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ABSTRACT

The

structure

of

the

O-methyl

glycoside

of

the

naturally

occurring

6-O-[(R)-1-carboxyethyl]-α-D-galactopyranose, C10H18O8, has been determined by X-ray
crystallography at 100 K, supplementing the previously determined structure obtained at
293 K (Acta Cryst., 1996, C52, 2285-2287). Molecular dynamics simulations of the
crystals of this glycoside were performed in the crystal environment with different
numbers of units cells included in the primary simulation system at both 100 K and 293
K. The calculated unit cell parameters and the intra-molecular geometries (bonds, angles,
and dihedrals) agree well with experimental results. Atomic fluctuations, including
B-factors and anisotropies, are in good agreement with respect to the relative values as a
function of atom. In addition, the fluctuations increase with increasing simulation system
size, with the simulated values converging to values lower than those observed
experimentally indicating that the simulation model is not accounting for all possible
contributions to the experimentally observed B-factors which may be related to either the
simulation time scale or size. In the simulations the hydroxyl group of O7 is found to
form bifurcated hydrogen bonds with O6 and O8 of an adjacent molecule, with the
interactions dominated by the HO7-O6 interaction. Quantum mechanical calculations
support this observation.

KEYWORDS
CHARMM force field, carbohydrates, molecular dynamics simulation, molecular
modeling, monosaccharides.
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INTRODUCTION

Knowledge of atomic position and fluctuations of molecules allow for an understanding
of their properties that can have chemical or biological consequences. However,
obtaining such information is still not trivial and requires a combination of methods to
fully access the properties being analyzed. X-ray crystallography is a powerful approach
that allows for identification of the positions of atoms in crystals along with information
on their fluctuations to be obtained.1-3 This is especially true in high-resolution small
molecule crystals, such as those found in the Cambridge Structural Database (CSD),4 in
which the positions of hydrogen atoms can often be inferred with a high level of
confidence. In addition, information on the nature of the motion of individual atoms,
including the asymmetry of those motions can often be obtained.

While X-ray approaches are quite powerful, they are limited even in high resolution
small molecule crystals. Except for a limited number of ultra high-resolution crystal
structures, hydrogen positions are often ambiguously defined. Usually they are derived
from the positions of heavy atoms and the use of standard covalent geometry
information. The source of atomic fluctuations is also ambiguous. The nature of those
motions as a function of time cannot be accessed and the magnitude of the atomic
fluctuations themselves include multiple contributions.5,6 The most obvious contribution
is the atomic motions themselves, but these are confounded by lattice disorder as well as
other possible imperfections in crystals. To both elucidate the positions of hydrogens
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and better understand the contributions of different phenomena to the measured
fluctuations computational methods may be of utility. Computational methods, be them
either quantum or molecular mechanics, can identify the locations of hydrogens. By
using molecular dynamics (MD) simulations the time dependent nature of atomic
motions can be monitored and it is possible, in principle, to separate the contribution of
lattice disorder from atomic fluctuations themselves to the experimentally observed
fluctuations.

Previously,

we

reported

the

crystal

structure

of

the

glycoside,

methyl

6-O-[(R)-1-carboxyethyl]-α-D-galactopyranoside.7 The structure was determined with R
= 0.0562 at a resolution of 0.83 Å at 293 K. While the structure was well resolved and
the asymmetric temperature factors deduced, the proton on one hydroxyl moiety,
O7-HO7, which could potentially hydrogen bond with two different acceptor oxygens,
O6 and O8 (Figure 1), could not be unambiguously located. To better understand the
nature of this hydrogen bond a second structure of the crystal was determined at 100 K
as part of the present study. In addition, computations were undertaken to facilitate
interpretation of the X-ray data with respect to the O7 hydrogen bond and to understand
the underlying contributions to and the nature of the atomic motions in the system.

