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Abstract

The ring conformation of the hexopyranose-based carbohydrate molecules is one of the
central issues in glycobiology. We report the results of the transition path sampling
simulations aimed at the detailed description of the dynamic features of these conformational
changes. We focused on the o-D- and [B-D-glucopyranose molecules (GIcA and GlcB,
respectively), treated as model systems. A large number of unbiased dynamic trajectories
leading from the *C, conformation to the 'C, one has been collected and subjected to analysis.
The results allowed for: (i) identifying the distinct local minima of the free energy
corresponding to the states intermediate for the *C; — 'C4 transitions; (ii) assigning the time-
characteristics to these transitions and intermediate states; (iii) searching for the optimal
reaction coordinate based on the Peters-Trout approach (likelihood maximization, LM).
Additionally, the structures corresponding to the *C; — 'C4 transition states (TS) have been
found; surprisingly, in the case of GIcA, the water dynamics has very little influence on the
probability of the TS evolution either to *C, or to 'C4. The differing result obtained for GIcB
(large influence of water dynamics on the behavior of TS as well as the poor applicability of
the LM approach for calculation of the reaction coordinate) speaks for slightly different

mechanisms of the ‘C; — 'C4 puckering in the molecules of GlcB and GIcA.
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Introduction

Even a monosaccharide is a relatively complex molecule which can be associated with the
relatively poorly explored conformational degrees of freedom. The three-dimensional
structures of oligo- and polysaccharides are defined by the following conformational
determinants: (i) glycosidic linkage geometry; (ii) pyranose ring conformation (pucker); (iii)

orientation of the exocyclic groups!.

The dynamics of the exocyclic groups and the
glycosidic-linkage-related conformations are better understood, due to their timescale
characteristics (tens of pico- and nanoseconds, respectively). On the other hand, the timescale-
related issues make conformational rearrangement in the pyranose ring more problematic for

both experiments (NMR spectroscopy) and simulations.

The ring conformations of the hexopyranose-based carbohydrates which differ from the
standard “C; may be significantly populated in a number of systems, including: (i) specific
hexopyranoses (the 'C4 conformation is even predominant in the case of e.g. a-D-altrose or o-
L-guluronic acid)m”; (i) sterically crowded hexopyranose derivatives® !, (iii)

[20-28]

hexopyranoses in AFM-stretched poly- or oligosaccharides , cyclodextrins'®>"; (iv)

[32-36

hexopyranoses in the complex with proteins I Moreover, even if the non-*C; confomers

are non-predominant they still can influence the biological features of carbohydrate-
containing systems"’); furthermore, as it has recently been shown, the hydrodynamic

properties of carbohydrate polymers are significantly affected by ring puckering[37].

The main aim of the computational study reported here was to provide the insight into
carbohydrate ring puckering in the hexopyranose molecules at the molecular level. Contrary

to most of the theoretical studies®>**

, our efforts were focused not on recovering the free
energy landscapes associated with the ring conformers but on producing and analyzing the set
of transition paths connecting the two chair conformers. The most straightforward approach
that can be proposed for the former aim of the study is the application of the plain molecular
dynamics (MD) and subsequent analysis of the resulting trajectories. Such method appeared
to be applicable in the case of e.g. N-acetyl-D-glucosamine (GlcNAc) or iduronic acid and
their derivatives'"* when the GPU-based hardware was used for MD simulations. However,
the free energy barriers reported for most of the non-substituted carbohydrates are

significantly higher (e.g. ~ 40 and 52 kJ/mol for a-D- and -D-glucose, respectively; the data

based on the present study) than those corresponding to the *C; — 'Cy4 inversion in e.g. the

3
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iduronic acid molecule (25 kJ/mol; data taken from ref. [45]). Moreover, the unbiased MD
simulations, depending on the system, required over 3-5 s M or 0.25 us 451 of the computer
time for equilibration. It is hard to expect the same efficiency in the case of e.g. glucose, as
well as for numerous other carbohydrates, characterized by much higher free energy barriers
separating particular puckers. For instance, we were not able to observe even a single event of
the ‘C; — 'C, puckering during over 3 us unbiased MD simulations of the B-D-glucose
molecule. The commonly used, MD-based techniques of enhanced sampling (e.g.

46 umbrella sampling-based approaches“”) have successfully been applied to

metadynamics
determine the free energy landscapes of interest®®*! but the information of the related
dynamic features of the puckering is lost. Thus, to collect a sufficiently large number of
trajectories leading from the 4C1 conformer to the 1C4 one, the transition path sampling (TPS)

technique*®*!

was applied in combination with the standard MD engine.

In theory, the MD trajectories harvested during the TPS procedure should allow for evaluation
of the puckering mechanism, associated free energy landscape and the transition state
ensemble. Apart from that characteristics, we also made some attempt to calculate the optimal
reaction coordinate (RC), expressing the 4C1 — 1C4 inversion. A good RC would be able to
predict the commitment probability to reach a given configuration by the system (the so-
called committor)*?*!, As the previous cases of applying the procedures aiming at estimating
RC were focused on the complex systems, containing large biomolecules (protein-containing
systems, mainly), it would be interesting to apply the same methods for the (relatively

simpler) carbohydrate system to find similarities and differences.

Our simulations were confined to the molecules of a-D- and B-D-glucose (GlcA and GIcB,
respectively), treated here as model systems. Note that the methods applied and described in
the present manuscript can be equally well applied for any other hexopyranose-containing
system. The manuscript is organized as follows. After the description of computational
methodologies, we report the results related to the following aspects of the carbohydrate ring
puckering: (i) brief description of the intermediate states (transition paths) of the ‘C; — 'C,
rearrangment and their discussion in the context of the canonical conformations of the six-
membered rings; (ii) the time characteristics of the *Cy — 'C4 transition; (iii) searching for the

optimal reaction coordinate describing the *C; — 'C4 transition in terms of the Peters-Trout
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(Likelihood Maximization, LM) approach[5 3, (iv) discussion on the found coordinates,

potential transition states and their features. We end with concluding remarks.

