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A molecular-level understanding of the structure, dynamics, and reactivity of carbohydrates is fun-
damental to the understanding of a range of key biological processes. The six-membered pyranose
ring, a central component of biological monosaccharides and carbohydrates, has many different puck-
ering conformations, and the conformational free energy landscape of these biologically important
monosaccharides remains elusive. The puckering conformations of monosaccharides are separated
by high energy barriers, which pose a great challenge for the complete sampling of these important
conformations and accurate modeling of these systems. While metadynamics or umbrella sampling
methods have been used to study the conformational space of monosaccharides, these methods might
be difficult to generalize to other complex ring systems with more degrees of freedom. In this paper,
we introduce a new enhanced sampling method for the rapid sampling over high energy barriers that
combines our previously developed enhanced sampling method REST (replica exchange with solute
tempering) with a bond softening (BOS) scheme that makes a chemical bond in the ring weaker as
one ascends the replica ladder. We call this new method replica exchange with solute tempering and
bond softening (REST/BOS). We demonstrate the superior sampling efficiency of REST/BOS over
other commonly used enhanced sampling methods, including temperature replica exchange method
and REST. The conformational free energy landscape of four biologically important monosaccha-
rides, namely, ↵-glucose, �-glucose, �-mannose, and �-xylose, is studied using REST/BOS, and
results are compared with previous experimental and theoretical studies. Published by AIP Publishing.

https://doi.org/10.1063/1.5024389

INTRODUCTION

The six-membered pyranose ring is a central compo-
nent of the chemical structure of biological monosaccharides,
including ↵-glucose, �-glucose, �-mannose, and �-xylose.
These monosaccharides are the essential building blocks of
oligosaccharides and polysaccharides, as well as the carbo-
hydrate moieties of glycoconjugates including glycoproteins
and glycolipids. The carbohydrates, which constitute the most
abundant and diverse set of biological molecules on Earth,
have specific roles for a vast array of biological functions
including cell adhesion and recognition, modulation of growth
factor receptors, immune defense, inflammation, and viral and
parasitic infections.1

The pyranose ring of these monosaccharides has 38
canonical puckering conformations classified according to
the nomenclature described by Schwarz2 and adopted by
the International Union of Pure and Applied Chemistry
(IUPAC).3 These different puckering conformations have
been suggested to play an essential role in the hydrolysis
of glycosidic bonds in carbohydrates by the enzyme gly-
coside hydrolases (or glycosidases),4 but the free energy
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landscape of these puckering conformations has remained elu-
sive. The different puckering conformations of these biological
monosaccharides are separated by high energy barriers mak-
ing the complete sampling of their conformational space and
quantitative characterization of the free energy profile very
challenging.5–7

Previous computational studies of monosaccharides have
been focused on the mechanism of the transition between
different anomers, the equilibrium populations of different
anomers, and the potential energies of various conformations
mainly in the gas phase.5,8,9 Metadynamics and umbrella sam-
pling methods, using the two spherical pseudorotation coor-
dinates introduced by Cremer and Pople10 as the collective
variables, have also been used to study the conformational
free energy landscape of a pyranose ring.6,9,11 However, these
methods rely on the prior knowledge of the slow degrees of
freedom of the systems and might be difficult to generalize for
other complex ring systems with many more degrees of free-
dom. In this article, we introduce a new enhanced sampling
method that can efficiently sample the different puckering
conformations of any complex ring systems including the bio-
logical monosaccharides. This method combines the previous
developed enhanced sampling method replica exchange with
solute tempering (REST)12,13 with a bond softening (BOS)
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scheme14,15 that makes a chemical bond in the ring weaker
as one ascends the replica ladder, the combination of which
effectively removes the energy barrier separating the differ-
ent puckering conformations, leading to efficient sampling
of these puckering conformations. We call this new method
replica exchange with solute tempering and bond softening
(REST/BOS).