METHODS

Experimental
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Single crystal X-ray diffraction patterns were recorded with a STOE IPDS on a Mo-radiation source
(λ= 0.71073Å) with φ-scans. The sample-detector distance was 70 mm. Indexing, cell refinements,
and integration of reflection intensities were performed using the diffractometer software.8
Absorption correction was neglected as the small size of the crystal and the low absorption
coefficient made an absorption correction of minor importance. The structure was solved by direct
methods using SHELXS97 (Ref. 1) giving electron density maps where most of the non-hydrogen
atoms could be resolved. The rest of the non-hydrogen atoms were located from difference electron
density maps and the structure model was refined with full matrix least square calculations on F2
using the program SHELXL97.1 All non-hydrogen atoms were refined with anisotropic displacement
parameters. The hydrogen atoms were placed at geometrically calculated positions and were allowed
to ride on the atoms they were bonded to. Rigid bond restraints were applied according to Hirshfeld9
as implemented with the DELU command in the program SHELXL97.1 The effects of large
anisotropic displacement parameters show up as apparent bond-shortening10 due to libration,
particularly for the 293 K data.

Molecular Dynamics Simulations

Two series of MD simulations of the O-methyl glycoside in its crystal environment
were performed at 100 K and 293 K. Each series includes 4 systems, which contains 1
complete crystal unit cell having two molecules, 2x2x2 unit cells (16 molecules), 4x4x4
unit cells (128 molecules) and 8x8x8 unit cells (1024 molecules), respectively. Initial
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geometries were generated from the crystal structures of the glycoside. All MD
simulations were performed with the CHARMM program
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along with the CHARMM

additive carbohydrate force field.12-16 Periodic boundary conditions were applied in
accordance with the length and angle parameters of the respective crystals. The particle
mesh Ewald approach was used to calculate the long-range electrostatic interactions
with a real-space cutoff of 12 Å, a kappa value of 0.36 Å-1, and a six-order spline.17
Nonbonded interactions were updated heuristically out to 14 Å with a force switch
smoothing function from 10 to 12 Å used for the Lennard-Jones interactions.18 All
simulations were carried out in the constant pressure-constant temperature (NPT)
ensemble with the Leapfrog integrator employing an integration time step of 1 fs. The
temperature was maintained at 100 K and 293 K, respectively, by a Nosé-Hoover
thermostat.19 A constant pressure of 1 atmospheric pressure (101325 Pa) was controlled
using the Langevin piston barostat.20 Covalent bonds between hydrogen atoms and
heavy atoms were constrained to their equilibrium values by means of the
SHAKE/RATTLE algorithm.21 After equilibration, each system was simulated for 50 ns.
Coordinates were saved every 1 ps from the MD simulations for all subsequent
analyses.

The calculated positional anisotropies of atom i was obtained by:
2
𝐴𝐴𝐴𝑖,𝑥 =< 𝑢𝑖,𝑥
>=< (𝑥𝑖 − 𝑥�𝚤 )2 >

2
>=< (𝑦𝑖 − 𝑦�𝚤 )2 >
𝐴𝐴𝐴𝑖,𝑦 =< 𝑢𝑖,𝑦
2
2
𝐴𝐴𝐴𝑖,𝑧 =< 𝑢𝑖,𝑧
>=< (𝑧𝑖 − 𝑧�)
>
𝚤

(1)
(2)
(3)
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where (xi, yi, zi) are the coordinates of atom i and (ui,x, ui,y, ui,z) are the displacements of
atom i from its average position. The angle brackets denote the ensemble average over
the whole trajectory. The corresponding experimental anisotropies in the X, Y and Z
directions for each non-hydrogen atoms were taken directly from the columns
“_atom_site_aniso_U_11”, “atom_site_aniso_U_22” and “atom_site_aniso_U_33”,
respectively, from the crystal data files.

The calculated B factor of atom i was obtained from
2
2
2
2
𝐵𝑐𝑐𝑐,𝑖 = 8𝜋 2 < 𝑢𝑖,𝑟
>/3 = 8𝜋 2 < 𝑢𝑖,𝑥
+ 𝑢𝑖,𝑦
+ 𝑢𝑖,𝑧
>/3

(4)

and the experimental B factor was obtained by:
𝐵𝑒𝑒𝑒 = 8𝜋 2 (𝑈11 + 𝑈22 + 𝑈33 )/3

(5)

where U11, U22, and U33 were obtained from the columns “_atom_site_aniso_U_11”,

“atom_site_aniso_U_22” and “atom_site_aniso_U_33”, respectively, in the crystal data
files.