Methods

Molecular dynamics. The simulations were carried out using the GROMOS
56a6CARBO force field, dedicated to the hexopyranose-based carbohydrates and designed
with special emphasis on reflecting the ring conformational properties™". Some hand-written
scripts were applied to implement the GROMOS 56a6carpo force field into the
GROMACSP" package (version 4.55), which included the proper calculation of the
'exceptional' Lennard-Jones parameters for selected 1-4 and 1-5 atom pairs. The exemplary
56a6carpo force field files and the GROMACS version of the force field entries for GlcB
(with the script for correcting the topology) are given on www.gromacs.org. The simulation
systems contained one carbohydrate molecule (GIcA or GlcB) placed in the cubic (30 x 30 x
30 A’) simulation box containing about 900 SPC water™ molecules. Before the TPS
protocol, the standard, unbiased MD simulations were performed for ~ 10 ns to fully
equilibrate the system. The details of the TPS simulation protocol are described in the
subsequent section. The equations of motion were integrated using the leapfrog scheme!®!
with a timestep of 2 fs. During the MD runs the LINCS algorithm®’"* was applied to
constrain all bond lengths. The simulations were carried out under periodic boundary
conditions and under the NPT conditions. The temperature was maintained close to its

91

reference value (298 K) by applying the V-rescale thermostat™ ', whereas the Parrinello-

Rahman barostat'®” was used to control the pressure (1 bar). The centre of mass motion was
removed every step. Nonbonded interactions were computed using a twin-range scheme!®'),
with the short- and long-range cutoff distances of 0.8 and 1.4 nm, respectively, and a
frequency of 5 timesteps for the update of the short-range pairlist and intermediate-range
interactions. To account for electrostatic interactions beyond the long-range cutoff radius, a
reaction field correction was applied using a relative dielectric permittivity of 61?1 The
additional enhanced sampling simulations were performed to provide some insights into the
full free energy landscape and to test the correctness of the S56abcarpo force field
implementation in GROMACS. To study the free energy landscape as a function of the
Cremer-Pople puckering coordinate 0°) we apply parallel-tempering combined with

metadynamics'*®.. This combination improves the accuracy of both methods. On one hand,

parallel-tempering allows sampling all degrees of freedom (improving metadynamics

5



132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165

RSC Advances

accuracy) and on other hand, metadynamics improves exploration of low probability regions.
The calculations were performed by GROMACS combined with PLUMED 1.3, Several
metadynamics simulations were calculated in parallel at different temperatures (298, 310,
323, 335, 348, 362, 375, 389, 404, 418, 433, 448 K) with configuration exchange according
to the replica exchange scheme. The starting deposition rate was set to 0.01 kJ/mol/ps with
the Gaussian width equal to 0.05 nm. Molecular dynamics parameters (timestep, cut-offs,
etc.) in free energy calculation and in TPS simulations had the same values.

Transition path sampling. The TPS method was applied to sample the 'reactive'
trajectories, i.e. those connecting predefined initial and final states (referred further to as the
stable states and determined by the free energy minima). The random walk through the
trajectory space is performed by generating new trajectories from old ones by a shooting

4491 The randomly chosen timeframe

move algorithm combined with the Metropolis rule'
(the shooting point) of the old trajectory is the starting point for creating a new trajectory by
integrating the equations of motion forward and/or backward in time by using the
conventional MD. Initially, we have used the TPS algorithm as described in ref. [65], 1.e. the
one-way, flexible path length algorithm, which was also applied in the case of our previous

[66

study®. Due to very low efficiency of the sampling, another TPS algorithm (biased

shooting) has been applied as well, according to its description in ref. 7] The most
important difference in comparison to refs. °! is that the V-rescale (Bussi) thermostat'””! was
used instead of the Andersen one as a generator of stochastic noise. Therefore, the momenta
of the shooting point did not have to be changed. The other details of generating and
accepting the new trajectories were based on the procedures described in refs. [65,66] and on
the MD parameters listed above. The first (input) trajectory connecting the initial (*C;) and
final ('Cy) states was generated by running unbiased MD simulation at 498 K which allowed
for observing the *C; — 'Cy4 inversion within a relatively short period of time (tens of
nanoseconds). In the case of all sampled trajectories, the data were collected every 0.1 ps, as
the longer time space does not allow to observe the system evolution in the vicinity of the
free energy barriers; furthermore, the application of the larger time space would lead to
problems in diverging the MD trajectories in, in turn, to the poor sampling.

Stable states and order parameters. The TPS sampling included the energy barriers
between two chair conformers (4C 1 and 1C4), i.e. the 'stable states'. Several different order
parameters can be proposed to distinguish between them, e.g. Cremer-Pople (CP)'*)), Picket-

Strauss (PS)[68], Berces (B)mg], Hill-Reilly (HR)WO] or Zefirov!”" coordinates. For the sake of

simplicity, we decided to use the Cremer-Pople 0 coordinate, as this choice allows for using

6
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only one parameter to control developing MD trajectories on-the-fly. Based on the standard
MD simulations, we defined the stable states as follows: 4C1: 0 < 20 deg and 1C4: 0> 160
deg. Such choice determines that the generated TPS trajectories covered only the
'intermediate' region of phase space, lying between two chair conformations and are ceased
when 0 < 20 deg or 6 > 160 deg. The definitions of the dihedral angles associated with the
exocyclic groups are as follows (atom numbering is in accordance with Fig. 1(A)): torl: H-
0M-cM-09; tor2: HP-0P-c@-c™; tor3: HP-0P-C®-C?; tord: HY-0W-Cc-C?; tor5:
0(6)—C(6)—C(5)—C(4); tor6: HO-0©-c©_c®.

