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Abstract

An investigation of the conformational properties of methyl p-maltoside, methyl a-cellobioside
and methyl g-cellobioside disaccharides, using NMR spectroscopy and molecular dynamics (MD)
techniques, is presented. Emphasis is placed on validation of a recently presented force field for
hexopyranose disaccharides followed by elucidation of the conformational properties of two
different types of glycosidic linkages, a-(1—4) and -(1—4). Both gas-phase and aqueous-phase
simulations are performed to gain insight into the effect of solvent on the conformational
properties. A number of transglycosidic J-coupling constants and proton-proton distances are
calculated from the simulations and are used to identify the percent sampling of the three
glycosidic conformations, syn, anti-g and anti-y, and, in turn, describe the flexibility around the
glycosidic linkage. The results show the force field to be in overall good agreement with
experiment, though some very small limitations are evident. Subsequently, a thorough hydrogen
bonding analysis is performed to obtain insights into the conformational properties of the
disaccharides. In methyl s-maltoside competition between HO2'-0O3 intramolecular hydrogen
bonding and intermolecular hydrogen bonding of those groups with solvent lead to increased
sampling of syn ¢, conformations and better agreement with NMR J-coupling constants. In
methyl o and S-cellobioside, O5’-HO6 and HO2'-O3 hydrogen bonding interactions are in
competition with intermolecular hydrogen bonding involving the solvent molecules. This
competition leads to retention of the O5’-HO3 hydrogen bond and increased sampling of the syn
region of the ¢/ map. Moreover, glycosidic torsions are correlated to the intramolecular hydrogen
bonding occurring in the molecules. The present results verify that in the p-(1—4)-linkage
intramolecular hydrogen bonding in the aqueous phase is due to the decreased ability of water to
successfully compete for the O5’ and HO3 hydrogen bonding moieties in contrast to that occurring
between the O5’ and HO6 atoms in this a-(1—4)-linkage.
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INTRODUCTION

Polysaccharides, built from repeating pyranose monosaccharide units like glucose and
galactose, play very important roles in nature with functions ranging from structure to
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energy storage. These polymers are also essential components in a number of commercial
products, including as excipients in drugsl and their potential role in replacing fossil fuels2
has recently taken front stage.3 To further facilitate the utilization of these molecules,
understanding the physical properties at a molecular level of detail is essential.

Polysaccharides have different inherent properties based on the type of linkage they possess.
For instance, cellulose, which consists of repeating units of 5-(1—4)-linked D-glucose, is
the structural component of plant cell walls. Cellulose is indigestible to humans, but starch,
which is made up of repeating units of a-(1—4)-linked D-glucose, is a vital compound
produced by green plants, where it is used for energy storage as well as making it a major
food source for human beings. Therefore, by changing only the anomeric configuration at
the glycosidic linkage, the compound serves a completely different purpose in nature. While
the anomeric configuration of the linkage affects the ability of enzymes to act on the
linkages, differences in their conformational properties associated with the different linkage
types are also important for the biological functions of these compounds. However,
information is still lacking about their intrinsic conformational properties and the impact of
the glycosidic linkage type on those properties.

One important unsolved question is the significance of intramolecular hydrogen bonding and
its role in the conformation about the glycosidic linkages. For example, based on the short
interatomic distance between O5’ and O3 in the crystal structure of methyl s-cellobioside4,
it is inferred that compounds containing the S-(1—4)-linkage form an intramolecular
hydrogen bond between the O5’ and HO3 atoms. However, since hydrogen atoms are not
well resolved in x-ray crystallography this hypothesis has not been rigorously tested. In
addition, the extent of competition between intramolecular hydrogen bonding and
intermolecular water interactions when the molecules are in solution is still unclear.
Therefore, conformational properties of these molecules in fully solvated systems need to be
investigated to gain a further understanding of the structural properties in a biologically
relevant environment.

In this study, we investigate the conformational properties of methyl s-maltoside (1) and
methyl a- and p-cellobiosides (2, 3) to elucidate the impact of different types of glycosidic
linkages using NMR spectroscopy and molecular dynamics (MD) simulations. Methyl
maltoside is composed of two monosaccharide units of D-glucopyranose (where the
reducing end of the molecule contains an O-methyl group) with a a-(1—4)-linkage and
methyl cellobioside is similarly composed of two units of D-glucopyranose but with a -
(1—4)-linkage instead. The structures of methyl f-maltoside and methyl a- and -
cellobioside are given in Figure 1.

NMR spectroscopy is the most versatile technique for studying molecules in solution since
atomic resolution information can be obtained for entities ranging from small organic
molecules to large protein complexes. A large number of NMR observables are accessible
that may be used to quantify the structure and dynamics of molecules in solution. As with
proteins and nucleic acids, those for carbohydrates5 include proton-proton NOEs, homo-
and heteronuclear coupling constants, 13C and 1°N nuclear spin-relaxation rates, 1H,1H
and H,13C residual dipolar couplings, cross-correlated relaxation rates, and solute-solvent
exchange rates of hydroxyl and amide protons. To facilitate these studies an array of 1D to
nD NMR experiments are utilized in combination with uniform or site-specific isotope
labeling employing in particular 2H, 13C, 15N and 19F nuclei. The interplay between
multiple NMR experiments, different nuclei and various magnetic field strengths therefore
facilitate the extraction of a range of experimental NMR data that can be used for analysis of
molecular structure, conformation and dynamics.

J Phys Chem B. Author manuscript; available in PMC 2012 January 27.
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MD simulations can be a very valuable tool in gaining insight into the conformational
properties of compounds. Unlike NMR spectroscopy, which yields results of representative
ensembles of molecules and states, MD simulations allow for investigation of atomic details
of individual molecules and their environments in a time-dependent fashion. Unfortunately,
MD simulation results are only as good as the force field being used. Therefore, validation
of the force field parameters, using data from experimental techniques like NMR
spectroscopy, is necessary. Recently, an additive all-atom CHARMM force field for
hexopyranose disaccharides6:7 was presented and shown to give excellent agreement with a
number of experimental observables. In this investigation, further validation of the
disaccharide force field parameters is presented as well as a thorough analysis of the
conformational properties of methyl s-maltoside and methyl - and S-cellobioside,
information that can shed light on the relationship of the conformational properties of these
molecules to their biological functions.

EXPERIMENTAL METHODS

NMR experiments were carried out in D50 at a concentration of 80 mM for compounds 1
and 2 and 6 mM for methyl-ds3 3,5,6a,6b,3',5’,6a’,6b’-octadeuterio-p-cellobioside (3-dq1).8
Measurements were made at 30 °C on a 700 MHz Bruker AVANCE |11 spectrometer
equipped with a 5 mm TCI Z-gradient CryoProbe and on a 600 MHz Varian Inova
spectrometer equipped with a PFG triple-resonance probe. Temperature calibration with
MeOD-d,9 was carried out prior to each set of experiments.