Quantum Mechanical Calculations

A single complete unit cell was subjected to quantum mechanical (QM) calculations
performed using the program QCHEM version 4.0.22 The positions of all heavy
(non-hydrogen) atoms were fixed at their 100 K crystallographic locations, and the
positions of all hydrogen atoms were optimized at the RIMP2 theory with 6-31G* basis
and RIMP2-VDZ auxiliary basis to default tolerances.23,24
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RESULTS AND DISCUSSION

Experiments

Selected crystal data are given in Table 1, selected bond lengths in Table S1 and selected bond angles
in Table S2. The average bond length elongation10 for the 100 K structure could be described as an
effect due to decreased librational motion. This is also clearly shown by the smaller thermal
ellipsoids of the 100 K structure as shown in Figure S2.

Crystal MD Simulations

Crystal MD simulations were carried out on the glycoside at both 100 and 293 K, as in
the experimental studies. In addition, simulations were performed on different
representations of the crystal. These increased in size from a single unit cell (i.e. 1x1x1
system), which contains two glycoside molecules (Figure 1) to a 2x2x2, a 4x4x4 and an
8x8x8 systems where the integers indicate the number of unit cells in the 3 dimensions.
Studying differently sized systems allowed for the impact of simulation size on the
atomic fluctuations to be determined, including the contribution of lattice disorder on
the dynamics. The latter was evaluated by determining the impact of aligning the
individual molecules versus the full simulation systems when calculating the atomic
fluctuations, as described below.
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Initial analysis involved the ability of the force field to maintain the unit cell parameters
and the intra-molecular geometries. Table 2 shows the averaged unit cell parameters
from the simulations compared to the experimental ones. The α and γ angles, not shown
in Table 2, were restrained to 90 degrees to maintain the lattice type observed in the
experimental data. Overall, unit cell parameters from the MD simulations tabulated by
averaging over snapshots from the trajectories were consistent with the experimental
values, with the relative errors less than 4% for most of the cases. The relative errors for
the systems at 293 K are slightly higher than the systems at 100 K, and the relative
errors for the largest systems (8x8x8) are higher than for smaller systems.

Figures 2 & 3 show the calculated bond lengths and valence angles averaged over the
50 ns trajectories of the 1x1x1 unit cell systems. Detailed information on the bonds and
angles is given in Tables S1 & S2 in the supplementary material. All calculated values
are close to the corresponding experimental values from the crystallographic analysis.
The calculated bond lengths are within 0.02 Å of the experimental values (Table S1),
except for C7-C8 & C8-C9 at 293 K, which differ by approximately 0.04 Å. The
differences between the calculated and experimental angle values are mostly less than 2
degrees (Table S2). The root mean squared (RMS) fluctuations are smaller at 100 K
than that at 293 K as expected. Figure 4 shows the distributions of 5 dihedral angles
from simulations of the 1x1x1 systems. All distributions show a single Gaussian peak,
and the peak positions are close to the experimental values. Again, as expected, the
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distributions are narrower at 100 K than that at 293 K. Figures 2, 3 and 4 demonstrate
that the CHARMM carbohydrate force field used in this study maintains the
intramolecular geometries of the crystals of the target glycoside.

The anisotropic fluctuations of all non-hydrogen atoms were calculated using Eq. (1) ~
(3) and are shown in Figure 5. Two different strategies were used to re-orient the
systems and calculate the average positions and fluctuations. Note that the 1x1x1 single
unit cell contains 2 target glycoside molecules, the 2x2x2 system contains 8 unit cells
and 16 molecules, the 4x4x4 system contains 128 molecules, and the 8x8x8 system
contains 1024 molecules. The first strategy is that for each snapshot, each molecule was
least-squareds reoriented with respect to its own initial coordinates, and then the
fluctuations calculated. The second strategy is that all molecules in all unit cells of each
system were least-squares re-oriented together to the crystal coordinates of the whole
system, and then the fluctuations were calculated. The first strategy considers only the
contributions of the individual molecules to the atomic fluctuations. The second strategy
includes shifts of the molecules relative to each other in the crystal lattice, which may
be considered the contributions from lattice disorder. The anisotropic fluctuations
calculated by the first strategy are denoted by dotted lines in Figure 5 and are almost
identical for the systems of different size. This is expected since the environment of
each molecule is almost identical in the crystal simulations for all the different system
sizes. However, if lattice disorder is considered when calculating the anisotropic
fluctuations using the second strategy, the impact of system size is significant. The
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fluctuations in the 1x1x1 system (red dot dash line) system are systematically larger
than for the monomer alone, indicating that fluctuations of the two molecules with
respect to each other in the individual unit cells make a significant contribution to the
experimentally observed fluctuations. It should be noted that this contribution does not
formally conform to lattice disorder as the fluctuations occur within the same unit cell.
However, upon going to the 2x2x2 system (blue dashed line) a further increase in the
anisotropic fluctuations is observed, representing the contribution of lattice disorder to
atom motions. Although small, further increases occur upon going to the 4x4x4 system
and then to the 8x8x8 system, with the latter approaching the experimental anisotropic
fluctuations, though still lower than the experiment.

