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Abstract Fully atomistic molecular dynamics simulation
studies of thermotropic bilayers were performed using a set
of glycosides namely n-octyl-3-D-glucopyranoside (0-
C8Glc), n-octyl-a-D-glucopyranoside (a-C8Glc), n-octyl-3-
D-galactopyranoside (3-C8Gal), and n-octyl-a-D-
galactopyranoside (a-C8Gal) to investigate the stereochemi-
cal relationship of the epimeric/anomeric quartet liner glyco-
lipids with the same octyl chain group. The results showed
that, the anomeric stereochemistry or the axial/equatorial ori-
entation of C1-O1 («/f) is an important factor controlling the
area and d-spacing of glycolipid bilayer systems in the ther-
motropic phase. The head group tilt angle and the chain
ordering properties are affected by the anomeric effect. In
addition, the L phase of 3-C8Gal, is tilting less compared
to those in the fluid L,. The stereochemistry of the C4-
epimeric (axial/equatorial) and anomeric (a/3) centers simul-
taneously influence the inter-molecular hydrogen bond. Thus,
the trend in the values of the hydrogen bond for these glyco-
sides is [B-C8Gal>a-C8Glc>[3-C8Glc>-C8Gal. The four
bilayer systems showed anomalous diffusion behavior with
an observed trend for the diffusion coefficients; and this trend
is 3-C8Gal> 3-C8Glc>a-C8Gal>a-C8Glc. The “bent” con-
figuration of the a-anomer results in an increase of the hydro-
phobic area, chain vibration and chain disorganization. Since
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thermal energy is dispensed more entropically for the chain
region, the overall molecular diffusion decreases.
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Anomolous diffusion - Sugar stereochemistry

Introduction

Sugar has intriguing structural diversity that gives rise to
complex behavior. Even in the simplest monosaccharide,
i.e., a single sugar unit, the diverse possible stereochemical
arrangement of the hydroxyl groups gives rise to different
types of sugars, like glucose, mannose, and galactose. The
last two are glucose epimers, where the hydroxyl group at the
2 and 4 carbon positions within the sugar ring is axially
oriented for mannose and galactose respectively, instead of
equatorial as in the case of glucose (Fig. 1). The complexity
increases further when these sugar units combine to form
disaccharides, oligomers and polymers or when they combine
with other conjugates like proteins to form glycoproteins and
lipids to form glycolipids (GLs). The precise effect of sugar
stereochemistry is very much guesswork, but how this affects
the macroscopic behavior is very profound, for example,
while starch and cellulose are very different materials, their
microscopic components are related very closely. Maltose
differs from cellobiose only at the 1-4 link between the two
sugar units [1]. Similarly glucolipid and galactolipid behave
differently in self-assembly and biomembrane [2] but glucose
and galactose are only slightly different (see Fig. 1). The
functional differentiation due to sugar stereochemistry may
be further exemplified by the observation that galactose-based
glycolipids (GLs) are commonly found in plant membranes,
while glucose-based kinds are usually associated with micro-
organisms [3].
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Fig. 1 Chemical structures for (a) glucose, (b) mannose, and (¢) galactose

Even though GLs are commonly associated with biological
membrane, their amphiphilic nature, i.e., possessing both a
water-loving hydrophilic sugar headgroup and water-hating
hydrophobic alkyl chain, means GLs may self-assemble into a
variety of liquid crystal phases, e.g., lamellar and hexagonal,
in dry (thermotropic) as well as in solvent (lyotropic) [4].
Therefore, these amphitropic materials [5] have a wider ap-
plication potential not confined to those related to the
lyotropic phases (e.g., surfactants and delivery systems [6]),
but possibly also those derived from the dry thermotropic
phase. Novel thermotropic applications of GLs have yet to
be developed and realized. Unfortunately, due to lack of
interest (or possibly awareness) not many fundamental studies
have been carried out in the GLs thermotropic phase to sup-
port application development. However, recently some of
these application related studies were reported, for example
taking advantage of the sugar headgroup being chiral and
tilted structures (i.e., Sc) in the lipid organization which imply
possible ferroelectric behavior (see for example [2] and refer-
ences therein). Thus, in the present study, we focus on the
thermotropic phase of these GLs, in particular a set of four
alkyl glycosides related epimerically (gluco- versus galacto-)
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and anomerically (- and (-) to understand how these stereo-
chemical factors, which give rise to different hydrogen bond-
ing networks in the hydrophilic region govern the anhydrous
self-assembly properties, and in turn are related to their liquid
crystal clearing transition temperatures.