Proton-proton cross-relaxation rates were measured using the 1D 1H,*H-DPFGSE T-
ROESY experiment10 and a 1D 1H,H-DPFGSE NOESY 11 experiment with zero-quantum
suppression.12 Selective excitations of H1, H1’ and H4 resonances were enabled using 30—
40 ms long SNOB-2 shaped pulses. For each excited resonance 3-9 different mixing times
between 40 ms and 450 ms were used with a relaxation delay of >5xT; The T-ROESY
spin-lock was applied with yB1/2z in the range 2.5 to 3.5 kHz. All spectra were baseline
corrected and integrated with the same limits at all mixing times. NMR spectra were
analyzed as described by Dixon et al.13 1H,1H cross-relaxation rates were obtained from the
intercept of the ordinate axis. Effective proton distances were calculated using the following
relationship:

rij:rrz’f(a'ref/O—ij)l/6 (1)

in which r is the distance between protons i and j and o is the corresponding cross-relaxation
rate. The experimental uncertainty of the effective proton-proton distances based on cross-
relaxation rates is estimated to be less than 6%. The reference distance was obtained from an
intra-residue proton pair.

Measurements of the transglycosidic carbon—proton coupling constants were performed with

the J-HMBC experiment.14 Scale factors of approximately 21, calculated from x=A/#"*
where A was at least 60% of the inverse of the smallest coupling constant to be measured,
were used to scale splitting of the doublet components in the indirect dimension. Spectral
widths of 6 ppm for 1H and 60 ppm for 13C were used. The experiments were performed
with 512x3072 points in F1 and F, respectively, and 32 — 48 scans per ti-increment with the
echo/anti-echo method. Forward linear prediction to 1024 points in F1 and subsequent zero-
filling to 4096x16384 points were applied prior to Fourier transformation. Cross-peak
separation in Fq, corresponding x x3JC,H, were extracted from 1D-projections of the
resonances of interest. The experimental uncertainty of the measured 3J couplings is
estimated to be less than 0.25 Hz. In addition, the uncertainty of the most recently developed
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Karplus relationships for 3J couplings in oligosaccharides is estimated to be less than 0.50
Hz. In comparing 3J couplings determined by NMR experiments and those calculated from
the MD ensembles a deviation larger than 0.75 Hz is regarded as a discrepancy between
experiment and simulation and consequently indicating limitations in the force field.

A 1D proton-decoupled 13C NMR experiment of [1-13C]215 in D,0 at 303 K was recorded
with an acquisition time of 4 s and an interscan delay of 1 s at a 13C NMR frequency of 125
MHz on a Bruker AVANCE |1 spectrometer. Prior to Fourier transformation the FID was
multiplied by a Lorentzian-Gaussian window function (Ib = —2, gb = 0.4) in order to
measure three-bond 13C,13C coupling constants.

COMPUTATIONAL METHODS

Empirical force field calculations were performed using the program CHARMM16. In this
study, the recently parametrized additive all-atom CHARMM hexopyranose disaccharide6:7
force field is used for all calculations. Water was treated explicitly using the CHARMM
modified TIP3P model17-18.

Agqueous phase MD simulations were performed in the constant pressure — constant
temperature (NPT) ensemble using a Nosé-Hoover thermostat19:20 and a Langevin piston
barostat21. The reference pressure was set to 1 atm and the reference temperature was 298K.
All of the condensed-phase simulations were performed using a leapfrog integrator22 with a
1 fs timestep. The long-range electrostatic interactions were treated with a Particle Mesh
Ewald (PME) method23 with a real space cutoff of 12 A. The long-range Lennard-Jones
interactions were treated with a force-switched smoothing function24 in the 10-12 A range
and an isotropic long-range pressure correction was applied beyond the truncation distance.
The SHAKE algorithm25 was used to constrain all hydrogen atom bonds to their
equilibrium length and to maintain a rigid TIP3P17 water geometry by constraining a virtual
bond connecting the two hydrogen atoms as well as the O-H bonds. Two disaccharides were
placed in a cubic box of 1100 TIP3P17 waters with an approximate box length of 32 A to
simulate the concentrations of 80 mM in the NMR experiments. During the simulations, the
disaccharide-disaccharide interactions were minimal and, therefore, are assumed to have
little effect on the conformational properties. The disaccharides came within 2 A of each
other during less than 5% of the simulation time. In order to obtain better sampling, 5 runs
with different initial velocities were performed for each compound. Each system was first
energy minimized and then equilibrated for 500 ps using harmonic restraints with a force
constant of 1 (particle mass) kcal mol~* A=2 amu~1 on only the solute molecules. Each
production run was performed for 50 ns with all restraints removed, totaling 250 ns for each
system.

Gas-phase calculations were performed using Langevin dynamics at a temperature of 298K
with infinite nonbond cutoffs. The equations of motion were integrated using a 1 fs timestep.
Convergence of the gas phase simulations was slightly more difficult; therefore, 15
simulations with different initial velocities were run for 1 microsecond each.

NMR coupling constants for the glycosidic torsion angles were calculated from the dihedral
angle values obtained from the aqueous-phase simulations. During the simulations, the
dihedral angle values were monitored every 1 ps, and coupling constants were calculated
using modified Karplus equations. These were heteronuclear proton-carbon couplings over
three bonds, developed by Tvaroska et al. and Cloran et al. respectively, and are given in
Egs. 2 and 3.26:27
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3 Jcoen=5.7c0s>p — 0.6c0s¢+0.5 (2)

3 J(:(,(.H=7.49cosz<p —0.96cosp+0.15 3)

where ¢ is the C-O-C-H dihedral angle at the glycosidic linkage. Widmalm and coworkers
parametrized the Karplus equaton for the heteronuclear proton-carbon coupling shown in
Eq, 4 and 528

3T coen (05)=6.54c0s> (¢, — A) — 0.62c0s(¢,, — A) — 0.17 4

3J(.(KH((&H):6.54cosz(z,[/h,) —0.62cos(¥;;)+0.33+0.6exp(kcos(gp_, — 180))/exp(x) )

In the equations above, gy = H1'-C1'-04-C4 and wp = C1'-04-C4-H4. The phase shift, A,
which is dependent on the stereochemistry of the linkage between the sugar residues, is
—12° for a-D-hexopyranosides and +12° for f-D-hexopyranoside. The variable in-plane
effect factor, x, was set to 8 and o5, Which is the torsion involving the O5’ oxygen atom of
the non-reducing sugar residue, was calculated from the simulations. The carbon-carbon
NMR coupling constant 3Jcocc was calculated from a simplified version of the Karplus
equation developed by Bose et al.29,

3T coce=3.49c0s>¢+0.16, ©

where ¢ is any of the C-O-C-C dihedrals across the glycosidic linkage. More specific
Karplus equations were used to define the 3Jcocc coupling between the pco=C2'-C1'-04-
C4 as given by Eq. 7 and yc3=C1'-04-C4-C3 and yc5=C1'-04-C4-C5 as given by Eq. 8,
where the CIP (constant in-plane) term is 0.0 and 0.6, respectively27.

