr $k*($c2x-$r2x)]

set 2y [expr $k*($c2y-$r2y)]

set f2z [expr $k*($c2z+3v*$t-$r2z)]
lappend f2 $f2x $f2y $f2z

# apply forces

addforce $al $f1

addforce $a2 $f2
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# output

set foo [expr $t

if { $foo ==10} {

set outfile [open $outfilename al

set time [expr $t*1,/1000.0]

# MODIFIED to provide units in pN

# 1 kcal/mol A = 69.48 pN

# also because rlz is not 0.0, need to find true distance
puts $outfile ”$time [expr $12z - $rlz| [expr $f2z * 69.48]”
# puts $outfile ” $time $r2z $£22”

close $outfile

ki

incr t

return

}

A.5 Matlab script for ‘big-box’ calculation

Following is the MATLAB script for Big-Box calculation

cle
clear
a = importdata(’r1-150_chdjoin_f1_100.txt’);
b = a.data;
¢ = a.textdata;
d = load(’chd100_nojoin_f1_100.dat’);
q = importdata(’linel.txt’);
r = importdata(’line2.txt’);
ql = q.textdata;
rl = r.textdata;
1 — table2cell(table(q1,186300,186300,186300));
12 = table2cell(table(r1,2,2,2));
frames_all =[]
for i = 1:100
e(1,1) = d(i,5)-d(i,2);
e(1,2) = d(i,6)-d(i,3);
e(1,3) = d(i,7)-d(i,4);
i = (i-1)*6900+1;
disp(i)
cl = ¢(t:t+6899,:);
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coor = b(t:t+6899,:);

cxp  =[];

cxn = [];

cyp =[]

cyn [];

czp = [];

czn = [];

for k = 1:6900

Xp = coor(k,1)+e(1,1);

X1 = coor(k,1)-e(1,1);

yD = coor(k,2)+e(1,2);

yn = coor(k,2)-e(1,2);

zp = coor(k,3)+e(1,3);

zn = coor(k,3)-e(1,3);

cxp = vertcat(c_xp,xp);

cxn = vertcat(c_xn,xn);

cyp = vertcat(c.yp,yp);

cyn = vertcat(c_yn,yn);

czp = vertcat(c_zp,zp);

czn = vertcat(c_zn,zn);

end

Xyz = table2cell(table(cl,coor(:,1),coor(:,2),coor(:,3)));
xpyz = table2cell(table(cl,c_xp,coor(:,2),coor(:,3)));
xnyz = table2cell(table(cl,cxn,coor(:,2),coor(:,3)));
xypz = table2cell(table(cl,coor(:,1),c_yp,coor(:,3)));
xynz = table2cell(table(cl,coor(:,1),c_yn,coor(:,3)));
xyzp = table2cell(table(cl,coor(:,1),coor(:,2),c_zp));
xyzn = table2cell(table(cl,coor(:,1),coor(:,2),c_zn));
xpypz = table2cell(table(cl,c_xp,c_yp,coor(:,3)));
xpynz = table2cell(table(cl,c_xp,c_yn,coor(:,3)));
xnypz = table2cell(table(cl,c_xn,c_yp,coor(:,3)));
xnynz = table2cell(table(cl,c_xn,c_yn,coor(:,3)));
xpyzp = table2cell(table(cl,cxp,coor(:,2),c_zp));
xpyzn = table2cell(table(cl,cxp,coor(:,2),c_zn));
xnyzn = table2cell(table(cl,c_xn,coor(:,2),c_zn));
xnyzp = table2cell(table(cl,c_xn,coor(:,2),c_zp));
xypzp = table2cell(table(cl,coor(:,1),c_yp,czp));
xypzn = table2cell(table(cl,coor(:,1),c_yp,c_zn));
xynzn = table2cell(table(cl,coor(:,1),c_yn,c_zn));
xynzn = table2cell(table(cl,coor(:,1),c_yn,c_zn));
xynzp = table2cell(table(cl,coor(:,1),c_yn,c_zp));
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Xnynzn = table2cell(table(cl,c_xn,c_yn,c_zn));
Xpypzp = table2cell(table(cl,cxp,c_yp,czp));
XNypzp = table2cell(table(cl,c_xn,c_yp,c_zp));
XNyNzp = table2cell(table(cl,c_xn,c_yn,c_zp));
Xnypzi = table2cell(table(cl,cxn,c_yp,czn));
Xpypzn = table2cell(table(cl,cxp,c_yp,czn));
Xpynzp = table2cell(table(cl,cxp,c_yn,c_zn));
Xpynzn = table2cell(table(cl,c_xp,c_yn,c_zp));
frames_all = vertcat(11,12,xyz,xpyz,xnyz,xypz,Xynz,xyzp,xyzn,