These glycosides, have been widely studied fundamentally
in the lyotropic phase [7] as well as for applications, e.g., in
membrane protein crystallization [8]. The structural difference
between, a-C8Glc and (-C8Glc, is only at the anomeric C1
position (Fig. 2), where the glycosidic bond points axially for
the former and equatorially for the latter. This subtle variation
in molecular orientation gives a large difference in the phase
diagrams of 3-C8Glc and a-C8Glc [7]. In addition, as dem-
onstrated by a simulation study of these compounds, the
solvent-accessible surface area, head group cluster structure,
and the number of isolated water molecules show significant
changes despite properties like shape and surfactant chain
length remaining the same [9]. The anomeric effect on the
self-assembly behavior of linear alkyl glucosides has been
well documented [10, 11]. Recently, Hashim et al., [10] ob-
served a general trend in the thermotropic clearing points for a
set of four glycolipids which are epimerically and
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anomerically related o/3-C8Gal and o/3-C8Glc. The thermo-
tropic clearing transition temperatures of these glycolipids are
in the order OfT[fGal>TaGlc>T[3Glc~ T(,yGa]~ The trend seems to
apply for GLs with different chain lengths as well as branched
chains. This has led to speculation that the epimeric/anomeric
pairs may have similar structural arrangements (hence inter-
action) within their hydrophilic region. The present objective
is to find molecular substantiation using computer simulation
on the likely relationship between two pairs of liner glyco-
lipids, namely, o/B-octyl-galactosides (o/3-C8Gal) and
o/B-octyl-glucosides (o/3-C8Glc) by modeling its thermo-
tropic smectic A (or L, the equivalent phase nomenclature
proposed by Luzzati [12]) close to the liquid crystal clearing
phase transition temperature. In this manuscript, we used the
latter nomenclature for these bilayer systems, while the naming
convention of the molecules is given in Fig. 2. A similar study
on a set of double bilayer systems namely o/3-C8Gal and o/3-
Glc was previously conducted by Chong et al. [13]. However,
it differs in many ways from the current study. The former
simulation was performed in the L (i.e., lamellar crystal phase
at 27 °C), while the current study chose a temperature of 90 °C
and focuses on mainly the L, which is known to be stable at a
much higher temperature according to the phase diagram [7].
Thus, the current simulation results compare directly to the
experimentally observed liquid crystal phase of these mate-
rials. The present simulation methodology, which employs a
single bilayer allows for a much longer simulation time of
200 ns as compared to the previous 5 ns simulation [13]. A
long simulation is necessary to calculate basic equilibrium
properties, such as the area per lipid [14]. In addition, many
interesting events, including diffusion in solids and chemical
reactions, which are called “infrequent” or “rare events occur
at a longer time scale [15]. In the present simulation study, the
area per lipid requires on average 30 to 40 ns to reach equili-
brium. The slow convergence of this property proves that the
generation of sufficient equilibrium samples cannot be ac-
quired in a few nanoseconds simulations. Therefore, the results
presented here are more reliable. Consequently, we have com-
puted some dynamical properties not analyzed previously.
The four bilayer systems were simulated at 90 °C. Accord-
ing to the phase diagram, at 90 °C $-C8Glc [7] and «-C8Glc
[16] are in the L, phase. However, there is no phase diagram
available for a-C8Gal, but Hashim et al. [10] reported this
compound exists in the L, phase within the temperature range
between 40-98 °C. On the other hand, at 90 °C, 3-C8Gal [7]
is in the L phase but close to the phase boundary of L,.
Unfortunately, there are no literature reports on a single-
crystal structure for any [-alkylglycosides [17] and many
dry alkylglycosides are non-crystalline materials, which make
the properties of the non-crystalline state interesting to study
[17]. On the other hand, the crystal structures of some phos-
pholipids have been determined by X-ray, for examples
dilauroylphosphadity-lethanolamine (DLPE) [18, 19] and

dimiristoylphosphatidylcholine (DMPC) [20]. However, it was
found that the lipid molecules in the crystal phase behave like
lipids in a non-crystalline bilayer except for several important
features such as the observation of gauche kinks in the Lg (gel
phase) and L, [21]. Noticeably, the hydrocarbon chain of the
four understudied molecules is identical and only the configu-
ration of the head group region is different from one molecule to
another. This allows us to study the effects of the sugar head
groups on bilayer related properties in a systematic manner.

In the current work, we have also taken advantage of some
recent advancement in computer technology, especially in
graphic processing unit (GPU), which has provided opportu-
nities to perform complex simulation effectively, to enable
longer simulation run and larger system size [22]. Current
updates on simulation software like AMBER 12 [23] (for
bio-molecular simulation) use GPU power to perform simu-
lation by accommodating systems with hundreds to millions
of particles [23, 24]. Additionally, an improved force-field for
carbohydrates like GLYCAM_06d [25] is used to model and
simulate glycolipids assembly systems to study structure and
function relationships [26-28].