3 Jeoce (¢, )=4.960052th, +O.63cos¢m, -0.01 @)

2 Jeoee @)=6.17cos™y — 0.51cosy+0.30+CIP ®)

In Eq. 8 y refers to either the yc3=C1'-04-C4-C3 or the yc5=C1’-04-C4-C5 dihedral. A
newly parametrized Karplus equation for the 3Jcocc coupling is given in Equations 9 and
10.28

Jeoce(§,,)=3.72c08> (¢, +A) — 0.08+CIP ©

J Phys Chem B. Author manuscript; available in PMC 2012 January 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hatcher et al.

3J(‘()(‘(<(I,0)=4.28C052(W) — 0.11+0.6exp(kcos(g_, — 180))/exp(x)+CIP

Page 6

(10)

Once again, in Eq. 10 v refers to either the yc3=C1'-04-C4-C3 or the yc5=C1'-04-C4-C5
dihedral. For the above equations describing ¢cyr and w3 the CIP was set to zero, whereas
for equation 10 involving the w5 the CIP was set to 0.6. The coupling constants were
calculated for each of the corresponding dihedral angles and then averaged over 1 ns for
each solute molecule using 1 ps snapshots. Then each coupling constant, calculated every 1
ns, was averaged to obtain the average value and its standard deviation.

Effective proton-proton distances, rqy1c, Were calculated from the simulations using Eq. 11.

l/rcalc:<r;,‘,(:,>l/6 (11)

In EqQ. 11, rgjy, are the values obtained from the simulations. From proton-proton distances,
the percent population of the syn versus the anti-¢ and anti-y conformers can be calculated
using Eqg. 12.30

(1= ) () = 2

Here x is the percent population of anti-conformations, <r.;;§,> is the average distance between
protons in the syn-conformation taken to the —6 exponent, <r;,f’,,»> is the average distance

between protons in the anti-conformations taken to the —6 exponent and r;fpt is the
experimental distance between protons H1" and H4 taken to the —6 exponent, i.e., the
effective distance from 1D T-ROESY or NOESY experiments. The averaged distances
between protons in either the syn or anti-conformations were calculated from the MD
simulations. The syn-conformation was defined as the region —120° < ¢ < 120° and —120° <
w <120° (p = H1'-C1'-04-C4 and y = C1'-04-C4-H4). The anti-y conformation was
defined by the region w< —120° or w > 120° and the anti-p conformation was defined as the
region p< —120° or ¢ > 120° in the interval —180° to 180°.

RESULTS AND DISCUSSION

Cellobiose and maltose are the building blocks for cellulose and starch, respectively.
Therefore, in order to better understand the conformational dynamics of oligo- and
polysaccharides like cellulose and starch, a more thorough understanding of the
conformational dynamics of disaccharides must be achieved. Disaccharides containing the
S-(1—4)-linkage, like a- and p-cellobioside, are present in the syn-conformation at the
global minimum in solution.31:32 This was also determined to be the case for maltose.33:34
The syn-conformation is described as the conformation in which the protons at the
glycosidic linkage are on the same side of a plane defined as being perpendicular to the
corresponding C-H bonds. However, more recently, it has been suggested that due to
flexibility, there is some population of the anti-¢ and anti-y conformations as well.30 In this
investigation all conformations (syn, anti-¢ and anti-y) were examined for all three
compounds 1 — 3, including intramolecular hydrogen bonding occurring in the different
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conformations. Solvation effects were also examined in order to understand how water
interactions affect the conformations of these compounds.

NMR analysis

NMR experiments were carried out on 1 — 3 to obtain 3J coupling constants and proton-
proton cross-relaxation rates; the latter can subsequently be interpreted as effective proton-
proton distances. For compounds 1 and 2 the J-HMBC experiment was employed to obtain
transglycosidic 3Jc,H coupling constants from the 2D NMR experiment in which the values
scaled by a factor « are extracted from the F1-dimension. This NMR technique has by its
developersl14 been estimated to have an experimental error of £0.25 Hz and it is indeed
satisfying to observe that e.g. the 3J01f,H4 value of 5.0 Hz in 2 extracted herein is the same
as that determined using a 13C-site specifically C1'-labeled compound.15 3Jc,c data for
compound 2 were also obtained from that study and further refined herein. For compound 3
the 3~]C,H values were measured previously35 using an NMR experiment devised by Nishida
et al.36 for measuring "J¢c 1 coupling constants in organic compounds. The experimental
error of this technique is estimated to be less than +£0.2 Hz, a span which has been observed
in several studies.35:37 The experimental 3J data are compiled in Table 1.

The proton-proton cross-relaxation rates were obtained for 1 by 1D 1H,1H-T-ROESY NMR
experiments in which selective excitations of anomeric protons were carried out. For
compound 2 experimental data were available from a previous study.30 For compound 3
both 1D 1H,!H-T-ROESY and 1H,YH-NOESY NMR experiments were utilized. In the latter
case a partially deuterated compound was used in order to reduce spectral overlap and to
facilitate accurate integration of resonances. It was sufficient to excite a single proton, viz.,
H4 since it is situated at the glycosidic linkage and dipole-dipole cross-relaxation readily
occurs with H1' across the glycosidic linkage and intraresidually with H2, for which the
effective distance easily can be calculated from the MD simulation. A typical example of a
1D 1H,1H-T-ROESY spectrum is shown in Figure 2 together with plotted cross-relaxation
data from which the cross-relaxation rates are obtained as the intercept of the ordinate axis.
13 The effective proton distances are calculated using Equation 1 (vide infra) and the results
of the 1D T-ROESY and NOESY experiments are compiled in Table 2 together with
derived effective proton distances.

The measured 1H,1H cross-relaxation rates in compounds 1 — 3 do all differ as a
consequence of the NMR experiments used and the resonance frequency at which the
experiments were carried out. However, the effective transglycosidic proton distances
rn1’ Ha in 2 and 3 should not be interpreted as different since from the various experiments
the distance deviations are < 0.1 A; this limit was the estimated experimental error for these
types of experiments,38 and further detailed comparisons based on NOE-data are thus
judged inappropriate. However, in 1 the corresponding experimental distance is longer, but
still < 6% which is the deviation limit between simulation and experiment chosen to judge
whether the effective proton-proton distance agrees. Furthermore, the experimentally
derived ry’ w3 distances in 1 and 2 being > 3 A may be used to address the presence of anti-
w conformational states. These dissimilarities in effective proton distances for 1 on the one
hand and 2 and 3 on the other, represent a challenge to reproduce by the MD simulations
using the recently developed force field for hexopyranoses.