Figure 6 shows the B-factors calculated by Eq. (4) that are compared to the
experimental values obtained from Eq. (5). Just like anisotropies, the B-factors
calculated following of re-orientation of each individual molecule are indistinguishable
for differently sized systems, and the B-factor following of re-orientation of the whole
simulation box increase as the box size increases. In addition, the higher temperature
results in larger B-factor values.

The quality of the simulations in reproducing the experimental fluctuations as a function
of atom is good. Lower fluctuations are observed in atoms up to C6, which correspond
to the galactopyranose ring. Significantly higher fluctuations are present in the
carboxyethyl moiety of the molecule, with the highest fluctuations occurring in O8
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followed by O7, a trend reproduced in the calculations. In general, the relative
fluctuations as a function of atom observed experimentally are reproduced in the MD
simulations.

The magnitude of the fluctuations as a function of atom suggests the source of
difference between the experimental and simulated results. At 100 K the magnitude of
the fluctuations in the galactopyranose ring are in near quantitative agreement, being
only slightly underestimated. However, the underestimation is significantly larger in the
carboxyethyl atom, suggesting that additional conformational sampling is occurring that
is not sampled in the MD simulations. This may be associated with the length of the
simulations as studies of proteins suggest that conformational transitions occur on
longer simulation time scales,25 although the possibility that longer range disorder in the
crystal, not accessible in our 8x8x8 system, may contribute. The 293 K simulation
results are consistent with this scenario indicating that additional conformational
excursions not sampled in the simulation occurs throughout the glycoside at the higher
temperature. This trend is consistent with a number of previous computational and
experimental studies on protein and nucleic acids that show the presence of a transition
in the nature of the atomic fluctuations in the vicinity of 200 K. The transition involves
the atomic motions changing from a primarily isotropic nature at low temperatures to an
anisotropic nature, in which the anisotropy is indicated to be associated with the atoms
sampling distinct conformational substates.26,27
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A primary motivation for the present study was the nature of the proton, HO7, on the
O7 hydroxyl moiety. As is evident in Figure 1, the hydrogen can donate to either the O6
or O8 atoms in the adjacent molecule in the crystal. To analyze the behavior of the
hydrogen bonding the HO7 to O6 and HO7 to O8 distances were analyzed as a function
of simulation time over a selected region of the simulation (Figure 7), with 2D
probability distributions obtained from the entire 50 ns time series presented in Figure 8.
At 100 K there are two ranges of distances, with the HO7—O6 sampling systematically
shorter distances than HO7---O8 (Figure 7A). This leads to a well-defined local
distribution in the corresponding 2D distribution (Figure 8A), with the maxima in the
distances occurring at 1.97 and 2.58 Å for HO7—O6 and HO7—O8, respectively. At
the higher temperature additional thermal fluctuations lead to more overlap of the
HO7—O6 and HO7—O8 time series (Figure 7B). This manifests a broader 2D
distribution, with a tail in the distribution associated with shorter HO7---O8 and longer
HO7—O6 distances evident. In the 293 K time series, excursions of the distances to
significantly longer and shorter values for the HO7—O8 and HO7—O6 distances,
respectively, indicate the nature of anisotropic motions occurring at the higher
temperature, similar to the previously reported transitions of atomic motions in proteins
and nucleic acids.26,27 These results suggest that while hydrogen bonding is primarily
occurring with the O6 atom (distance maximum at 1.97 Å), rapid, short-lived excursions
of the hydrogen leading to hydrogen bonding with the O8 atom do occur (distance
maximum at 2.65 Å).
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One of most striking aspects of the elements of the anisotropies of non-hydrogen atoms
(Figure 5) is the anisotropy of O8 in the Y and Z directions, but not in the X direction.
Figure S1 in the supplementary material shows a snapshot of three neighboring
glycoside molecules in the crystal. Visual analysis shows that the adjacent HO7 and O8
atoms are located almost entirely in the Y-Z plane. When the hydrogen bond between
HO7 and O8 forms and breaks, the carbonyl O8 atom is expected to fluctuate in the Y-Z
plane with a higher magnitude than other heavy atoms. The X direction for the O8 atom
is almost perpendicular to the HO7---O8 hydrogen bond and parallel to the C=O bond;
therefore, the fluctuation of O8 in X direction is much less than in Y and Z directions.
Due to the constraints of two covalent bonds (C6-O6, O6-C8), the fluctuation of O6
atom is smaller than O8 which is a terminal atom.