Methods
System description and simulation details

Each starting glycoside molecule (a/3-C8Gal and a/3-C8Glc)
was built and geometry optimized using the HyperChem
package [29]. The initial structure of each single bilayer of
ao/B-C8Gal and o/-C8Glc was obtained by arranging a
10x10 array of 100 optimized lipids in the x and y plane,
which constituted the first monolayer leaflet. The bilayer with
the tail groups pointing to its center and the head groups facing
the opposite direction was obtained using packmol [30].
GLYCAM 06d [ 25] and the f/99 [31] force fields were used
to assign the atom types, bond length, bond angle, dihedral
angle, and partial charges for the carbohydrate head group and
the tail group, respectively. The GLYCAM_06 contains all the
parameters for sugar and lipids [25]. For carbohydrates, it has
a single parameter set applicable to both a- and (3-anomers
and to all monosaccharide ring sizes and conformations [25].
The ff99 force field is a derivative of the original Cornell et al.
1794 force field [32], where improvements have been made in
many torsional parameters. Such parameterization supports
both additive and non-additive (polarizable) force fields
[32]. The ff99 force field has been extensively used for MD
simulation of the biomolecular systems [26, 33, 34]. Addi-
tionally, alkyl chain carbon atoms on a/3-C8Gal and o/[3-
C8Glc were assigned a charge of zero implying non-ionic
surfactant nature. The molecular dynamics (MD) simulation
was performed on each system using AMBERI12 software
package [23, 24]. Prior to the actual molecular dynamics
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run, the energy minimization using first the steepest descent
(SD) algorithm followed by applying the adopted basis
Newton-Raphson method, was performed to eliminate any
unfavorable contacts and overlapping of atoms resulting from
the model building procedure [23]. Pre-equilibration under the
constant number of particles N, volume, V, and temperature,
T, (NVT-ensemble) of the energy minimized structures was
performed for 2 ns by increasing the temperature from 0 to
90 °C using the Andersen thermostat (tp=0.5 ps) [35] with a
1 fs time step. Subsequently, the molecular dynamics simula-
tion of the glycolipid lamellar system was carried out under
the condition of constant number of particles N, pressure, p,
and temperature, T (NpT-ensemble). Periodic boundary con-
ditions were applied to the simulation box in all three coordi-
nate directions (with x, y in the bilayer plane, and z normal to
the bilayer) in cubic lattice geometry. The Berendsen pressure
coupling method is normally used to simulate the bilayer
system either anisotropically or semi-isotropically [36]. In
the anisotropic case, the three unit-cell dimensions fluctuate
independently, and the total pressure p remains constant at
1 bar, corresponding to an Np,pyp,T ensemble, unlike the
semi-isotropic case, which gives an Npyp; T ensemble, where
pn and pp are pressures along the normal and lateral to the
bilayer respectively. In general, the two pressure coupling
methods produce equilibrium properties, which cannot be
differentiated statistically [14]. However the advantage of
the semi-isotropic case is, the interface maintains a square,
while in the anisotropic case the simulation box fluctuates
independently in x and y directions [37]. Therefore, in our
simulation we have used the semi-isotropic pressure coupling
method, with a time constant 1 ps and a compressibility of
4.5x10>/bar. The simulation temperature was set at 363 K (or
90 °C) for all four glucosides.

Non-bonded interactions were truncated with a cut-off
range of 9.0 A and long-range electrostatic interactions were
treated using the particle mesh Ewald summation method [38,
39]. The SHAKE algorithm was used to constrain covalent
bonds involving hydrogen atoms [40]. The time step was 1 fs
and the simulation’s trajectories were saved once every 5 ps.
The simulation was performed for a total duration of 200 ns
dynamics. The equilibrium condition of the bilayer was mon-
itored using two parameters: area per lipid and the local
density profiles (LDPs). Block averages of the local density
profiles (LDPs) over 20 ns were calculated for the entire
200 ns simulation. The LDPs show small fluctuation in the
interface, but does not change significantly after 40 ns, so we
assume 40 ns is sufficient for the system to reach its equilib-
rium and the bilayer properties are calculated from the last
160 ns. The area per lipid is very sensitive to the simulation
details and is generally considered to be a reliable criterion for
comparing and validating the simulation results [14]. Inciden-
tally, these simulations were performed using the GPU-
accelerated version of the pmemd simulation engine on
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NVIDIA Tesla graphic card. A typical simulation performance
for these systems on a normal PC-hardware is 18 ns/day,
which is more than an order of magnitude higher than that
of a typical CPU-based simulation [41].

Analysis

‘We have measured various structural and dynamical properties
from the simulation. In order to monitor the stability of the
bilayers, 20 ns block averages [14, 26] of the local density
profiles (LDPs) were calculated up to 200 ns. Generally, the
LDP was calculated along the bilayer normal, taking the center
of the bilayer as the origin. This distribution function g(z) was
calculated from the number density, p(x,y,z), given as:

N = px,y,2)dvdyz, (1)

where N is the total number of atoms. Along the z-direction,
we defined g(z) as:

g(2) = Azff plx,y,z)dxdy /N = Azp(z)/N, 2)

where 4 is the bilayer area, Az is the bin size along the z-axis,
and V is the volume. In addition, the convergence of the
simulated system to its equilibrium state may be monitored
through the time evolution of the surface area at the interface
per lipid which is calculated by dividing the total area in the x
and y directions of the bilayer by the total number of glyco-
lipids (100) in a single bilayer leaflet [42]. Area per lipid is one
of the parameters that can be used to determine how well
equilibrated the simulated system is [43] because among the
bulk quantities it gives a more detailed convergence perspec-
tive [44]. It was found that from the total 200 ns simulation
run, the first 40 ns dynamics could be regarded as the equilib-
rium phase. Subsequently, for the analysis purposed, every
5 ps frame was archived from the last 160 ns dynamics. The
conformational disorder of the hydrophobic chain is related to
the state of the bilayer, where it is more disordered in a liquid-
crystal than in a gel or a crystal phase [44]. Therefore the chain
order parameter Scy; has been used to estimate the degree of
ordering in the chain region. This is derived from a general
3x3 Saupe ordering tensor, S whose element, Sj; is,

1 -
Sy = > (3C0$9[0059j_6[j)7 (3)

where 6; is the angle between the i™ molecular axis and the
bilayer normal, and the bar represents the time or ensemble
averaged quantity [45]. The alkyl chain order parameter was
defined according to van der Ploeg and Berendsen [46], where
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the molecular axes for the n™ methylene group are defined by
the H-H vector (x-axis), the bisectrix of the H-C,—H angle (y-
axis), and the vector C,_; to C,,4; (z-axis). From the symmetry
argument, the second order tensor S is diagonal and S, illus-
trates the chain order parameter. S, takes a value of unity if the
average orientation is parallel to the bilayer normal (i.e., fully
ordered), —1/2 if it is perpendicular to the normal, and zero if
the system is completely disordered. S¢y, is related to Scp
determine by the deuterium NMR experiment, where:

2 1
Scrr =Sep = gsxx + gSyya (4)
where S,. and ), are the order parameters in the x and y
directions, respectively.