Conformational analysis

The results of trans-glycosidic 3J coupling constants calculated from the MD simulations
using different Karplus-type relationships (Egs. 2 — 10) are presented in Table 1. Calcgas and
Calcgqn represent the results from the gas-phase and aqueous-phase MD simulations,
respectively. The values given in parenthesis are the standard deviation from the
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calculations. It may be noted that 3Jc,c coupling constants have a smaller range in general.
We use the above described value of 0.75 Hz as a limit of whether a calculated 3J value
deviates from that determined experimentally. Five different trans-glycosidic coupling
constants were considered, 33y c1, 3Jc1'Ha, 3Jc2,car 3dc1.c3 and 3Jcy cs. For the gas-
phase simulations the deviations are in many cases large and it may be concluded that the
population distributions from gas-phase MD simulations are not in agreement with those
from solution NMR data.

For 3Jc,H calculated from the aqueous phase MD simulations we analyze the results with
respect to the Karplus-type relationships developed by three different research groups.26—28
The calculated 3JH1r,C4 and 3Jle,H4 values of compound 1 agree within the deviation limit
to the experimental values, independent of the Karplus-type relationship used (Table 1). For
compounds 2 and 3 only the most recently developed Karplus-type relationship developed
by Séweén et al. suffices for the 3JH1r,c4 related to the ¢ torsion angle whereas for 3Jc1r,H4,
besides the most recent one from Sawén et al., also that of TvaroSka et al. reproduces the
experimental data. For 3Jc,c couplings experimental NMR data are available for 2 where the
agreements vary between simulation and experiment for the 3JC2f,c4 and 3ch,(;5 coupling
constants. For the latter, only that proposed by Sédwén et al. is actually in close and excellent
agreement. In the case of 3J(;1f,c3 all three Karplus equations overestimate the average
coupling constants slightly in the current MD simulations. However, the experimentally
determined value is very small. The above analysis indicates that the improved Karplus-type
relationships derived by Sawén et al. are indeed valid and that any small deviations may be
due to minor discrepancies of the force field used. Consequently, in the subsequent analysis
we will only utilize the most recently proposed Karplus-type relationships in order to gain
further insights on the present force field.

Two-dimensional plots of the relative free energy as a function of the ¢ = H1'-C1'-04-C4
and y = C1'-04-C4-H4 dihedral angles for the three compounds are given in Figure 3,
where the aqueous-phase ¢/y plots are on the left and the gas-phase plots are on the right.
The anti-p conformation of the methyl cellobiosides in vacuo have low(est) potential
energies which are consistent with the results of a previous ab initio computational study.39
In the gas phase, all three compounds sample syn, anti-¢ and antiy conformations to varying
extents. For compounds 2 and 3 the global minimum is in the anti-p conformation while the
syn conformation dominates with 1. The global minima of the ¢/ maps in the gas phase for
compounds 1, 2 and 3 are calculated to be —15°/—15°, 165°/0° and 180°/0°, respectively.
Upon going to the aqueous phase the ¢/ torsion sampling is significantly impacted with all
three compounds. Analysis of the plots shows that all compounds sample both the syn-
conformation and the anti-y conformation in the aqueous phase and that compounds 2 and 3
still sample a small amount of the anti-¢ region as well, similar to previous experiments39~
41. Using a local elevation umbrella sampling method with the GROMOS 45A4 force field
to improve the conformational sampling of 11 different disaccharide compounds, Peri3-
Hassler et al. also observed population in the anti-y state but not the anti-¢ state for maltose
and observed populations of both the anti-y and anti-¢ states for cellobiose.41 These results
are comparable to our results further validating the CHARMM carbohydrate force field. In
this previous study41, the authors also observed similar intramolecular hydrogen bonding as
we did in our study. The global minimum in the aqueous phase for compounds 1, 2 and 3 are
—30°/—30°, 45°/0° and 45°/0°, respectively. Kuttel and coworkers calculated the ¢/ map
for g-maltose in both vacuum and in TIP3P solution using the CHARMM program and the
CSFF force field42 for the disaccharide. They determined that the global minimum changed
from approximately —25°/—25° in vacuum to —50°/—35° in aqueous phase.33 Although we
do not reproduce these results exactly, the trend of our results is similar to their study. The
changes in phase space sampling in going from gas phase to aqueous phase simulations is
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due to the competition of intramolecular and intermolecular hydrogen bonding, which will
be discussed in greater detail below in the hydrogen bonding analysis section.

Proton-proton distances are calculated from cross-relaxation rates in the NMR experiments
and compared to aqueous phase MD simulations using Eq. 11 (Table 2). The proton-proton
distances calculated from the MD simulations reproduce the experimental results very well
especially within the estimated experimental error of 6%. However there is a slight
underestimation of ryy1- 44 in methyl f-maltoside and, to some extent, for ry; 3 in methyl
a-cellobioside. In Figure 4, the distributions of the proton-proton distances calculated from
aqueous phase MD simulations are shown. For methyl f-maltoside the ryy- y4 distribution
has three peaks unlike the rys- pa distribution for methyl - and g-cellobioside which have
two peaks. Two of the three ry1 14 peaks for methyl g-maltoside correspond to when the
compound is in the syn-conformation and one when the compound is in the anti-y
conformation. To facilitate visualization of the distributions of the ¢ and  dihedral angles in
the syn region, 1-D histograms of the ¢ (top) and y (bottom) torsions are given in Figure 5.
The plot shows the sampling of ¢ in the syn region to include two peaks; a minor peak for
—100°< ¢ <—50° and a larger peak for —50°< ¢ < 50°. To understand the impact of the
sampling of two syn regions in 1, in Figure 6a a 2-D plot of effective ryy: g versus ofy is
given. In the plot, the —50°< ¢ < 50°, —30° < y < 30° region has effective ry;’ g values that
are short, < 2.5 A. Outside of this region the effective H1’ Ha Values start to gradually
increase. In the syn region —100°< ¢ <—50° the effective ry1 14 values are approximately
between 3.0-3.5 A and in the anti-y region the r'H1’ Ha Values are approximately 3.5-4.0 A