QM Calculations

To verify the MD simulation results indicating hydrogen bonding to occur primarily
with the O6 atom a quantum mechanical calculation was performed. The calculation
involved constraining the non-hydrogen atoms to their 100 K crystallographic locations
and allowing the hydrogen atoms to relax to favorable positions. From the QM
geometry optimization calculation an HO7---O6 distance of 1.93 Å was obtained as
compared to a HO7---O8 distance of 2.46 Å. The QM distances are in good agreement
with the most probable distances from MD simulations, verifying the results from those
simulations.
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CONCLUSIONS

In this study, the structure of methyl 6-O-[(R)-1-carboxyethyl]-α-D-galactopyranose,
was determined by X-ray crystallography at 100 K, which can be compared to the
previously reported structure at 293 K.7 Molecular dynamics simulations were also
performed on crystals of different sizes at both 100 K and 293 K. The CHARMM
carbohydrate force field used in simulations was found to reproduce the experimental
unit cell parameters and the intra-molecular geometries (bonds, angles, and dihedrals).
The calculated atomic fluctuations (B-factors and anisotropies) were also consistent
with the experimental results, though the magnitude of the fluctuations in the largest
simulation system underestimates the experimentally determined values, indicating that
the simulations are not identifying long range conformational sampling in terms of
either simulation length or size. The hydroxyl group of O7 is found to form hydrogen
bonds primarily with O6 of an adjacent molecule, but it also can form hydrogen bonds
with O8 of the adjacent molecule, especially at the higher temperature.

Bifurcated hydrogen bonding (HB) is a common phenomenon in nature. It is found to
be important in the rearrangements and reorientation of water,28,29 self-association of
organic molecules in solvent,30 formation of crystal structure of inorganic molecules,31
stabilization of conformations of proteins,32,33 nucleosides,34,35 and DNA-protein
complexes.36 In the Cambridge Structural Database there are to date (accessed April 8,
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2013) 6398 carbohydrate structures out of which 2490 have C-O-H⋅⋅⋅O atomic
arrangements with an oxygen-oxygen distance of < 3.4 Å. By limiting the O-H⋅⋅⋅O
angle to be between 135° and 180° and analyzing for bifurcated HBs one finds 141
structures fulfilling the geometrical criteria. Thus, bifurcated HBs do occur in
carbohydrate

crystal

structures,

e.g.,

in

methyl-3,4-O-ethylidene-β-L-arabinopyranoside37 and in the tetrahydrate of methyl
3-O-α-D-mannopyranosyl β-D-glucopyranoside.38 In this work, we were able to
elucidate

the

intermolecular

bifurcated

HB

in

the

glycoside

methyl

6-O-[(R)-1-carboxyethyl]-α-D-galactopyranoside, thereby describing the dual nature of
the HB interactions.
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The experimental (black X) and averaged bond lengths from MD simulations

(red circle) of the systems of single unit cell at temperatures of 100 K (A) and 293 K (B).
The error bars show the RMS fluctuations.

Figure 3

The experimental (black X) and averaged valence angles from MD

simulations (red circle) of the systems of single unit cell at temperatures of 100 K (A) and
293 K (B). The error bars show the RMS fluctuations.

Figure 4

The distributions of five dihedral angles from MD simulations of the systems

of a single unit cell at temperatures of 100 K (A) and 293 K (B). Corresponding
experimental values are marked by vertical solid lines.

Figure 5

The anisotropies of non-hydrogen atoms at 100 K (A) and 293 K (B).

21

Figure 6

The B-factors of non-hydrogen atoms at 100 K (A) and 293 K (B).

Figure 7

The HO7--O6 (red X) and HO7--O8 (green plus) distances from a 600 ps

time window (total simulation time 50 ns) at 100 K (A) and 293 K (B). The 600 ps
windows are presented to allow for visualization of the time series. Analyses of the full 50
ns simulations yielded similar results.