Inter- and intra-molecular hydrogen bond analysis was per-
formed in each layer using the p#raj module in AMBER12, and
CARNAL (AMBER?7) respectively, by defining the O-O dis-
tance to be <3.5 A and 4 A and the cut-off angle of 120 from
linearity. Since the results of both O-O distances are almost
similar we show only the results of OO distance <3.5 A here.
The tilt angle for the head group orientation was calculated based
on the definition used by Rog et al. [47]. The vector representing
sugar head group is defined from C8-0O4 (see Fig. 2) and the
orientation of the head group is defined by the angle between this
vector and bilayer normal (along z-axis). In this study we chose
the above vector definition for the sugar head group to compare
the results obtained by others and subsequently discern the effect
of chain length [48] and branching [47] on the sugar head
stereochemistry. Furthermore, to examine the dynamic behavior
of sugar molecules in the bilayer system, we computed the mean
square displacement (MSD) of the translational diffusion for the
sugars at the lipid surface using the ptraj module in AMBER.
Generally, the translational mobility of lipids in the bilayer
membrane model is considered to be two-dimensional. The
lateral diffusion of the molecules was evaluated from the mean
square displacement (MSD) of their center of mass in two-
dimension, i.e., (Ar(f)), where Ar,, denotes the displacement
of center of mass for a molecule.

Results and discussion
Local density profiles (LDPs)

The 20 ns block averages of the local density profiles for four
systems (a/(3-C8Gal and o/3-C8Glc) over the last 160 ns are
given in Fig. 3. The LDPs show the bilayers do not break,
even though there are minor differences between different
block averages during the simulation. The expected micro-
phase separation of the hydrophilic and the hydrophobic re-
gions is demonstrated by the maximum and minimum density
values along the bilayer normal in this figure. This implies that

throughout the simulation the structures are intact. The LDPs
of the four systems (a/3-C8Gal and o/3-Glc) are qualitatively
similar in general. However, for the four systems, their d--
spacing are different, implying that these bilayers have slight-
ly different packing arrangements, which eventually affect
their melting points [7, 49]. The experimental bilayer spacing
at 25 °C for -C8Gal is 25.1 A, while at 90 °C this value is
25.8 A (Table 1), which is slightly less than the simulated
value of 27.5 A at 90 °C. Similarly, for 3-C8Glc the simulated
value of 27.5 A is slightly more than the experimentally
determined X-ray d-spacing of 25.6 A and 25.3 A at 70 °C
and 105 °C, respectively [7]. Generally the present data for d-
spacings are in accord with those from the X-ray measure-
ments for these phases within less than 10 %. This percentage
difference is not too dissimilar from those found in other
simulation studies of disaccharides in thermotropic phase
when compared with the experimental data [26, 50, 51]. In
addition, it seems for $-C8Glc/C8Gal increasing the temper-
ature does not change the thickness very much. Table 1 also
shows that the bilayer spacings for c-anomers are smaller than
those of the (-anomers, which imply the former pack more
tightly compared to the latter. Comparing the d-spacing of the
quartets (a/p-C8Gal and «/3-C8Glc) reveals that the
anomeric effect is more dominant than the epimeric effect.

Area at the interface per sugar head

The average surface area at the interface per sugar head group
over 160 ns dynamics runs for the four selected glycosides
namely o/3-C8Gal and o/3-C8Glc, are given in Table 1. This
data shows that the areas for a-C8Glc and a-C8Gal with the
values of 36.0 and 35.1 A respectively are greater than those
of 3-C8Glc and 5-C8Gal by 10-12 %. These results show the
anomeric factor is important in controlling this property in the
same manner as in the case of d-spacing. Thus, both thickness
and interfacial area per head group are less sensitive to the C4
epimeric effect. According to the phase diagrams, both a/(3-
C8Glc and a-C8Gal are in the L, phase. Therefore, chains
within this phase are more fluid. In contrast, at this tempera-
ture 3-C8Gal is in the L phase but very close to the transition
into the L, phase. Hence, it was observed that the 3-C8Gal
bilayer has the least area per head group (32.2+0.4) A% Our
results show that a-anomers have higher surface area at the
interface and lower densities than (3-anomers.