Therefore, the slight underestimation of ryq s in methyl g-maltoside may be due to i) the
syn-conformation in the —100°< ¢ < —50° region being under-populated leading to smaller
distances when averaging the two syn distributions or ii) the population of the anti-y region
being under-populated. To identify the contribution of scenarios i versus ii to the
underestimation of the ryy’ ya distance in 1, the 3J01r,H4 results are further investigated. As
shown in Table 1 the 3Jc1' 4 values are well reproduced in the simulations. The relevance
of this may be seen in a 2-D plot of average 3Jc1r,H4 versus ¢/y for methyl f-maltoside
(Figure 6b). As exhibited, larger values of 3]y’ 44 0Ccur in the anti-y region. Thus, if the
anti-y region were sampled to a larger extent to improve agreement with experimental
rH1 Ha distance, as in scenario ii above, the 2Jcy 4 from the MD simulation would be
larger, leading to poorer agreement with experiment for that term. On the other hand,
changes in sampling of ¢ with a slight increase in the population of the minor syn-conformer
of 1 having ¢ < —50° (Fig. 5) would increase the effective ryy g distance (Fig 6a) thereby
leading to a better agreement with the experimentally determined distance. Also, as a
consequence the anti-y conformation then decreases in importance. Moreover, 3Jc1',H4
becomes smaller (Fig. 6b). In particular, increasing the population of the minor state
decreases 3JH1,C4 more rapidly than 3Jc1r,H4 which consequently will give very good
agreement when combined effects are considered for these two heteronuclear
transglycosidic coupling constants. This indicates that there are only minor disagreements
between NMR observables with the data derived from the MD simulation. Thus, scenario i
appears to be responsible for the underestimation of the ry- b4 distance.

The underestimation of rpy3- w3 in methyl a-cellobioside is also likely due to under sampling
of the syn-conformation. In Figure 4b, the ry1- 43 peak centered at 4.25 A corresponds to the
syn and anti-g regions and the peak centered at 2.25 A corresponds to the anti-y region. This
is shown more clearly in Figure 6¢, where the effective ryy 13 versus o/y is plotted. Evident
from Figure 6c¢, in the syn and anti-¢ regions ry1/ y3 values in the 3-5 A range are sampled,
whereas in the anti-y region ryy 13 values are in the 2-3 A range. An increase in the
sampling of the syn-conformation would increase the proton-proton distance, yielding better
agreement with experiment. This would also explain why the calculated 3Jc1',H4 value for 2
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is slightly overestimated as compared to experiment. In Figure 6d, a 2-D plot of the
average 3Jc1',H4 versus o/y for methyl a-cellobioside indicates that the syn region is the
only region where the coupling values are below 4 Hz. Therefore, if certain sections of the
syn region (—120° < y < —60°) had a greater population the coupling value would decrease.

In Table 3, the average ¢, y and ry- y3 and ry1 g distances are given for each of the
different conformations. These values are calculated from the aqueous phase MD
simulations using the definitions of the syn and anti-conformations given above in the
computational methods section. The average population of the conformations, calculated
from the MD simulations, %Popwmp, is given in Table 3. The percent population for syn

conformers for compounds 1 and 2 are also calculated using Eq. 12 with the <r§)§1> and <r;,?,,»>
values reported in Table 2. The extent to which anti-y conformers may be populated in
compound 1 may be estimated using the experimentally derived effective distance ryy’ y3
(Table 2) and the effective distances in the syn and anti-y conformational states, which are
3.38 A and 2.39 A, respectively (Table 3). Since the experimental distance is > 3.07 A, we
calculate that in 1 the anti-y conformational state may be populated up to ~#10%, although it
may be populated to a lesser extent (vide infra) on the order of just a few percent, since we
only have a lower distance limit for the effective transglycosidic proton-proton distance.
Calculated from Eq. 12, the syn-conformation for compound 2 is sampled for approximately
96% of the time. These results are similar to those calculated from the MD simulations
(Table 3); therefore, the overall level of agreement from the simulations is quite good,
indicating that the force field is doing a good job of reproducing experiment. However, there
is a slight underestimation of the syn population from the simulations for both compounds 2
and 3. Moreover, as discussed above, this slight underestimation of the syn-conformation in
the simulations leads to the underestimation of the calculated 3Jc1',H4- The ability to directly
pinpoint limitations in sampling of specific regions of conformational space offers the
potential for future improvements in the force field. From the aqueous phase MD
simulations, using the recently developed CHARMM additive all-atom force field for
hexopyranose disaccharides, the percent population of the syn conformer of compound 1 is
calculated to be approximately 95% (Table 3) and the lower limit of ~ 90% calculated from
the effective distances and Eq. 12. Both of these results are in good agreement with previous
methods, using a DFT molecular dynamics method, where the syn population was calculated
to be 91% for a-maltose.43 However, in the latter case a ‘kink’ conformation was also
considered but ‘band-flip (anti-y) conformations were not present. The results for compound
2 are also very similar to those calculated previously using the Monte Carlo method and
molecular dynamics30, as well as for lactose44.

Hydrogen-bonding analysis

Examination of molecular details of solvent effects on the conformational sampling of the
disaccharides is performed by investigating both the intra- and intermolecular hydrogen
bonding. Previous studies have explored the competition between intra- and intermolecular
hydrogen bonding in these types of disaccharide compounds using DFT and MD methods.
45:46 Moreover, Serianni and coworkers observed the effects of hydrogen bonding on the
preferred conformations of glycosidic linkages using NMR couplings and DFT.47 However
in our investigation, hydrogen bonding is directly correlated to changes in the
conformational maps and the flexibility of these disaccharide compounds. In our analysis
hydrogen bonding is defined as any H-bond donor to acceptor distance < 2.5 A. It is
surmised that methyl S-cellobioside contains an intramolecular hydrogen bond between O5’
and HO3 because of the short interatomic distance between these atoms observed in the x-
ray crystal structure4 and from previous NMR and computational studies.48750 What is
unclear is to what extent this intramolecular hydrogen bond is maintained in the aqueous
phase. It is also important to investigate any differences in the intramolecular hydrogen
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bonding between cellobiose and maltose and how these intramolecular hydrogen bonds
affect the conformational sampling. Results from the MD simulations allow for such a
detailed hydrogen-bonding analysis.