During the TPS simulations, we monitored several order parameters, intending to use them
during the procedure of reaction coordinate analysis. These parameters included: (i) the four
types of coordinates used to describe the six-membered ring conformation (i.e. CP, HR, B,
PS, see the previous paragraph for definitions and references); (ii) some atom-atom
distances, characteristic of the ring conformation of GlcA and GlcB molecules (the oMW
and OP-C® distances for GlcB and the O®-C® distance for GlcA, see Fig. 1(A) for
definition). Note that except for the Cremer-Pople 0, none of the parameter is directly
correlated with the progress of the ‘c 1 — lC4 transition and, thus, can not be treated as a

valuable order parameter. We have used the following transformation:

V=X + X5 +x] (1)

to obtain the order parameters which vary smoothly from 0 to 1 as the ring conformation
changes from an ideal 4C1 to an ideal lC4 chair. v denotes the 'collective' order parameter
being a function of the three coordinates (x;) describing the ring conformation (i.e. HR, B or
PS). The value of v can be interpreted as the length of a vector placed in the three-
dimensional space, defined by the set of coordinates used in eq. 1. The length of this vector
corresponds to the progress of puckering. Note also that the particular assignments of the
non-chair conformations are quantitatively different for each of the tested coordinates which
was checked after calculating v values for all canonical conformers. Summarizing, the six
(GlcB) or five (GlcA) different order parameters were used in the subsequent reaction
coordinate analysis: Cremer-Pople 6, the three different v functions (based on the Picket-
Strauss, Berces and Hill-Reilly coordinates) and the one or two exocyclic atom-atom
distances.

Reaction coordinate. The reaction coordinate was studied on the basis of Likelihood

53]

Maximization approach (LM)"*' which requires only the data associated with the trial shots
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of the TPS simulation. The LM approach extracts a linear combination of order parameters

v(x) that best describes the reaction coordinate (7):
N

r(v(x) =Y av;(x)+a, . )
j=1

(The Cremer-Pople 0 is treated as another v(x) parameter). The input for this procedure is the
ensemble of shooting point configurations belonging to the accepted trajectories ending in
the final state 'Cy (i.e. B(xs, — B)) and the rejected shooting points ending in the *C, initial

state (i.e. A(xsp — A)). By using these configurations, the LM optimizes the likelihood:
L= []psCrCx,) [A=ps(r(x,)). 3)

Xy, B XA
See details of the procedure in the Supporting Information of ref. (), We tested all possible
linear combinations of up to three order parameters. The committor pg (i.e. the commitment
probability of a given conformation of the system to 'C4) was expressed by the following

function:
p(r(x)) = ; + ; tanh[r(v(x))]. (4)

According to the Bayesian criterion, adding more v variables to the RC model is significant
only if In L increases by at least 1/2 In M, where M is the total number of shooting points in

the ensemble.

The practical use of the LM procedure can be described as a best-fit procedure during which
the values of a; parameters (eq. 2) are adjusted to maximize the value of L (eq. 3). L is
calculated during each iteration based on: (i) the configuration of the shooting points (x,
required to calculate v's and r(v) according to eq. (2)); (ii) the accepted functional form of the
committor (eq. 4). The highest possible value of L is associated with the 'optimal’ values of

the a; coefficients.

To test the obtained reaction coordinates we explicitly computed the committor for selected
configurations characterized by different values of pcomm, including those that were
identified as putative transition states. The committor for a given configuration is the
fraction of unbiased MD trajectories, initialized with random velocities that reach the 'Cy

State.
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Fig. 1. (A) The chemical structure of the D-glucose molecule. The atom numbering is
indicated. (B) The free energy profiles for the molecules of GlcA and GlcB, associated with
the O parameter of the Cremer-Pople coordinates. The grey regions are those which were
treated as 'stable states' (i.e. the *C; and 'C,4 conformers) and not sampled during the TPS
simulations. (C) Schematic representation and nomenclature of idealized pyranose ring
conformations according to ref. [38]. Conformations are labeled with the type of
conformation (chair C, boat B, or skew-boat S) and indices k and [ represent the atom
numbers of two atoms pointing upward (superscript) or downward (subscript). The set of all
conformers is shown in Fig. 2(A) and 2(B) as points on the plane defined by the Cremer-

Pople coordinates.
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Results and Discussion

1. Remarks on the sampling results
The number of harvested trajectories was equal to 2032 (GIcA), 842 (GlcB, unbiased
shooting algorithm) and 2409 (GlcB, biased shooting algorithm). The acceptance ratios were
equal to 9.7%, 1% and 5.9 %, respectively. The unbiased shooting algorithm appeared to be
ineffective in the case of GlcB due to very low probability of randomly choosing such MD
frame that would lead to producing the whole reactive MD trajectory. The reason for that is

the low fraction of such 'effective’ frames in the 'old' reactive path.

The issue of the correct TPS sampling may be problematic in the case of complex molecules
for which distinct reactive paths lie on the poorly known free energy landscape. Then, if
energetic barriers separating them are very high, some essential paths may be missed during
the TPS-based harvesting of the MD trajectories. The scenario is much simpler in the case of
carbohydrate ring puckering as the related free energy profiles can be calculated separately

M1 or umbrella sampling™) and

by using an independent method (e.g. metadynamics
compared with the TPS results. On the basis of: (i) inspection into the TPS path density plots
(Figs. 2(A) and 2(B) show that there are no unexplored regions of the phase space defined by
the Cremer-Pople coordinates); (ii) comparison of the results with the relative populations of
the canonical conformers reported in ref. [38] and estimated using the same force field, we
concluded that the sampling was efficient enough to reveal all possible reactive paths

maintaining their relative weights.

2. Free energy landscapes
The free energy landscapes associated with the ring puckering in the molecules of GIlcA and
GlcB have been studied quite extensively by using different computational methods.
Nevertheless, a brief characteristic of the issue may be useful from the point of view of the
interpretation of the TPS results. Furthermore, the comparison of the results obtained by
applying the relatively new force field GROMOS 56a6¢arpo With those obtained previously

is worth some remarks.