Hydrogen bonds analysis

For a sugar-based surfactant system in a dry state, the sugar
heads interact strongly with each other to stabilize the bilayer.
This interaction originates mainly from the hydrogen bonds
between sugar hydroxyl groups which makes sugar surfac-
tants very fascinating in terms of their solid state behavior
[56]. In addition, detailed sugar stereochemistry could
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Fig.3 (A) Local density profiles: A
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generate hydrophobic or apolar surface on the sugar moiety
giving its amphoteric character, which is important for molec-
ular recognition [57, 58]. Glycolipid system has the ability to
participate in hydrogen bonding as both donor and acceptors,
unlike phosphatidylcholines, which can act only as an accep-
tor [47, 59]. Each sugar head group in the bilayer system can
be involved in two types of hydrogen bonds: inter- and intra-
molecular hydrogen bonds. The results of hydrogen bonds for

Distance (A)

o-C8Gal b B-C8Glc

o-C8Glc

four sugar surfactants (o/3-C8Glc and o/3-C8Gal) are tabu-
lated in Table 2. 3-C8Gal has more affinity to be involved in
both inter- (3.21) and intra-molecular (1.71) hydrogen bonds
compared to 3-C8Glc whose values are 3.06 and 1.12 respec-
tively. In the former the hydroxyl group at C4 is oriented
axially [7]. On the other hand, the inter-molecular hydrogen
bond for a-C8Gal is 2.37 while that for a-C8Glc is 3.10.
However, a reverse trend is observed for intra-molecular

Table 1 d-spacing for 3-C8Gal in L phase, a-C8Gal and a/3-C8Glc in L phase and their average surface areas at the interface per lipid from 160 ns

simulations and the corresponding X-ray experimental data

Lipid Simulation at 90 °C Experimental data from X-ray

d-spacing/A Area/head group(A?) d-spacing/A Area/head group/A®
(-C8Gal 27.5+0.4 (L.) 32.2+0.4 25.1/25.8 (at 25/90 °C)[7] 34.49*
(5-C8Gle 27.6+0.3 (Ly) 32.3+0.3 25.6/25.3 (at 70/105 °C)[7] 36.1 [53, 54]
a-C8Glc 24.4+0.2 (L) 36.0+0.3 23.3 (at 75 °C)[52] 39.1 [16]
a-C8Gal 25.4+0.3 (Ly) 35.1£0.4 NA -

# calculated from the data of ref. [55]
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Table 2 Total number of hydrogen bonds per sugar for a-C8Glc, 5-C8Glc, a-C8Gal, and 5-C8Gal comprised of inter-molecular and intra-molecular

hydrogen bonds

Mol/HB (-C8Gal a-C8Gle (-C8Glc «a-C8Gal Trend

Inter-mol 3.21 3.10 3.06 2.37 B-C8Gal>a-C8Gle>[-C8Gle>-C8Gal
Intra-mol 1.71 1.31 1.12 1.71 a-C8Gal> 3-C8Gal>a-C8Glc> 3-C8Glc
Total 492 441 4.18 4.08 [-C8Gal>a-C8Gle>[3-C8Gle>a-C8Gal
Exp. clearing point °C 127[7] 116[7] 107[7] 98[10] [-C8Gal>a-C8Gle>3-C8Gle>a-C8Gal
Calc. clearing point °C 132 115 107 72 [-C8Gal>a-C8Glc>[3-C8Gle>a-C8Gal
Exp. melting point °C 96[7] 69[7] 69[7] 40[10]

From other literature

Intra-layer [13]27(°C) 29 2.77 2.70 243 (3-C8Gal>-C8Gle>[3-C8Gle>a-C8Gal
Inter-mol [47]70(°C) 1.63* - 1.28* - DP-C8GALA>DP-GLUC

Inter-mol [27] 2.14° - 1.8° - (3-C8Gal>(-C8Gle

@ Calculation is in lyotropic phase, ° Calculation is in micellar phase

hydrogen bonds with the values of 1.31 and 1.71 for a-C8Glc
and a-C8Gal respectively. Table 2 also shows that, the trend
for the total hydrogen bonds of the four compounds is the
same as that of the inter-molecular hydrogen bonds, i.e., 5-
C8Gal>a-C8Glc> 3-C8Glc>-C8Gal.

This trend is also similar to the clearing temperatures of the
four compounds, both from experimental and calculated based
on the intermolecular hydrogen bond. In Table 2, the calcu-
lated clearing temperature assumes (-C8Glc is the reference
compound. In the Supplementary T1, we have included all the
calculated clearing temperatures, using different compounds
as a reference. These predicted clearing temperatures are
consistent with each other within less than 3 %, except when
using a-C8Gal as a reference, where the difference is about
10 %. Thus, it supports the previous proposal that inter-
molecular hydrogen bonds contribute to the thermal stability
of the bilayer assembly [10].

Moreover, the axially orientated hydroxyl group at C4
makes a/3-C8Gal more capable of being involved in the
intra-molecular hydrogen bonds than a/3-C8Glc. Incidental-
ly, these results agree with those reported by Mosapour et al.,
[60] who had performed DFT calculations and analyzed them
using atoms in molecules approach (AIM) and natural bond
orbital analysis (NBO). The AIM results proved that for (3-
C8Glc there is one intra-molecular hydrogen bond (HO6...
04), while for 8-C8Gal, there are two extra bonds (HO6...04
and HO6...03) [60]. In fact the inter-molecular hydrogen
bond trend we observed here for the four glycosides agree
with the same trend (intra-layer hydrogen bond) from the
previous simulation [13]. Of course quantitatively, the detailed
numbers differ since their systems were simulated at 300 K,
for 5 ns simulation run. The total lipid-lipid hydrogen bonds
for these glycosides are about 40-50 % higher than those of
1,2-di-O-palmitoyl-3-O-3-D-C8galactosyl-sn-glycerol (DP-
C8GALA) and 1,2-di-O-palmitoyl-3-O-3-D-glucosyl-sn-
glycerol (DP-GLUC) [47]. Lower values of lipid-lipid inter-