=XpyD2,XpyNnz,Xnypz,Xnynz,xpyzp,Xpyzn,Xnyzn,xnyzp,

=Xypzp,Xypzn,Xxynzn,xynzp,xnynzn,xpypzp,xnypzp,xnynzp,

=XNypzn,XPypPzn,XPynzp,Xpynzn);

writecell(frames_all,’chd100_joinchd_bb_f1_100.txt’,”"WriteMode’,’append’,’'Delimiter’,’, ’)

end

A.6 Coordination number calculation

Following is the MATLAB script for the calculation of coordination number of every bile

acid and extraction of highest coordinate in a frame.
cle

clear
a = load(’chd100_joinchd _bb_c24.xyz’);

alldist =]
allmatrix =]

coordallframe =[]
for i =1620001:2700:2430000
disp(i)
b = a(i:1+2699,:);
alldist_perframe =11
for j = 1:2700
d =1k
for k = 1:2700
= b(j,1)-b(k,1);
y = b(j,2)-b(k,2);
z = b(j,3)-b(k,3);
dist = 22 +y® + 2%
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¢ = sqrt(dist);

d = vertcat(d,c);

end

alldist_perframe = horzcat(alldist_perframe,d);
end

for row = 1:2700;

for column =1:2700;

if alldist_perframe(row,column) < 40;
e(row,column) = 1 ;

else

e(row,column) = 0 ;

end

end

end

allmatrix = vertcat(allmatrix,e);

sum_frame = [ ] ;
for f = 1:2700 ;
suml = 0 ;

for g = 1:2700 ;

suml = suml + e(f,g) ;

end

sum_frame = vertcat(sum_frame,suml);

end

alldist = vertcat(alldist,alldist_perframe);
coordallframe = horzcat(coordallframe,sum_frame);
end

csvwrite(’chd100_bb_alldist3.csv’,alldist)
csvwrite(’chd100_bb_coordination_allframes3.csv’,coordallframe)
maxvalx = idx ;
csvwrite(’chd100_bb_idx3.csv’,idx);
csvwrite(’chd100_bb_all_matrix3.csv’,allmatrix) ;

% to get the maximum cluster in a given frame
max_coord = max(coordallframe) ;
csvwrite(’chd100_bb_max_coord3.csv’;max_coord)
% to get the average cluster coordination per frame
% avg_coord = sum(coordallframe)/100 ;

% csvwrite(’chd100_bb_avg_coord.csv’ avg_coord);
%repeatation of each cluster size

% s1 = reshape(coordination_allframes,1,750100);
% int = 0.5

% gyrat_min=min(s1);
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% gyrat_max=max(sl);

% bin=gyrat_min:int:gyrat_max
% k=hist(s1,bin)

% plot(bin k)

A.7 Radius of gyration of the biggest cluster

Following is the MATLAB code for calculation of Radius of gyration of the biggest

cluster
cle

clear
for i

maxcoord (i)
end

coor_allframel

rg
g

eigval_allframe

= 1:100

= load(’f7496 onlycoord.xyz’);
=[]

= load(”chd_mass.xvg”);