We have applied REST/BOS to four biologically most
important monosaccharides in water solution, namely, ↵-
glucose, �-glucose, �-mannose, and �-xylose, and compared
the results with other commonly employed enhanced sampling
methods, including TREM (temperature replica exchange
method) and REST. While these sugars are trapped in their
initial puckering conformations using these currently avail-
able sampling methods, REST/BOS can efficiently sample the
thermally accessible puckering conformations of these sugars.
We also quantify the relative populations of the low energy
puckering conformations of these four monosaccharides and
discuss their implication to the mechanism of glycosidic bond
hydrolysis.4 While the current study focuses on the sampling
of biologically important monosaccharides, the method intro-
duced here can be generally applied to the sampling of any
complex ring structures.

METHODS
REST/BOS sampling method

The free energy landscape of biophysical systems is very
complex with many local minima separated by energy bar-
riers much higher than kBT, leading to kinetic trapping for
long periods of time and thus to quasi-ergodicity problems in
the simulations. The complete sampling of the conformational
space of these biophysical systems remains a grand chal-
lenge in computational biophysics. The temperature replica
exchange method (TREM) is one of the most commonly used
enhanced sampling methods designed to overcome the prob-
lem of quasi-ergodicity.16 TREM works by performing mul-
tiple replicas of the same system each at a slightly different
physical temperature, and configurations are swapped between
different replicas satisfying the detailed balance condition.
Atoms move and cross energy barriers faster at higher temper-
atures, and the different configurations sampled at higher-level
replicas can propagate into the lowest level replica corre-
sponding to the physical temperature of interest, leading to
improved sampling efficiency as compared to brute force
molecular dynamics simulations. However, the number of
replicas required for efficient sampling in TREM scales as the
square root of the number of degrees of freedom of the whole
system, and the poor scaling over system size often limits the
applicability of TREM for large systems, particularly for sys-
tems in aqueous solution containing a large number of water
molecules.13

To overcome this problem, we devised the method
“Replica Exchange with Solute Tempering” (REST)12 and a
recently improved version REST2,13 both Hamiltonian replica
exchange methods, in which only a local region of the system
is effectively heated more and more as the replicas climb the
replica ladder, while the rest of the system remains cold in

higher replicas. In this way, the number of the replicas required
in REST is greatly reduced as compared to what is needed in
TREM. In REST2, the total potential energy of the system
is decomposed into three components, the potential energy
from a localized “hot” region EH, the potential energy from
the “cold” region EC, and the interaction energy between the
two regions EHC. All of the replicas are run at the same phys-
ical temperature T0, and the potential energy for replica m is
scaled as follows:

Em(X) =
�m

�0
EH (X) +

s
�m

�0
EHC(X) + EC(X).

Here, X represents the configuration of the whole system,
�m = 1/kBTm, �0 = 1/kBT0, and their ratios are the scaling
parameters in Hamiltonian replica exchange; T0 is the tem-
perature of interest and Tm > T0. In this way, the acceptance
ratio for the attempted configuration exchange between differ-
ent replicas only depends on the potential energy from the
“hot” region and the interaction energy between the “hot”
region and “cold” region, but does not depend on the poten-
tial energy from the “cold” region, significantly reducing
the number of replicas from what is required in TREM. In
the applications of REST2 to study the puckering confor-
mations of monosaccharides in aqueous solution, the “hot”
region includes the whole monosaccharide, and all the water
molecules are in the “cold” region. Other divisions might prove
advantageous.

REST2 has been used extensively in many biomolecular
simulations,17–19 particularly for protein-ligand binding sim-
ulations,20–30 where it was shown to yield a superior sampling
efficiency over other sampling methods.23 However, the dif-
ferent puckering conformations of monosaccharide rings are
separated by energy barriers as high as ⇠20 kcal/mol, and the
brute force application of REST2 on these systems gives poor
sampling of the puckering conformations.