molecular hydrogen bonds for these glycoglycerol lipids are
expected since the simulations were conducted in the lyotropic
phase, where there was a variety of hydrogen bonds involving
lipid-lipid, lipid-water, water-bridge, and H-bonded water
[47]. However, the trend for hydrogen bonds (of DP-
C8GALA versus DP-GLUC) agrees with the present results
of galactosides versus glucosides. A similar pattern of depen-
dency was also observed in the micellar (L;) systems of for (3-
C8Gal and 3-C8Glc, with the total number of inter head group
hydrogen bonds at 2.14 and 1.8 respectively [27].

The role of polar interaction of the monosaccharide head
group is important to stabilize the self-assembly. In theory, the
maximum number of hydrogen bonds which a monosaccha-
ride can make is 16, corresponding to six oxygen atoms able
to accept two hydrogen bonds and four polar hydrogen atoms
able to donate a hydrogen bond. Simulation result of the
bilayer system shows the values are less than 16 and these
are 4.92, 4.41, 4.18, and 4.08 for 3-C8Gal, a-C8Glc, 3-
C8Glc, and a-C8Gal, respectively. Orientation constraint of
hydroxyl groups and the steric effect in the bulk environment
are some of the reasons, which cause the decrease of hydrogen
bonding ability of the sugar head group [26]. It is interesting to
calculate the distribution of these hydrogen bonds over the
different OHs sites on the sugar moiety. Figure 4 shows the
results of the individual donor and acceptor contributions to
hydrogen bonding. A closer look into this in Fig. 4 reveals that
the interaction scheme of inter-lipid hydrogen bonding are
dominated by oxygen O2 and O6 in all four compounds
(«/3-C8Gal and o/(3-C8Glc), which suggests greater avail-
ability of O2 and O6 to accept inter-head group hydrogen
bonds. The low interaction for O1 and OS5 is expected based
on the missing hydrogen donor ability due to the lack of a
proton acceptor. In general O2 contributes almost 45 % more
in hydrogen bonding compared to O3 in all four compounds,
but the order and trend of hydrogen bond of the quartet on
both sites are almost the same (see Fig. 4). Specifically, the
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Fig. 4 Inter-molecular hydrogen bond distribution over different oxygen
locations (see Fig. 2) for 5-C8Glc(@),a-C8Gal (), a-C8Glc ([¥), and /-
C8Gal (m)

trend for the hydrogen bond distribution on O2 and O3 of the
four compounds is a-C8Gal>[-C8Gal>3-C8Glc>a-C8Glc.
But this trend is slightly different for the O6 site, which is a-
C8Glc>a-C8Gal>3-C8Glc>3-C8Gal. Thus, on O2 and O3,
the epimeric effect is more dominant, while on O6 the
anomeric effect is more dominant. The hydrogen bonding
trend on the O4 site is F-C8Gal>a-C8Glc>3-C8Gle>a-
C8Gal, which is similar to the overall trend for hydrogen
bonding. Even though 3-C8Gal and o-C8Glc are anomerically
different, the hydrogen bonds on the O4 site of the former and
the O6 site of the latter contribute nearly 80 % of the total
hydrogen bonds. The axial orientation of OH on the O4 epimer
in -C8Gal causes the increase in the capacity of donor and
acceptor of this compound. On the other hand, for a-C8Glc the
exocyclic group at C6 position extends out to form a hydrogen
bond with neighboring lipids. These hydrogen bond interac-
tions may be attributed to the high clearing temperatures of
127°C and 116°C for 5-C8Gal and a-C8Glc, respectively.

Head group orientation

Figure 5 shows the distribution of the angle between the C8—
04 vector and the bilayer normal [47]. From the non-Gaussian
plots, we observe the population maxima occur at 28° and 36°
for (-anomeric pairs, $-C8Gal and [-C8Glc respectively;
whereas, for the a-anomeric pairs, a-C8Glc and a-C8Gal,
these occur at 42° and 40° respectively. We notice that (-
C8Gal, which is in the L¢ phase, is tilting significantly less
compared to the other isomers, which are in the fluid L. As
expected, J-anomers are tilting less than a-anomers for the
equatorially linked anomeric carbon to the glycosidic oxygen.
The angle distribution profiles for 3-C8Glc and 3-C8Gal from

@ Springer
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the current study are similar to those from the published work
by Rog et al. [47], for S-anomers of DP-C8§GALAand DP-
GLUC with di-palmitic chains in L, lyotropic phase. This
similarity indicates that the orientation of sugar head group is
not much affected by the branching and chain length. More-
over, in these cases the maxima occurred at about 38°, which
is not too different from our measurement for the 3-C8Glc
(36°), in the anhydrous L, but is strikingly different from the
dry L phase of 5-C8Gal (28°).