Analysis of the intramolecular and intermolecular (i.e. with solvent) hydrogen bonding of
methyl S-maltoside may be performed via radial distribution functions (RDF) (Figure 7).
Probability distributions of the O5’-HO3 distance in the gas phase (red) and aqueous phase
(black) are plotted in Figure 7a. This analysis determined that a hydrogen bond does not
exist between 05’ and HO3. Furthermore, intermolecular hydrogen bonding with O5’ is not
significant as indicated by the small peak at 2.5 A in Figure 7b, which shows the O5'-Ow
(water oxygens) RDF. Some intramolecular hydrogen bonds between O5’ and HO6 are
detected in methyl g-maltoside in the gas phase; however, in the aqueous phase this
hydrogen bonding is lost (Figure 7c), as the peak centered around 2 A in the gas phase (red)
ros' Hos RDF is not present in the aqueous phase (black). In Figure 7d, the HO6-Ow RDF
shows a peak around 2 A. In combination, Figures 7c and 7d indicate that direct hydrogen
bonding between O5’ and HO6 in methyl s-maltoside in the gas phase is lost in the presence
of water due to competition of water molecules via Ow-HOG6 intermolecular hydrogen
bonding. Intramolecular hydrogen bonding was also detected between HO2' and O3 in
methyl S-maltoside in the gas and aqueous phases (Figure 7e), with the distribution of
rHoz’ 03 centered at 2 A being much larger in the gas phase than in the aqueous phase.
While some HO2'-O3 hydrogen bonding is present in solution, solvent can effectively
compete for this intramolecular hydrogen bond which is indicated by the large first peak in
the RDF between Ow and HO2' (Figure 7f). While water is competing for the HO2'-O3
hydrogen bonding interaction, there is also a competition between the HO2'-O3 and 02'-
HO3.51 This is evident by the large first peak on the gas phase HO2'-O3 RDF versus the
small first peak in the O2’-HO3 RDF (compare Figures 7e and 7g). In the aqueous-phase
MD simulations of 1 the O2’-HO3 hydrogen bond is present to a larger extent than the
HO2’-03 hydrogen bond (Figure 7e and 7g), even though there is significant hydrogen
bonding with water by both the HO2’ and HO3 atoms (Figures 7f and 7h). Thus, in the
aqueous phase there is a limited amount of hydrogen bonding between the individual
monosaccharides of methyl-g-maltoside due to competition with water, though some 02'-
HO3 hydrogen bonding is occurring.

Representative images of 1 from the MD simulations are presented in Figure 8. They show
an intramolecular hydrogen bond between O5’-HO6 and HO2'-O3 in the gas phase (Figure
8a) and how in solution a water molecule can compete with the intramolecular hydrogen
bonds (Figure 8b and 8c). Figure 8c further illustrates that, while 1 is in the anti-y
conformation, intramolecular hydrogen bonding between O5’-HO6 and HO2'-O3 cannot
exist. However, this does not mean that there is always hydrogen bonding occurring in the
syn-conformation, especially for O5’-HOG6 (Figure 8b). This will be explained in more detail
below.

In both methyl a- and S-cellobioside, the intramolecular hydrogen bond between O5’ and
HO3 is populated in both the gas phase and the aqueous phase as shown in the RDFs in
Figure 9a. Note that unlike methyl -maltoside, where some hydrogen bonding occurs
between O5’ and HO6, in methyl a- and S-cellobioside hydrogen bonding occurs between
05’ and HO3 due to the geometry around the glycosidic linkage. Assuming hydrogen
bonding is occurring when donor H to acceptor distances are 2.5 A or less, the probability of
intramolecular hydrogen bonding between O5" and HO3 in aqueous solution in both methyl
a- and f-cellobioside is approximately 60%. This result is similar those calculated
previously where the O5’-HO3 hydrogen bond was determined to persist for 35%50 and
70%52.
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The overall pattern of intra- versus intermolecular hydrogen bonding in methyl a- and -
cellobioside is shown in Figure 9. In the gas phase, significant intramolecular hydrogen
bonding is occurring with some competition between the hydrogen bonds evident, for
example between HO3 and HOG6 for O5’ (Figures 9a and 9c). In aqueous solution, the only
significant intramolecular hydrogen bonding occurs between HO3 and O5’, as discussed in
the preceding paragraph. This is due to the inability of water to compete for the O5’ acceptor
(Figure 9b) and only partially compete for the HO3 donor (Figure 9h). In contrast, water can
effectively hydrogen bond to both the HO6 and HO2' donors (Figures 9d and 9f) leading to
a loss of intramolecular bonds in the aqueous phase that were present in the gas phase
(Figures 9c and 9e). Molecular representations of methyl a-cellobioside in the syn (Figure
10a), anti-¢ (Figure 10b) and anti-y (Figure 10c) conformations are given. The presence of
the O5'-HO3 hydrogen bond is evident while intermolecular interactions that compete for
the hydrogen bonds are shown for anti-¢ and anti-y conformations. Indeed, these
interactions appear to stabilize these conformations, leading to the small amount of sampling
of these conformations in the cellobiosides (Table 3), as discussed below.

Differences in the ability of water to compete with the intramolecular hydrogen bonds in the
maltoside versus methyl a-cellobioside and methyl S-cellobioside is noteworthy. In the
maltoside, all the atoms are accessible, with the lowest accessibility being to the O5’ atom,
though a small first peak is evident. (Figures 7b, d, f and h). In contrast, with the
cellobiosides, there is no first peak for the O5’ atom while the first peak for the HO3 is
significantly diminished as compared to that in maltoside (Figure 9b and 9h). With respect
to hydrogen bonds involving the O5’ atom, hydrogen bonding with water is significantly less
with the HO3 atom in cellobioside than that for the HO6 atom in the maltoside (Figure 99
versus 7d, respectively). One reason for decreased hydration of the HO3 atom in
cellobioside may be due to steric/electrostatic effects caused by the hydroxyls surrounding

it. Comparing the geometries of the alpha (1) versus beta (2,3) glycosidic linkages in the
most populated syn-conformation (Figure 8a and 10a) indicates that there is less space for
water to interact with the HO3 atom in cellobioside than with the HO6 atom in maltoside.
Conversely, in maltoside the HO6 atom has a lot of exposure to the solvent environment.
The solvent accessible surface area, averaged over all snapshots, for atoms O6 of methyl -
maltoside and O3 of methyl a-cellobioside are 14.0A2 and 6.4 A2, respectively, indicating
the lowered accessibility of the hydrogen bond donor of the cellobioside. Steric effects in
cellobioside, therefore, may contribute to the retention of the hydrogen bonding between O5’
and HO3, while the lack of steric crowding facilitates interactions with water leading to a
loss of intramolecular O5’-HOG6 hydrogen bonding in the maltoside.