The high energy barriers separating the different puck-
ering conformations of monosaccharides are mainly due to
the restrictions imposed by cyclization. The free energy land-
scapes of corresponding linear molecules without the ring
closure restrictions are much smoother. Therefore, we have
designed a method that combines REST2 with a bond softening
scheme14,15,29 that efficiently samples the different puckering
conformations of complex ring structures. We call this new
method replica exchange with solute tempering and bond soft-
ening (REST/BOS). In REST/BOS, in addition to the higher
effective temperature of the solute in the “hot” region in REST,
one bonded stretch interaction in the ring of interest is also soft-
ened (interactions involving this bond are scaled by a factor
smaller than unity), significantly reducing the potential energy
barriers separating the different puckering conformations. The
different puckering conformations sampled in the higher-level
replicas propagate into the lowest level replica through replica
exchange consistent with detailed balance. Thus the lowest
replica with no scaling represents the thermodynamics for the
system of interest.

To be specific, in REST/BOS, all of the replicas are run
at the same real temperature T0, and the potential energy for
replica m is scaled as
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FIG. 1. The 38 canonical puckering
conformations of the pyranose ring and
the mapping of the puckering confor-
mations to the 2-dimensional spherical
pseudorotation coordinates.
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Here, the potential energy of the solute in the “hot” region is
further decomposed into two components, the potential energy
involving a pre-selected bond in the ring of interest (which
includes the bond stretch Ebs, bond angle Eba, and bond dihe-
dral angle Ebd interactions) and the other potential energy
terms from the hot region of the solute E

0
H

. The potential energy
terms involving the pre-selected bond in the ring of interest
are scaled, respectively, by factors (�sbs, �ba, �bd) smaller than
unity in the higher-level replicas, and these scaling factors are
unity for the first replica corresponding to the physical state
of interest just the same as REST2. The bond stretch inter-
action is scaled following the soft bond potential introduced
in previous publications, which has been shown to be critical
for overcoming singularity and numerical instability problems
if the direct scaling of the harmonic bond stretch potential is
used.14,15,31 To be specific, the soft bond stretch potential at
coupling parameter �sbs is

Esbs(�sbs, r) =
�sbsk(r � r0)2

1 + ↵(1 � �sbs)(r � r0)2
,

where k is the force constant and ↵ is a positive constant called
the “soft bond parameter.” When the coupling parameter is 1
(corresponding to the physical replica), the above soft bond
potential recovers the regular harmonic bond stretch poten-
tial commonly used in molecular mechanics force fields. In
the applications of REST/BOS to the pyranose ring in this
study, the bond between C5 and O is softened which allows
the bond to fluctuate between the broken and open configu-
rations thereby allowing the ring to pucker much more fre-
quently in the higher replicas. The soft bond parameter ↵
controls the effective range of distances of the soft bond sam-
pled in higher-level replicas; the larger the alpha, the shorter
the range of sampled distances, and the smaller the alpha,

the longer the range of sampled distances. A detailed discus-
sion about the soft bond parameter is presented in a previous
publication.29 In this study, the soft bond parameter is set
to 2, the same as what is used in core-hopping free energy
perturbation (FEP),14 which works well for all the systems
tested in this study. Other values of the soft bond parameter
might prove more advantageous and can be tuned for different
systems.

Puckering conformations of pyranose ring

The generalized pseudorotation coordinates as introduced
by Cremer and Pople10 are used to identify puckering con-
formations of these four monosaccharides. In the case of the
pyranose ring shared by these four monosaccharides, the three
pseudorotation coordinates can be converted to a set of three
spherical coordinates (Q, ✓, '), and the set of spherical coor-
dinates uniquely defines the puckering conformation for each
ring configuration. The coordinate Q, the so-called puckering
amplitude, does not fluctuate too much for all the accessi-
ble conformations, and thus only the two angular coordinates
(✓, ') are needed to define the puckering conformations.6,9,10

The conversion from the (✓, ') coordinates to the IUPAC

FIG. 2. The structures of the four most important monosaccharides studied
in the paper.
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TABLE I. The parameters of the potential energies for the 4 replicas used in
REST/BOS simulations. The soft bond parameter is set to 2.