First of all, note that we did not sample the whole conformational space during TPS

simulation but only these parts of it which correspond to the non-chair conformation. Thus,

10
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one can not expect to directly compare the TPS results with the full free energy landscapes
obtained by using different computational techniques. However, the TPS-related trajectory
density map (as shown in Figs. 2(A) and (B)) can be qualitatively viewed as a free energy
landscape representation for the ‘intermediate’, non-chair conformers. The results can be
summarized as follows: for both GlcA and GlcB only two local minima of the free energy
have been found, none of them corresponding to a single specific 'canonical' conformation of

[63

the six-membered rings . Furthermore, these minima always correspond to the boat and

skew-boat conformers, lying along the 6 = 90 deg line.

In the case of GlcB, the two observed minima (of different sizes and depths) are separated by
the two free energy barriers: one of them centered around ¢ = 260 deg (lower barrier)
whereas the second one (higher) roughly covering the region 80 deg < ¢ < 140 deg. The
relative heights of these barriers are the reason why the overwhelming majority (>99 %) of
the events of GlcB system switching from one local minimum of free energy to another
involves crossing the lower barrier; this corresponds to temporarily adopting the
conformations close to 'Ss and "*B. The ranges of these two local minima cover roughly the
following canonical conformations: (shallower minimum) B3 o and 'S3; (deeper minimum,
preferable intermediate state): Bjs, OSZ, 3 ’OB, 3 S; and Bj4. Very similar conformational
preferences (two local minima assigned to 'S; and ©S,/*°B conformers) have been reported
by Spiwok et al.l!

field”!,

, using the previous version of carbohydrate-dedicated GROMOS force

11
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Fig. 2. Path density plots obtained from the reactive trajectories corresponding to the process
of the *C; — 'C, transition in the molecules of GlcA (A) and GlcB (B) represented in the
Cremer-Pople (¢,0) set of coordinates. The scale refers to the natural logarithm of the
number of trajectories per one bin (1 deg”). The borders defining the phase space regions (I,
IL, IIT and IV) used in subsequent analyses are given as red dotted lines. The blue stars (panel
(A)) denote the four exemplary transition state structures identified for GlcA. The red arrows
represent the different possible paths of the conformational transition; the thickness of each
line indicates the fraction of MD trajectories which can be ascribed to the given path type: >
70% (thick lines), < 15% (thin lines). The three path types were distinguished: (i) paths
visiting both regions I and II; (ii) paths visiting only region I; (iii) paths visiting only region

II. Further details are given in the text.

12
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In spite of the similar picture emerging in the case of GIcA, there exists a number of
significant differences, mentioned below. The free energy barrier separating two minima is
significantly lower than that corresponding to GlcB. Thus, the system can interchange the
non-chair conformations assigned to each particular minimum more freely. This, combined
with the lowered free energy barriers separating the chair and inverted chair conformers
from the non-chair ones, may be one of the reasons for different behavior exhibited by GlcA
in comparison to GlcB (as explained in the further parts of the paper). The two minima have
a similar location to those calculated for GlcB, with the notable differences of: (i) shift one
of the minima towards B>° conformation, leaving 3S 1/B1 4 region less intensively explored;
(i1) more similar depth and sizes of the two energy wells. As a result, the lower of the two
barriers located around 6 = 90 deg, is placed in the vicinity of the 'Ss canonical

conformation (i.e. ¢ =270 deg).

These results remain in agreement with those obtained during the enhanced sampling
studies, reported in ref. [40]. In spite of minor discrepancies in the number and location of
the local minima (which can be ascribed to differences in the force field parameters) the
main conclusion remains the same, confirming that the non-chair canonical conformers do
not necessarily reflect the actual conformational preferences of the glucose molecule. As the
authors™”! used different force-fields (e.g. GROMOS45a4"*!, GLYCAM!!, OPLS"") and
computational methodologies (e.g. implicit or explicit solvation) we can safely assume that
such scenario is force field-independent. Furthermore, the metadynamics simulations based
on the ab initio potentials and the Car-Parrinello MD formalism gave the related results™®),
confirming the canonical conformations do not match the local minima of free energy in the
GlcB molecule. The canonical conformations have always been treated as natural reference
points when calculating the conformational properties of six-membered rings. They are also
useful when quantitatively comparing the conformational features of different compounds or

381 The fact of existing the highly-

designing the carbohydrate-dedicated force fields
populated conformers not matching the canonical minima leads also to proposing several
assignment schemes aiming at associating an actual ring conformation to a canonical

. 75
conformation!”,

The observations discussed above are very significant for the interpretation of the TPS data.
Note that attempts of applying some of the existing assignment schemes to describe the

dynamic characteristics of the studied conformational rearrangements would give, as an

13
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output, the data of doubtful physical sense. In other words: as the system can cross only one
significantly large free energy barrier during exploration of the non-chair region of the phase
space, there is no need to create additional distinctions (e.g. equivalent to assignments of the
system to canonical ring conformations). Thus, we decided to introduce a very simple (but
somewhat arbitrary) division of the phase space, based on the 6 and ¢ Cremer-Pople
coordinates. The related regions are shown in Fig. 2 and are defined by the following
(limiting) values of ¢ coordinate in the non-chair (i.e. those for which the 20 deg < 6 < 160
deg relation is fulfilled) area of phase space: (for GIcA) region I: 50 deg < 6 < 110 deg, ¢ <
100 deg and ¢ > 290 deg; region II: 50 deg < 6 < 110 deg and 100 deg < ¢ < 290 deg; region
II: 6 < 50 deg; region IV: 6 > 110 deg; (for GlcB) region I: 50 deg < 6 < 110 deg, ¢ < 100
deg and ¢ > 250 deg; region II: 50 deg < 0 < 110 deg and 100 deg < ¢ < 250 deg; region III:
0 < 50 deg; region IV: 6 > 110 deg. Such type of assignment will be used in the subsequent
time characteristic of the conformational rearrangements. Note that for both GlcA and GlcB
regions II and III can be associated with the previously described local minima of free

energy lying in the region 6 ~ 90 deg.