Order parameter

Chain ordering in the bilayer is an interesting property used to
determine the type of phase of the lipid assemblies [61].
Experimentally, deuterium nuclear magnetic resonance (*H-
NMR) measurement is used to determine the C-D bond order
of the deuterated chain [62]. However, in a simulation, the
order parameter is calculated using C—H bond and the Saupe
ordering tensor, as in Eq. (3), and this is correlated with, the —
(Scpy [46]. Figure 6 shows the —(Scp) as a function of the
methylene carbon position [63, 64] for the four compounds. In
general, the plot shows the bond (C—H) order parameter
decreasing from C8 to C14 for the quartet o/3-C8Gal and
o/B-C8Glc. The farther the position of the carbon from gly-
cosidic bond, the less the order becomes; hence the increase in
the flexibility of the chain. Van Buuren et al. also found the
same diminishing chain ordering behavior for a/3-C10Glc in
lyotropic systems [48]. It is interesting to note that the chain
order parameters profiles (which are in the hydrophilic region)
can be differentiated for the four compounds despite a dimin-
utive difference in the head group stereochemistry. The two
compounds (3-C8Gal and (3-C8Glc) have higher chain order
parameter profiles compared to o compound (a-C8Gal and a-
C8Glc). Except for 5-C8Gal which is in the L¢ phase, all other
lipids are in the liquid crystalline, L, phase. This leads to the
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expectation that the bond order parameter of 5-C8Gal will be
higher compared to that of the other three lipids. This is
because in the L, phase the chains are expected to be more
disordered compared to those in the L phase. However, we
observed a contradicting behavior, where 5-C8Gal which is in
the L¢ phase, has a lower —(S¢p) profile than does 3-C8Glc.
This could be related to the higher hydrogen bonding interac-
tion at C4 (see Fig. 4, O4) compared to those for the other
lipids. The melting temperature of 5-C8Gal is 96+(5-8)°C [7]
which is very close to the simulated temperature 90 °C. This
observation may be justified from the thermal fluctuation
viewpoint according to Sakya et al., [7] the high hydrogen
bonding at the O4 position constrain the head group, but
allows the chain to fluctuate more, thus lowering the order
parameter in the Lo phase of $-C8Gal. Meanwhile, from
Fig. 5 a higher degree of chain ordering is also related to a
lower tilt angle of the chains. When the tilt angle is high, less
chain packing is expected. Therefore, 3-C8Glc and §-C8Gal
with the smaller tilt angles have higher chain ordering.

Comparing the /3 anomers, a-anomers have lower order
parameter compared to S-anomers. a-anomers give a bent mo-
lecular shape especially at the sugar head group to carbon chain
and the arrangement in bilayer ordering of these molecules
causes the akyl chains to pack less densely. Similar results were
observed for the n-decyl-a-D-glucopyranoside and n-decyl-(3-
D-glucopyranoside monolayers at the water-decane inter-face
[48] which suggests that increased tilt of the a-glucose head
groups leads to poorer packing of the decyl chains.

Lipid dynamics in anhydrous bilayer
The Einstein relation (also known as Einstein-Smoluchowski

relation) of diffusion coefficient and mobility, for a typical
system, where the particles motion is Brownian, should be

linear [65]. For this diffusion process, the mean square dis-
placement (MSD) is linear in time with a constant slope
representing the diffusion coefficient D. Deviation from this
linearity indicates anomalous behavior, which can be catego-
rized sub- or super-diffusion, and the MSD can be more
generally defined as:

(AP (1)) = Dt* with 0 < a < 1 (6)

lg<Ar2(I)> = lgD + algt, (7)

where ¢ denotes the time axis, and D is the diffusion coefficient
which has the dimensionality of cm?/sec™ [66]. The double
logarithmic regression enables the determination of the power
« of the diffusion law. When Einstein relation is satisfied «
equals to one. On the other hand, when « is not equal to 1, the
system experiences either a sub- (o <1) or super-diffusion (o
>1). In nature, sub-diffusion is necessary for local interactions
in cells [67] even though it slows down long-distance diffu-
sional surface-bulk exchange [68]. For instance, the localiza-
tion of objects such as chromosomes or membrane channels
and the formation and dynamics of membrane domains, all
depend on the magnitude of the exponent o [69].

In order to evaluate the lateral diffusion process in our
bilayer systems, the double log MSD was calculated as a
function of time (see Fig. 7), which displays the anomalous
diffusion characteristics of the four lipid systems. This is
based on Eq. (7), which describes the diffusion for both
normal and anomalous systems [72]. This linear graph gives
the exponent « and the diffusion coefficient D in Table 3. The
observed sub-diffusive behavior of these lipids is reasonable
and is attributed to the unique structural complexity of the
sugar head group, consistent with those observed for phos-
pholipids in the liquid disordered, liquid ordered, and gel

100
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aC8Glc-semi-iso ——
BC8Gal-semi-iso —
BC8GIc-semi-iso —
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Fig. 7 Logarithmic scale of diffusion in xy direction for 160 ns for o//3-
C8Gal and o/3-C8Glc
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Table 3 The anomalous diffusion exponent,  and diffusion coefficient,
D [x10 8 m%s] for o/3-C8Gal and o/3-C8Glc (40-200 ns) in dry state