=[]

for k3 = 1:2700:4050000;
disp(k3)

mass_all =[]

coor_all = [];

for t = k3:k3+99;

S =t-1;

m =1];

COOT =[]

if maxcoord(t)

m = g(1:69) ;

coor = coor_allframel(69*s+1:69*s+69,:);
else

m1l =0

end

mass_all = vertcat(mass_all,m);
coor_all = vertcat(coor_all,coor);
end

xcg_allframe
ycg_allframe
zcg_allframe

mt

[];
NE
[];

um(mass_all);
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xcg = sum(mass_all.*coor_all(:,1)) /mt;
ycg = sum(mass_all.*coor_all(:,2))/mt;
zcg = sum(mass_all.*coor_all(:,3))/mt;
ig =[0,0,0;
0,0,0; (A1)
0,0,0;
W = size(coor_all);
for i7 = L:w(1,1) ;
x_1 = coor_all(i7,1) - xcg ;
y_1 = coor_all(i7,2) - ycg ;
z_1 = coor_all(i7,3) - zcg ;
m_1 = mass_all(i7);
ig =ig+m 1. % ((z.1).2 4+ (y_1).3), —m L x w1 x y_1,—m_1. x x_1. % 2_1;
—mlxyl.xxl,ml x((z1)2+ (1)), —m_1. xy_1. % 2_1; (A.2)

—mlxzl.xzl,—mlxyl*xz1lmlx((y1)2+ (z1).2);

end

ce = eig(ig);

eerg = sqrt(sum(ee(:,1))/mt);
eigval_allframe = horzcat(eigval_allframe,ee);
rg = vertcat(rg,ee_rg);

end

A.8 Scattering profile calculation

cle

clear

% load the gofr values of cc,00 and co combination
gofr_cc = load(’f1-100/out_CC_cutoff60’);

gofr_oo = load(’f1_.100/out_OO_cutoff60’);

gofr_co = load(’f1_.100/out_CO_cutoff60’);

x = (0.25:0.5:60.25)'% for bw05;

%coefficients are taken from Acta Cryst. (1995). A51,416-431
ca = [2.657506,1.078079,1.490909,-4.241070,0.713791];
cb = [14.780756,0.776775,42.086843,-0.000294,0.239533];
cc = 4.297983;
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oa = [2.960427,2.508818,0.637853,0.722838,1.142756];
ob = [14.182259,3.936858,0.112726,34.95844,0.390240];

oc = 0.027014;

sq =[]

for ¢ = 0.01:0.01:2

s = q/(4"pi);

t = s*s;

Yoscattering factor for c,o
sfc=0;

sfo=0;

fori=1:5

fc = ca(:,i)*exp(-(cb(:,1))*t);

sfc=sfc+ fc; %sum of all exponents

f.o = oa(:,i)*exp(-(ob(:,i))*t);

sfo=sfo+fo;

end

sum_f_ ¢ = s_fc + cc ; %sum of exponents plus constant ¢
sum_f o = s_f.o + oc ; %q value for each value of r

qd =1[];

for r=1:121

al = (0.352%0.352)*(sum_f_c*sum_f_c)*(gofr_cc(r,2)-1);
a2 = (0.0735%0.0735)*(sum_f_o*sum_f_o)*(gofr_oo(r,2)-1);
a3 = (0.352*%0.0735)* (sum_f_o*sum_f_c)*(gofr_co(r,2)-1);
a=al + a2 + a3;

aa = sin(q*gofr_cc(r,1)) ;

ql = aa*(gofr_cc(r,1)*gofr_cc(r,1))*a/(q*gofr_cc(r,1));

q4 = vertcat(q4,ql);

end

q2 = trapz( x,q4);

q3 = (0.352*pow2(sum_f c)) + (0.0735*pow2(sum_f o)) + (4*pi*7.562*0.001*q2) ;
s_q = vertcat(s_q,q3)

end

csvwrite(’cal00_f1_100.csv’,s_q)
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