3. Time characteristics and transition paths
The *C; — 'C, rearrangement can be classified as a typical 'rare event', i.e. the process which
occurs fast but one may wait for a very long time to observe even single conformational
transition. Figs. 3(A) and (B) show the histogrammed time lengths of the reactive trajectories
harvested for GlcA and GlcB. The overwhelming majority of each trajectory corresponds to
the non-chair conformations located around 6 = 90 deg which is rather obvious when
keeping in mind the free energy landscape presented in Fig. 1(B). The rest of the
conformations (i.e. those located in regions III and IV) roughly represent the barriers of free
energy separating the wells located around 68 = 0, 6 = 90 and 6 = 180 deg. The crossing of
these barriers is a very rapid process, lasting, on average, less than 1 ps (this actually was the
main reason for saving coordinates every 0.1 ps which is rather unusual in the standard MD
simulations). A more detailed analysis is focused on particular regions of phase space, listed
in the previous section and roughly representing the free energy wells of the non-chair

conformations and the barriers separating them from the chair conformers.
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Fig. 3. The histogrammed lengths of the reactive MD trajectories including the contribution
of the particular regions of the phase space (defined in the text and presented in Fig. 2) for
GlcA (A) and GIcB (B). The histograms corresponding to the particular regions are colored
in the following manner: black (region I); red (region II); blue (region III); green (region IV).
The inset panels correspond to the lengths of the complete reactive trajectories, leading from

‘c 1 to 1C4. Further details are given in the text.
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The average time which is spent by the system in each region varies from 0.2 to 20.5 ps (for
GlcA) and 0.3 to 52 ps (for GlcB). The average length of the total trajectory leading from
*C, to 'Cy4 is much longer (277 and 65 ps for GlcA and GlcB, respectively) which makes a
significant difference, especially for GlcA. The main reason for that is the characteristic
shape of the free energy landscape (Fig. 1(B)). The large free energy barriers separating the
chair conformation from the non-chair ones make the system ‘trapped’ in the local minima
around 6 = 90 deg. Each structure exhibiting significant deviation from the basin of
attraction assigned to the 6 ~ 90 deg value (i.e. crossing the free energy barrier) is likely to
end either as ‘C, or 'C4 conformer. This explains short time spent by the systems in regions
III and IV. Similar values of the average trajectory length observed for regions I and II
correspond to frequent ‘oscillations’ of the conformation between regions I and II (being the
results of the relatively low free energy barrier separating these regions). When calculating
the trajectory lengths corresponding to the combined regions I and II one would obtain
nearly the same length distributions as those plotted for the total trajectories (i.e. Fig. 3,
panels 'total'). Furthermore, there exists a small number of trajectories not leaving regions I
or II for much longer time period than the average value (this is depicted by the standard
deviation of the trajectory lengths: 40.7 and 36.7 for GlcA, for regions I and II, respectively
and: 75.2 and 11.9 ps for GIcB, regions I and II, respectively). Such diversity was not
observed for regions III and IV (standard deviations of time length characteristic of regions
IIT and IV are about half of their mean values for both GlcA and GlcB) which confirms again

the minor contribution of these regions to the overall trajectory length.

Furthermore, the probability of visiting both or only one of the two local minima (regions I
and II) by the system was examined (visiting regions III and IV is obligatory for all collected
MD trajectories). The free energy barrier separating the two main local minima in the region
of non-chair conformers (6 = 90 deg) is lower for GIcA than that characteristic of GlcB. This
is reflected by the ratio of trajectories which visit both regions I and II: it is equal to 90% for
GlcA and only 14% for GlcB. The higher free energy barrier located approximately at the
border between regions I and II of GlcB-related free energy landscape makes the
conformational rearrangement limiting to the non-chair regions less favourable. Thus, in
86% of the cases, one can distinguish two distinct pathways for GlcB: considering the non-

chair conformers, 15% of the trajectories visit only region I while 71% visit only region II.
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The reactive pathways for GIcA are more uniform: only 4.5% visit region I not entering into

region II while the fraction of trajectories leading only through region II is equal to 5.5%.

According to such characteristics, the mechanism of ring puckering associated with the

diffusive barrier crossing dynamics can be ascribed rather to GIcA than to GlcB which may

be meaningful in the context of further findings (see sections 4. and 5.).

Summarizing, the transition paths characteristic of the 4C1 — 1C4 transition involve the

following, consecutive stages:

17

1.

il.

1il.

For GIcA:

The system leaves the “Cj-related basin of attraction through two possible
paths. The more probable one involves adopting the Es, °Hs and °E
conformations while the second one is associated with the E; conformer
mainly. Transitions through other regions of phase space (e.g. those
corresponding to the Hs, *Hs, “E, *Hs, °H)) is also possible but even less
likely.

The system enters the basin of attraction located around 6 = 90 deg. The most
likely path visits two main local minima of free energy located there (i.e.
those centered at 183 and 082). and covering a large number of boat and skew-
boat conformers (B3 o, 183, 1’4B, 1Ss, B, 082, 30B and ’s 1). The less probable
scenario involves visiting only one local minimum.

The system leaves the intermediate basin of attraction and crosses the large
energetic barriers separating it from the 'C4 conformation. There exist only

one broad path, covering the region of the 'E, 'Ha, E, conformers.

2. For GlIcB:

L

il

In the majority of the cases the system leaves the *C)-related basin of
attraction through the path covering the OH5, °E and °H 1 conformations and
goes to the larger of the two minima of the free energy located around 6 = 90
deg. The less probable path involves adopting the *Hs;, “E conformations
when the system goes to the smaller of the two minima.

The system explores the basin(s) of attraction located around 6 = 90 deg (i.e.
Bso, 'Ss, "B, 'Ss, Bys, ©S,, *°B and °S;). Contrary to GlcA, the most likely
path visits only one local minimum of the free energy, i.e. that centered

around *°B). Small fraction of the trajectories visits two local minima (i.e.
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451 both *°B and 'S3). Even less probable scenario involves visiting only one,
452 smaller local minimum, centered around 183.