Lipid Exponent Calc. D Cis/trans-epimer/anomer
[x10~° em®/s*]
(-C8Gal 0. 7+(0.3 %) 9.0+0.3 Cis
B-C8Gle  0.6+(0.2 %) 6.4+0.4 Trans
a-C8Gal 0.5+(0.3 %) 6.2+0.3 Trans
a-C8Glc  0.5+(0.4 %) 2.0+0.8 Cis
Exp. D Calc. D
[x10°® cm?/s] [x10°® cm?/s]
DPhPC  18.1+5.6[70, 71] 13.7+0.5[70]  In water
DPPD  20.7+£2.8[70, 71] 35.3+0.6[70]  In water

phases [66]. From Table 3, we note also that the trans-
epimer/anomer pair (3-C8Glc and a-C8Gal) in the L,
phase, have similar values of diffusion coefficients 6.4
and 6.2 (x10°° cm?/s™) respectively. The diffusion of
the trans-epimer/anomer pair is similar to the gel phase
of phospholipids bilayer membrane [66]. In contrast the
cis-epimer/anomer pair has strikingly different values of
diffusion coefficient, i.e., 9.0x 10°° cm?/s® for (-C8Gal
(Lc phase), and 2.0x10° cm?/s* for a-C8Glc (L
phase). These results may be understood from consider-
ing the thermal stability of these glycosides assembly
with respect to their molecular structures. The thermal
stability of amphiphilic liquid crystal is due to the
hydrogen bond networks and the ability to store energy
without disrupting the assembly. In the chain region,
most of the energy will be stored in the vibrations of
the alkyl chains [7]. Figure 8 shows the packing density
and hydrogen bonding for a/f-anomeric pairs. The
more linear shape of [-glycosides leads to a significant-
ly more dense packing of the alkyl tails compared to
the bent shape of the a-anomers. The former has less
hydrophobic area for the chains to vibrate, and so they
eventually push each other apart, hence greater diffusion

Fig. 8 Packing density and
hydrogen bonding for o/f3-

is expected. On the other hand, the chain groups of the
a-anomers vibrate more due to the extra area in the
chain region, and so the L, phase is stable to higher
temperatures [7].

In Table 3 we have included some experimental and sim-
ulation results of DPhPC and DPPC in the lyotropic phase for
comparison. As expected, these lyotropic systems have larger
diffusion coefficient compared to our dry systems.

Conclusions

Nowadays sugar-based amphiphilies are among the most at-
tractive classes of compounds to be studied both fundamen-
tally and application-wise. The large diversity of sugar stereo-
chemistry makes them an ideal prototype class of molecules
for investigating the structure activity-function relationships.
Here, we have applied fully atomistic MD simulations
(200 ns) to investigate the stereochemical relationship of the
epimeric/anomeric quartet liner glycolipids with the same
octyl chain group, namely, «/3-octyl-galactosides and
o/-octyl-glucosides. Local density profile, inter- and intra-
molecular hydrogen bonds, average area at the interface per
sugar, head group tilt angle, and chain order parameter are
some of the properties which have been used to scrutinise the
effect of subtle stereochemical changes of these systems.
The results show that, the anomeric stereochemistry or the
axial/equatorial orientation of C1-O1 (ov//3) is an important
factor controlling the area and d-spacing of glycolipid bilayer
systems in thermotropic phase, while the epimericsterochemistry
is secondary. Thus, thickness for 5-C8Glc/C8Gal is larger than
that for a-C8Glc/C8Gal. Meanwhile the area per lipid head
group is higher for the a-compound than for the S-compound.
In addition, the head group tilt angles are similar for those in the
fluid L, of about 36-42°, which is significantly larger than that
for 5-C8Gal in the L phase. Similarly, for the chain ordering
property of the bilayer, the c-anomer was found to be less

anomeric pairs OH OH OH
HO
HO /0 o
HO Q
HO HO HO
OH OH OH o
oi-anomer B-anomer
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ordered compared to the F-anomer. Additionally, the assembly
of sugar surfactant with o-anomer, in which the sugar head
group bent to the hydrocarbon chain gave a slightly bent shaped
molecular structure, while in bilayer arrangement the alkyl
chains of these surfactants packed less densely.

On the other hand, the C4-epimeric (axial/equatorial) stereo-
chemistry becomes dominant together with the anomeric one for
the inter-molecular hydrogen bond. Thus, the trend in hydrogen
bonding is S-C8Gal>a-C8Glc>3-C8Glc>a-C8Gal, which is in
agreement with the previous studies of Hashim et al. [10] and
Rog et al. [47] implying the axial orientation of the hydroxyl
group on the C4 position in F-C8Gal increases the capacity of
donor and acceptor of this compound. Likewise, the a-glucoside
has a similar behavior. Therefore, these results support the pro-
posal that when the hydroxyl group at the C4 carbon is cis with
respect to the C1-O1 (i.e., 5-C8Gal and a-C8Glc), greater
bilayer stability is achieved compared to the case when these
links are in a trans-configuration (i.e., 5-C8Glc and a-C8Gal).
The thermotropic bilayer of the four lipids studied here exhibited
anomalous diffusion behaviors, where the observed trend for the
diffusion coefficient for these compounds is (5-C8Gal> (-
C8Glc>a-C8Gal>a-C8GIc). This trend shows that for a given
epimer (gluco- or galacto-), S-anomer is more diffusive than the
a-anomer. The latter has more space in the hydrophobic region,
causing both chain vibration and chain disorganization to in-
crease, but reducing the overall molecular diffusion, since ther-
mal energy is dispensed more entropically for the chain region.
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