Another important issue is the correlation between the conformational sampling and the
intramolecular hydrogen bonding. In Figures 11 and 12, 2-D ¢/y plots versus average
hydrogen bonding distance for compound 1-3 are given. Figure 11a shows distances in the
range of 4-5 A between 05’ and HOG in methyl s-maltoside in the p/y regions
corresponding to the syn region occurring in both the gas phase (right) and the aqueous
phase (left). Furthermore, only in the gas phase are short O5’-HOG6 distances sampled
(Figure 7b) and these distances occur in the anti-¢ region of the ¢/ map. As discussed
above, in the anti-y region of the ¢/ map, hydrogen bonding between O5’-HO6 cannot
exist; however, hydrogen bonding between O5’-HOG6 can occur in the syn and anti-¢
conformations but doesn’t necessarily have to occur in these regions. In fact, in the aqueous
phase the larger distances (i.e. > 4 A) dominate throughout the entire p/y map indicating
direct hydrogen bonding is not present. On the other hand, there is a larger correlation
between the ¢/y conformations and the average distance for HO2'-O3 (Figure 11b) and O2'-
HO3 (Figure 11c) in methyl -maltoside in both the gas (right) and aqueous (left) phases. In
the p/y plot of methyl S-maltoside in the aqueous phase (Figure 11b, left) the region 15° < ¢
< 60° and —30° < y < 30° contains structures with average HO2'-O3 interatomic distances
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of approximately 2 A; whereas, structures with average 02'-HO3 interatomic distances of
approximately 2 A are located in the —15° < ¢ < 15° and —60° < y < 0° region (Figure 11c,
left). In both plots, the intramolecular distances increase gradually as sampling occurs
beyond the regions stated above. In the anti-y region of both the aqueous phase and gas
phase maps for all of the plots (11a-c), the average distances are much larger than those in
the syn or anti-¢ region, indicating a loss of hydrogen bonding in that region. Hence, the
greater loss of hydrogen bonding due to interactions with water in the aqueous phase (Figure
11a-c, left) lead to a larger amount of phase space, particularly in the anti-y region, being
sampled during the simulations. In the gas phase, in both the syn and anti-¢ regions, there is
hydrogen bonding between HO2'-O3 occurring (11b, right); therefore going from the syn to
anti-g region no loss of hydrogen bonding occurs. Furthermore, in the aqueous phase a
larger population of the minor syn state having ¢ ~ —60° as indicated by experimental NMR
data, hydrogen bonding between O3 and O2' is not occurring any longer.

For compounds 2 and 3, there is a large correlation between average ros: Hos and ¢/ in
both the gas (right) and aqueous (left) phase (Figure 12b and d), but little correlation for
average ryo2', o3 (Figure 12a and c). However, Figures 12a and ¢ show that hydrogen
bonding between HO2' and O3 takes place in the anti-¢ region of the ¢/y map in both the
gas (right) and the aqueous (left) phases. Figures 12b and d (left) shows that the smallest
average intramolecular distances between O5’ and HO3 in the aqueous phase occur in the
45° < ¢ < 90° and —75° < y < —15° region of the ¢/y maps. Thus, when w < 0°
intermolecular hydrogen bonding is possible whereas if > 0° this interaction does not
contribute to an intermolecularly stabilized conformation of the cellobiosides. The
conformational analysis on 2 carried out by Olsson et al.15 based on experimental 3J
coupling constants resulted in w ~ —27°, in agreement with the results presented herein.
However, the importance of this hydrogen bond in aqueous solution has been judged low
based on experimental data.48:53

In all plots of average distance versus ¢/, the correlation patterns are similar in the gas and
aqueous phases. In fact it is important to note that in Figures 12b and d hydrogen bonding is
only occurring in the syn region in both the gas and aqueous phases. Looking back at Figure
3 for methyl a-cellobioside the lowest energy region on the ¢/ map occurs in the syn region
for both gas and aqueous phase (Figure 3b), but for methyl s-cellobioside in the gas phase
the lowest energy region is anti-¢ and in the aqueous phase syn is the lowest energy region
(Figure 3c). Therefore, for methyl S-cellobioside hydrogen bonding is gained in going from
gas to aqueous phase (Figure 9a) due to increased sampling of the syn region in the aqueous
environment.

CONCLUSIONS

A conformational analysis of methyl s-maltoside (1), methyl a-cellobioside (2) and methyl
p-cellobioside (3) is presented. MD simulations using the CHARMM package and the
recently developed hexopyranose disaccharide additive all-atom force field are compared to
the experimental NMR results presented in this paper. Percent sampling of conformational
regions (syn, anti-¢, and anti-y) is correlated to coupling constants and proton-proton
distances to pinpoint any sampling deficiencies due to the force field. Intramolecular
hydrogen bonding is investigated for all three compounds in both the gas and aqueous
phases to understand the solvent effects on intramolecular hydrogen bonding and relate
these interactions to conformation sampling.

In general, the force field appears to very slightly underestimate the sampling of the syn
conformation. While the overall level of agreement between experiment and simulation may
be considered to be quite high, the disagreements with experiment observed presently appear
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to be directly due to slight undersampling of the syn conformations. Detailed analysis of
both intra- and intermolecular hydrogen bonding indicate that the presence of water
competes with intramolecular hydrogen bonds that stabilize the syn conformations.
Accordingly, the present limitation in the force field, albeit small, appears to be a slight
overestimation of intermolecular hydrogen bonding between water and the saccharides
thereby competing for the intramolecular hydrogen bonds that stabilize the syn
conformations.

A central theme of empirical force fields is the need to properly balance what we have
previously referred to as the “interaction triad”.54 The interaction triad is comprised of the
solvent-solvent, solvent-solute and solute-solute interactions. In the present case these
involve intermolecular water-water, intermolecular water-saccharide and intramolecular
saccharide-sacchride interactions. During optimization of additive empirical force fields it is
necessary to overestimate the intermolecular hydrogen bonding interactions that occur in the
gas phase to reproduce the thermodynamics of the condensed phase. Once this is performed
for the water model it is essential that this overestimation be applied to the remainder of the
force field to maintain the balance of the interaction triad. With the CHARMM additive all-
atom force fields this leads to the use of HF/6-31G* gas phase monomer-monohydrate
minimum interaction energies scaled by 1.16 as the target data for optimization of the partial
atomic charges. Those charges combined with the reproduction of condensed phase
properties ultimately yields the nonbond model for the solutes; the collection of partial
atomic charges and the Lennard-Jones parameters. However, while a general scheme for
force field optimization is convenient, if not necessary, when being applied to produce a
comprehensive model for biological molecules it can lead to limitations. Indeed, with the
CHARMM carbohydrate force field being developed in our laboratory it has been noted that
the volumes of crystals are systematically overestimated, a problem also observed with the
Glycam force field.55 This overestimation suggests that the saccharide-saccharide
interactions may be slightly underestimated (ie. not favorable enough). While crystal
volumes are dominated by saccharide-saccharide intermolecular interactions, it is those
same nonbond parameters that dictate the intramolecular disaccharide interactions occurring
in the present study. Thus, it appears that the intramolecular interactions in the current force
field may be slightly underestimated, leading to slight undersampling of the syn
conformation. While such discrepancies may be considered a limitation in the force field,
one must consider that additive force fields are inherently limited by the lack of polarization
in the potential energy function. This leads to the initial overestimation of water-water
interactions in the TIP3P, as well as other water models, ultimately requiring the balancing
of the interaction triad as required to reproduce condensed phase properties. Accordingly,
the possibility must be considered that inherent limitations in the form of the energy
function; most notable being the omission of explicit electronic polarizability, lead to the
limitations observed in the present study. Ongoing efforts in ours as well as other
laboratories to develop next generation empirical force fields that include electronic
polarizability56—59 may allow this assumption to be directly tested.
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Figure 1.
Structure of methyl g-maltoside (1) and methyl - and S-cellobioside (2,3).
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Figure 2.