453 iii.  The system leaves the intermediate basin(s) of attraction and crosses the large
454 energetic barriers separating it from the 'C4 conformation. As in the case of
455 GlcA, there exist only one broad path, covering the region of the 1E, le, E,,
456 3H, and °E conformers.

457

458 It should be stressed that the time values depicted in Fig. 3 can not be directly interpreted in
459  terms of rate constants, as during TPS simulation we did not measure the conformational
460  “flux’ of the system from the *C, conformation to those lying above 6 = 20 deg. Such
461  analysis is postponed to our future work.

462

463  Finally, we focus on the behavior of the exocyclic groups during the course of the ring
464  puckering. Surprisingly, the probability distributions of all dihedral angles associated with
465  the orientation of the exocyclic moieties are affected by the progress of the ring deformation
466  (expressed as the O value) to a very minor extent. This is depicted (Figs. S1 and S2,
467  Supporting Information) by the density plots extracted from the TPS trajectories. The most
468 notable (but still relatively minor) differences are limited to: (i) torl in GIcA (which
469  corresponds to the orientation of the cV-oM-H"P hydroxyl group); additional peak appears
470  around torl = 90 deg, absent in the conformers for which 0 < 90 deg; (ii) tor2 in GIcA
471  (defining the orientation of the C?-0®-H? hydroxyl group); the peak around tor2 = 60 deg
472  is reduced compared to the conformers for which 6 < 90 deg; (iii) tor5 in GlcB (orientation
473 of the CV-C®-0©-H® hydroxymethyl group); the dimension of the peak around tor5 = 60
474  deg is increased, comparing the conformers for which 6 < 90 deg. Furthermore, the pattern
475  of these angle distributions is conserved above 6 = 90 deg, i.e. for all the phase space
476  sampled (20 deg < 6 < 160 deg) the distribution of any dihedral angle associated with the
477  orientation exocyclic group remains nearly unchanged.

478

479  The lack of correlation between progress of the *C; — 'C4 reaction and the probability
480  distribution of the torl-tor6 dihedral angles speaks for the minor contribution of the
481  exocyclic groups to the process of the ring puckering. This is also discussed in the next
482  section.

483
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4. Reaction coordinates
The mathematical forms of the calculated ‘optimal’ reaction coordinates are given in Tab. 1,

with the related In L values. Below, we briefly summarize the output of the LM procedure.

1. Order parameters which were found to be the most essential components of RC
are defined on the basis of only ring coordinates; no coordinates involving the
orientation of exocyclic groups (e.g. the distance between the O and O™ atoms)
contribute to the calculated RC.

2. The most ‘effective’ appeared to be the collective coordinates (v), defined by eq.
(1) and their combinations with the Cremer-Pople 0. Single coordinates (x in eq.
(1)), being components of vs, were rejected.

3. In both cases the final RCs consist of linear combination of three (i.e. the
maximum allowed number) order parameters. The LM criterion suggesting to
reduce the number of order parameters composing RC if In L increases by at least
1/2 In M, (M is the total number of shooting points) was not fulfilled in any case.

4. As the consequence of the accepted functional form of RC (eq. (4)), its values
can change from -o to +o0, and the equal probability (pg) of reaching either 'C, or
*C (transition state) corresponds to RC = (. In practice, only the range -2.5 < RC

< 2.5 is considered in which the pg value varies from 2% to 98%.

The lack of exocyclically-related coordinates in the obtained RCs can be considered as
surprising, due to undoubtedly significant role of the exocyclic group in the conformational
equilibrium in the carbohydrate systems (e.g. the inversion of stereoconfiguration at any of
the carbon ring atoms results in a change in a dynamic equilibrium between particular
conformers). However, this remains in agreement with the results reported in the previous
section, according to which the orientation of the exocyclic groups is not correlated with the
progress of the considered ring conformational change. The structural role of the exocyclic
substituents is included implicitly, as the set of the three selected order parameters and their
relative weights (i.e. the a coefficients in eq. (2)) differ for GlcA and GlcB. The most
probable reason for selecting the collective coordinates (v) instead of their components (x) is
that the single v parameter (as expressed by eq. (1)) is able to differentiate between all
possible canonical conformers; therefore it is more sensitive for the gradually changing ring

conformation. None of the order parameters defining v exhibits such a feature.
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518
519  Tab. 1. LM analysis of the TPS ensembles sampled in the two TPS simulations (GlcA and
520  GlcB). All values of order parameters are given in degrees. The lower indices denote the

521  type of coordinates defining given v (Hill-Reilly or Berces).

522
GlcA
No. of order |InL(eq.(3)) |RC
parameters
1 -3439 rV =—-1.34+5.66-10"v,
2 -3412 r® =-2.62+5.23-10"v, +1.50-107°0
3 -3400 r® =—1.84+4.16-10"v, +2.27-1020-1.39-10 v,
GlcB
1 -1063 r¥ =-11.2+0.1030
2 -1027 r® =-10.4+0.1040-7.03-10v,
3 -1066 r® =-6.39+0.1150-7.30-107v, -4.77-10 v,
523
524
525
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The main aim for the calculated RC is to predict the probability of evolution of the system to
a given state (i.e. to the 'C, conformation in the considered case) on the basis of those
parameters which appear in the mathematical form of RC. As for both GIcA and GlcB only
the ring coordinates appear in their respective RCs, thus, in theory, one can predict the
probability of the conformational transition knowing only the specific shape of the
carbohydrate ring. To test the quality of the obtained RC the committor (i.e. the pg values in
the function of RC) has been calculated explicitly for the numerous configurations
characterized by different values of RC. The results (shown in Fig. 4) have been compared
with RC based on the LM procedure, proving that serious inaccuracies exist, especially in

the case of GlcB.