Figure 8

The distributions of the distances between HO7 and O6 or O8 in the adjacent

molecule at 100 K (A) and 293 K (B).
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Table 1

Crystal data and data collection parameters

CSD reference code/CCDC

TEJHOF

802592

Diffractometer

Stoe AED2

Stoe IPDS

Wavelength

Cu Kα (λ = 1.54184 Å)

Mo Kα (λ = 0.71073 Å)

μ / mm

1.122

0.131

Temperature / K

293(2)

100(1)

a/Å

5.840(3)

5.835(2)

b/Å

8.063(6)

8.067(2)

c/Å

12.923(7)

12.855(3)

β/°

101.74(6)

101.99(3)

V / Å3

595.8(6)

591.8(4)

Density / g cm-3

1.484

1.494

6.98, 136.72

3.3, 52.1

12.7 - 0.83

12.3 - 0.81

-1

2θ (min, max) /

°

Resolution (min, max) / Å

Number of measured reflections 4008

4584

Numer of unique-reflections

2045(all); 1516 (I > 2σ(I))

2278(all), 2030 (I > 2σ(I))

Rint

0.0673

0.0305

Coverage

0.958

0.984

wR2

0.1411

0.1050

R1

0.0562

0.0390

Δρmin, Δρmax / e Å-3

-0.307 , 0.236

-0.398 , 0.418

23

Table 2
K.

100K

The averaged unit cell parameters from crystal MD simulations at 100 and 293

Expt

1x1x1

2x2x2

4x4x4

8x8x8

Calc

% err

Calc

% err

Calc

% err

Calc

% err

a (Å)

5.835

5.96

2.1

6.02

3.2

5.96

2.1

6.16

5.6

b (Å)

8.067

8.08

0.2

8.02

-0.6

8.08

0.2

8.15

1.0

c (Å)

12.855

12.66

-1.5

12.75

-0.8

12.44

-3.2

12.39

-3.6

β

101.99

101.88

0.1

99.85

-2.1

95.16

-6.7

100.98

-1.0

V (Å3)

591.8

596.6

0.8

606.5

2.5

596.6

0.8

610.6

3.2

293K

Expt

1x1x1

2x2x2

4x4x4

8x8x8

Calc

% err

Calc

% err

Calc

% err

Calc

% err

a (Å)

5.840

6.04

3.4

6.03

3.3

6.03

3.3

6.46

10.6

b (Å)

8.063

8.17

1.4

8.16

1.2

8.16

1.2

8.17

13.6

c (Å)

12.923

12.77

-1.2

12.79

-1.0

12.58

-2.6

12.54

-2.9

β

101.74

101.39

-0.3

101.36

-0.4

94.66

-7.0

103.76

2.0

V (Å3)

595.8

617.7

3.7

617.0

3.6

616.9

3.5

642.8

7.9
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crystal

unit

cell

of

methyl

6-O-[(R)-1-carboxyethyl]-α-D-galactopyranoside.
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Figure 2

The experimental (black X) and averaged bond lengths from MD simulations

(red circle) of the systems of single unit cell at temperatures of 100 K (A) and 293 K (B).
The error bars show the RMS fluctuations.
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Figure 3

The experimental (black X) and averaged valence angles from MD

simulations (red circle) of the systems of single unit cell at temperatures of 100 K (A) and
293 K (B). The error bars show the RMS fluctuations.
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Figure 4

The distributions of five dihedral angles from MD simulations of the systems

of a single unit cell at temperatures of 100 K (A) and 293 K (B). Corresponding
experimental values are marked by vertical solid lines.
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Figure 5

The anisotropies of non-hydrogen atoms at 100 K (A) and 293 K (B).

29

Figure 6

The B-factors of non-hydrogen atoms at 100 K (A) and 293 K (B).
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Figure 7

The HO7--O6 (red X) and HO7--O8 (green plus) distances from a 600 ps

time window (total simulation time 50 ns) at 100 K (A) and 293 K (B). The 600 ps
windows are presented to allow for visualization of the time series. Analyses of the full 50
ns simulations yielded similar results.

31

Figure 8

The distributions of the distances between HO7 and O6 or O8 in the adjacent

molecule at 100 K (A) and 293 K (B).
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