1D 1H,1H-DPFGSE T-ROESY spectrum (top) of methyl-B-cellobioside (3-d11), with
selective excitation of the resonance from H4 and a mixing time of 350 ms. Plot of I; (zmix)/
[zmix 1i] Versus tix (bottom) showing the cross-relaxation rates of H1' (red) and H2 (blue).
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o

Figure 3.

Two-dimensional potential energy surface versus ¢ = H1'-C1-04-C4 and y = C1'-04—
C4-H4 dihedrals, given in degrees, calculated from the aqueous-phase simulations (left) and
gas-phase simulations (right) of a) methyl s-maltoside, b) methyl a-cellobioside and c)
methyl S-cellobioside. Potential energies are calculated from the natural logarithm of the
relative probability and are given in kcal/mol.
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Figure 4.
Proton-proton distance distributions for compounds a) methyl s-maltoside, b) methyl o-

cellobioside and c) methyl g-cellobioside from the aqueous-phase simulations. ryy y2
(black), ryg na (blue), ryar 3 (red), ryar pa (green), ruz g (Cyan) are given in A
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1-D probability distribution of ¢ (top) and y (bottom) for methyl s-maltoside in the aqueous
phase. ¢ and y are given in degrees.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Hatcher et al.

180

120

60

-120

> 180 .

120

60

0

-60

-120

-180

-180 -120 -60

Figure 6.

a) 2-D plots of effective ryq Ha versus o/y for aqueous methyl g-maltoside, b)

Page 22

average 3‘]01/,,44 using Eq. 5 versus ¢/y for aqueous methyl -maltoside, c) effective ryq 3
versus o/y for aqueous methyl a-cellobioside and d) average 3301’,H4 using Eq. 5 versus ¢/y
for aqueous methyl a-cellobioside. Dihedral angles ¢ and y are given in degrees, ryq 4 and

rHy,p3 are given in A and 3Jcyr g are given in Hz.
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Figure 7.

a) Probability distribution of the distances between O5’ and HO3 in the aqueous phase
(black) and the gas phase (red) in methyl g-maltoside. b) Radial distribution function of Ow
and O5'. c) Probability distribution of the distances between O5’ and HOG6 in the aqueous
phase (black) and the gas phase (red) in methyl g-maltoside. d) Radial distribution function
of Ow and HOG. e) Probability distribution of the distances between HO2' and O3 in the
aqueous phase (black) and the gas phase (red) in methyl s-maltoside. f) Radial distribution
function of Ow and HO?2'. g) Probability distribution of the distances between O2’ and HO3
in the aqueous phase (black) and the gas phase (red) in methyl s-maltoside. h) Radial
distribution function of Ow and HO3.

J Phys Chem B. Author manuscript; available in PMC 2012 January 27.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Hatcher et al.

Page 24

Figure 8.

Snapshots from the gas-phase and aqueous-phase simulations of methyl s-maltoside. Dashed
lines represent hydrogen bonds. Panel (a) illustrates hydrogen bonding between O5'-HO6
and HO2'-O3 while the compound is in the syn-conformation during gas-phase simulations.
Panel (b) illustrates the loss of hydrogen bonding between O5'-HO6 due to the presence of
water and the existence of a 02’-HO3 hydrogen bond while the compound is in the syn-
conformation during aqueous-phase simulations. Panel (c) illustrates the loss of hydrogen
bonding between HO2'-0O3 due to the presence of water while the compound is in the anti-y
conformation during the aqueous-phase simulations.
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Figure 9.

a) Probability distribution of the distances between O5’ and HO3 in the aqueous phase
(black) and the gas phase (red) in methyl a-cellobioside (solid) and methyl s-cellobioside
(dashed). b) Radial distribution function of Ow and O5’ in methyl a-cellobioside (solid) and
methyl S-cellobioside (dashed). c) Probability distribution of the distances between O5’ and
HOG in the aqueous phase (black) and the gas phase (red) in methyl a-cellobioside (solid)
and methyl g-cellobioside (dashed). d) Radial distribution function of Ow and HOG6 in
methyl a-cellobioside (solid) and methyl s-cellobioside (dashed). e) Probability distribution
of the distances between HO2' and O3 in the aqueous phase (black) and the gas phase (red)
in methyl a-cellobioside (solid) and methyl s-cellobioside (dashed). f) Radial distribution
function of Ow and HO2' in methyl a-cellobioside (solid) and methyl -cellobioside
(dashed). g). Probability distribution of the distances between O2’ and HO3 in the aqueous
phase (black) and the gas phase (red) in methyl a-cellobioside (solid) and methyl s-
cellobioside (dashed). h) Radial distribution function of Ow and HO3 in methyl a-
cellobioside (solid) and methyl s-cellobioside (dashed).
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/—"

Figure 10.

Snapshots from the gas-phase and aqueous-phase simulations of methyl a-cellobioside.
Dashed lines represent hydrogen bonds. Panel (a) illustrates hydrogen bonding between O5'-
HO3 while the compound is in the syn-conformation during gas-phase simulations. Panel (b)
illustrates the loss of hydrogen bonding between O5'-HO3 due to the presence of water
while the compound is in the anti-p-conformation during aqueous-phase simulations. Panel
(c) illustrates the loss of hydrogen bonding between O5’-HO3 due to the presence of water
while the compound is in the anti-y conformation during the aqueous-phase simulations.
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2-D plots of average distance versus ¢ and y dihedrals for methyl g-maltoside in the
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aqueous phase (left) and the gas phase (right). a) Plot of average ros Hoe. b) Plot of average

rHoz.,03. ) Plot of average roo Hos. ¢/y given in degrees and distances given in A
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Figure 12.
2-D plots of average distance versus ¢ and y dihedrals in the aqueous phase (left) and the

gas phase (right). Plots for methyl a-cellobioside of the average a) ryo2 03 and b) ros Hos
distances and for s-cellobioside of the average c) ryo2 03 and d) ros Hos distances. ¢f/y
given in degrees and distances given in A.
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