In the case of GIcA the level of agreement is satisfactory in the region corresponding to RC
< 0 but decreases significantly for RC > 1. On the other hand, RC calculated for GlcB has
virtually no prediction ability due to extremely large discrepancies observed not only in the
region RC > 0 but for nearly all range of RC except of its extremely small and large values.
Appreciating the unsatisfactory results obtained for GlcB, one can still note that the GIcA-
related RC is able to predict the probability of the system evolving to the 'Cy state fairly well
for RC < 0. One can experience the impression that such RC gives the correct results in a
half of the cases. Actually, the condition RC < 0 is fulfilled for the majority of the phase
space expressed in the Cremer-Pople 0 coordinate. The rough estimation shows that the
transition state (TS) structures lies around 0 = 125-130 deg, thus, the calculated coordinate
should work quite well when the GlcA conformation corresponds to 6 < 125 deg. When
considering the cutoffs of the developed trajectories (20 deg < 0 < 160 deg), this represents
over 70-75 % of the possible values of 8. Note also that providing the exact value of 6 above
which RC fails to calculate pg correctly is impossible, as RC is also the function of other

essential order parameters.
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Fig 4. The test of the calculated reaction coordinate for GlcA (A) and GlcB (B). Solid lines
represent the theoretically calculated RC composed of three order parameter (*? in Tab. 1),
whereas each square denotes the pg value obtained from the explicitly calculated committor.

Further details are given in the text.
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The reasons for discrepancies between the predictions of RCs and the explicitly calculated

commitors may be of various nature. Below the most probable hypotheses are discussed:

23

L

il

1il.

The procedure of calculating RC based on the LM approach is inapplicable
for the GIcB system (but at least partially applicable for GlcA). The
procedure used here has been derived under the assumption that the so-called
‘diffusive’ barrier crossing controls the dynamic behavior of the system”>.
There is no test allowing for unambiguous statment how close is the behavior
of the considered system to the ideal 'diffusive’ dynamics. Obviously, the free
energy landscapes of GlcA and GIcB are less complicated than those of larger
biomolecules for which the LM approach has been applied so far (e.g. refs.
[65,76]). Judging only on the basis of the height of the free energy barriers
one can suppose that GlcB will be further from the ideal ‘diffusive’ behavior
(compared with GIcA) as the very high (~50 kJ/mol) free energy barrier
separating the non-chair conformer from the 'Cy pucker seems to dominate
the whole dynamics of the system. Such hypothesis is also supported by the
shorter average length of the reactive trajectories obtained for GlcB. The
longer trajectories collected in the case of GlcA correspond to more diffusive
barrier crossing which, on average, takes more time.

The lack of some essential order parameter(s) which results in the poor
(GIcB) or insufficiently good (GlcA) RC. Contrary to conformational
transitions in more complex biomolecules (e.g. proteins) the number of order
parameters is rather limited. In spite of that we can not exclude the situation
in which some crucial order parameter(s) can be missing (e.g. those related to
the arrangement and dynamics of water molecules) or some details of the
process can not be described by simple parameters (based on the ring
puckering-related coordinates and some atom-atom distances) applied in this
study. This issue is discussed in more detail in the subsequent part of the
paper.

Transition states are located extremely close to one of the basins of attraction
(1C4). Unlike the issues mentioned in points 1. and 2. which are of rather
general nature and the respective questions can be raised in the context of any
system subjected to the analogical LM procedure, the present hypothesis

seems to be characteristic of only the carbohydrate ring conformational
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changes. The reason for that is the combined influence of: (i) the asymmetry
in the depths of the two energy wells corresponding to the two stable states;
(i1) the asymmetry in the heights of the two largest free energy barriers
separating these states (and located around 6 = 60 and 120 deg, see Fig.
1(B)). This results in the fact that, independently of the order parameter used,
the transition state is located in the direct vicinity of the (final) 'C, conformer.
In practice, conformations corresponding to TS and 'C, can be separated by
only one frame of MD trajectory (saved every 0.1 ps). Thus, nearly all the
successful shooting points correspond to RC < 0. Although this does not
influence the sampling process, such asymmetric distribution may be a
potential reason for artifacts during adjusting RC; this is dictated by the fact
that shooting points located around TS have the largest weight in the LM
procedure (according to eq. (15) in ref. [53]). Expanding a small piece of the
phase space (130 deg < 0 < 160 deg) into a large region of RC > 0 may result

in inaccuracies located in the latter range.

5. Transition states and water dynamics
The ideal RC would allow for predicting the probability of evolution of the system either to
the 1C4 or ‘C 1 conformation. As our success was rather limited and restricted to the case of
GlcA, using any of the equations from Tab. 1 for determining the transition state structures
would lead to serious inaccuracies (note that this concerns only the region of reaction progress
for which RC > 0; we can still fairly well predict the fate of given conformational state for RC
< 0, basing on the algebraically expressed RC). However, thanks to the explicitly calculated
committors for both GlcA and GlcB, we can use their values for selecting the potential

transition states and for testing the influence of water dynamics on their time evolution.

Having the structures identified as transition states (10 different structures for both GlcA and
GlcB for which pg = 0.5 + 0.1, as confirmed by explicit committor calculations) we examined
the influence of the instantaneous water structure on the committor to estimate the
contribution of the water dynamics to the reaction coordinate. We froze the carbohydrate
coordinates and simultaneously disrupted the water structure/dynamics by running short (~
200 ps) MD simulations at 298 K. Then we checked if the committor for these randomized'
structures deviates systematically from its initial value, i.e. 0.5; this was done by analogy to
the explicit commitor calculations described in the Methods section. In the case of GIcA the
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recalculated committors were equal to 0.5 + 0.1. Therefore we concluded that this committor
is independent of the dynamics of the water. This conclusion seems to be surprising in the
view of the reports describing the significant role of water in the carbohydrate conformations.
There is no contradiction, however, as the water configuration can still play a structural role,
influencing the carbohydrate configurations in the free energy wells. On the other hand, the
analogous calculations performed for GlcB gave completely different results; it appeared that
the recalculated committors deviated significantly from their initial values (varying from 0.08
to 0.4), evidencing that water dynamics is a crucial component of reaction coordinate. This
may explain the poor results of searching for an optimal reaction coordinate in the case of
GlcB as no water-related order parameters were explicitly included in the LM procedure.
There also exist the previously reported cases of water dynamics being irrelevant for reaction
coordinates’® when concerning the systems in which the considered process was driven by
the 'diffusive’ energy barriers crossing. This observation, combined with the results obtained
for GIcA (indicating the larger contribution of 'diffusive' dynamics) allows for speculation if
the relevance of water dynamics is correlated with the degree of 'diffusivity' of the system
over the free energy landscape accompanying the process of interest. Independently of the
specific reasons, one has to appreciate that the dynamics of conformational rearrangement in
the molecules of GlcA and GIcB is driven by (at least) slightly different mechanisms. This
remains in agreement with the fact that in spite of using exactly the same set of order
parameters the resulting RCs differ significantly in their ‘prediction power’; this also implies
that not only water structural arrangement but also its dynamics can be an important
component of RC. Such scenario may explain why the committors recalculated for GlcB
deviated much from their initial values (any order parameter directly related to the dynamics
of water molecules has not been tested during the LM procedure). The ultimate explanation of
this issue (as well as proper choice from the alternative mentioned in the previous part) would
require designing new, water-related, order parameter(s) and testing it (them) in the new LM
procedure. However, we have not been able to find any proper order parameters, based on the
structural features of water molecules surrounding the GlcB molecule and correlated with the
progress of the ‘C; — 'C, transition. Note also that the LM procedure approves only the
conclusion that the water dynamics has a little (GlcA) or significant (GlcB) effect on the
conformational rearrangements for the system being in the vicinity of the transition state; the
reason for that is the TS configurations have the largest weight in the LM procedure

(according to eq. 3).

25



662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694

RSC Advances

The calculated transition states corresponding to GlcA exhibit relatively similar structures, in
spite of the fact that they do not correspond to any single canonical conformation. The ring
conformations of the TS structures cover a relatively large area of the Cremer-Pople (¢,0)
representation, centered around (¢ =300 deg, 6 =105deg) which corresponds to an
intermediate between the E, and B,s conformers and spreading up to the 'E and °E
conformers. Marking several TS on the Cremer-Pople puckering free energy landscape (Fig.
2(A)) clearly shows that such set of coordinates is insufficient to predict the TS structures;
TS-related points are rather scattered and do not indicate the existence of some specific
'bottleneck’' controlling the flow of the system into the 'Cy-related basin of attraction.
Furthermore, the lack of the appropriate parameters associated with the free energy landscape
is the cause why some of the TS structures are closer to the local minima of the free energy
than to the free energy barriers. The orientation of the exocyclic groups varies from one TS
structure to another, remaining in agreement with the results described in the previous section.
The four exemplary TS structures (those depicted in Fig. 2(A)) are deposited in Supporting
Information (PDB format). As we found that water environment and its dynamics are
essential for determining if the given structure of GlcB is a transition state, the related

analysis based solely on the GlcB structure (being a potential TS) seems to be pointless.

Conclusions

The transition path sampling study described in this paper concerned the conformational
rearrangements occurring in the ring of hexapyranose (a-D- (GlcA) and B-D-glucose (GlcB))
molecules. The equilibrium set of unbiased molecular dynamics trajectories reflecting the
chair-to-inverted chair transition (*C; — 'C,) has been collected by applying the transition
path sampling method and subjected to further analysis. Based on the data we found that the
transition paths, after crossing the free energy barrier separating the *C, conformer from the
non-chair conformers, lead to the two local minima corresponding to the non-chair (boat and
skew-boat) conformers. The next step is the escape of the system from this basin of
attraction by crossing another (larger) free energy barrier separating the system from the 'cy
conformation. The time spent by the system in the intermediate, non-chair region of the
phase space comprises for most of the time of the 4C1 — lC4 transition (which takes, on
average, 277 and 65 ps for GlcA and GlIcB, respectively). Crossing of the two largest free

energy barriers is a very rapid process, lasting on average less than 1 ps. The inspection into

26

Page 26 of 32



Page 27 of 32

695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727

RSC Advances

the ring puckering-associated free energy profiles reveals that the local minima of the free
energy do not match particular canonical conformers, which remains in agreement with the
results reported previously by other authors. We have found only two distinct minima of the
free energy, corresponding to the non-chair conformations when using both the Cremer-
Pople coordinates and other order parameters, used in the subsequent reaction coordinate
analysis. Furthermore, the orientation of the exocyclic groups (of both the GlcA and GlcB
molecules) is nearly independent of the progress of the *C; — 'Cy transition. In spite of
failing to develop the reaction coordinate (RC) describing the conformational transitions in
the GlcB ring, we were able to find an analogous RC for GlcA. The GlcA-related coordinate
works fairly well, providing the GIcA molecule (undergoing the conformational
rearrangement from 4C1 to 1C4) has not reached the transition state yet. In practice, this
corresponds to the majority of the phase space expressed by the Cremer-Pople 0 coordinate,
i.e. B < 130 deg. For larger values of 6, when the ring conformation becomes close to the
final 1C4 state, the inaccuracies inherent in the calculated RC increase dramatically. The
calculated RC has the form of simple linear combination of parameters based solely on the
ring conformation; no parameters involving the orientation of the exocyclic functional
groups or the water environment are included. The explicitly calculated transition states (TS)
of GIcA and GIcB molecules (exhibiting equal probability of evolution either to the *Ci to
'Cy states) were subjected to the analysis, revealing that the water dynamics is significant for
the ‘C; — 'Cy transition only in the case of GIcB, contrary to GIcA. This may be an
explanation for the inapplicability of the RC adjustment procedure (as we were not able to
propose any water-related coordinate correlated with the progress of the ring puckering) and
is an evidence for different mechanisms of ring puckering in the molecules of GlcA and

GlcB.
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The transition paths corresponding to the conformational rearrangements in the ring of
hexapyranose (o-D- and B-D-glucose) molecules were described by applying the transition
path sampling method.
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