Replica Effective
number temperature (K) �bs �ba �bd

1 300 1 1 1
2 420 0.4 0.4 0.4
3 588 0.15 0.15 0.15
4 823 0.03 0.01 0.01

defined canonical puckering states is shown in Fig. 1. The (✓,
') plane has been partitioned into 38 regions each correspond-
ing to a IUPAC defined canonical puckering conformation:

✓ < 26� is associated with 4C1; ✓ > 154� is associated with
1C4; 26�< ✓ < 71� and 109� < ✓ < 154� regions are fur-
ther divided into 24 sub-regions each with a 30� span in '
corresponding to either a half boat (H) or an envelope (E) con-
formation; the 71� < ✓< 109� region is also further divided into
12 sub-regions each corresponding to a boat (B) or skewed (S)
conformation.

Detailed description of the simulations

All the simulations are run with DESMOND.32 The
four monosaccharides, ↵-glucose, �-glucose, �-mannose, and
�-xylose (shown in Fig. 2), in their 4C1 conformations are built
in Maestro and solvated in a water box with a 10 Å buffer width,

FIG. 3. The time series of puckering conformations of ↵-glucose sampled using TREM, REST, and REST/BOS. Upper plots (a) and (b): The ✓ pseudorotation
coordinate as a function of time for the trajectories sampled using TREM. Plot (a) corresponds to the lowest level replica at room temperate (T = 300 K), and plot
(b) corresponds to the highest level replica at T = 372 K. Starting from the 4C1 puckering conformation, ↵-glucose was trapped in the same starting puckering
conformation during the entire 20 ns simulations, even for the highest level replica. Middle plots (c) and (d): The ✓ pseudorotation coordinate as a function of
time for the trajectories sampled using REST. Plot (c) corresponds to the lowest level replica at room temperate (T = 300 K), and plot (d) corresponds to the
highest level replica with the effective temperature of the solute at T = 602 K. Starting from the 4C1 puckering conformation, the highest level replica only visited
the B/S conformation for one time during the entire 20 ns simulations, and only the same 4C1 puckering conformation was sampled at the lowest level replica
corresponding to the physical state. Lower plots (e) and (f): The ✓ pseudorotation coordinate as a function of time for the trajectories sampled using REST/BOS.
Plot (e) corresponds to the lowest level replica in the physical state, and plot (f) corresponds to the highest level replica with the effective temperature of the solute
increased to T = 823 K and one bond in the pyranose ring partially broken. Starting from the 4C1 puckering conformation, the highest level replica samples many
different puckering conformations during the 20 ns simulations, and the lowest level replica corresponding to the physical state also samples the 1C4 puckering
conformation in addition to the 4C1 conformation many times.
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which constitute the systems for the following simulations.
The Optimized Potential for Liquid Simulations 3 (OPLS3)33

force field is used for the sugars, and the SPC34 model is used
for water. For ↵-glucose, we ran three sets of simulations,
using TREM, REST, and REST/BOS, to compare their sam-
pling efficiency. The TREM simulation included 12 replicas
with temperatures spanning between 300 K and 372 K fol-
lowing the exponential distribution, and each replica was run
for 20 ns. The REST simulation included 4 replicas with the
effective temperature of the solute ranging between 300 K and
602 K, and the temperature profile is determined by setting the
expectation value of the acceptance ratio between neighboring
replicas to be 0.3 following previous publications.27,35 Each
replica in the REST simulation also lasted 20 ns, and thus the
entire REST simulation only took one third of the computa-
tional time in TREM. The REST/BOS simulation also included
4 replicas with the parameters of the potential energy for each
replica listed in Table I.

In REST/BOS, the additional modification of the Hamil-
tonian for bond softening leads to a slightly lower average

acceptance ratio (⇠0.2) than that in REST (⇠0.3). The param-
eters for REST/BOS simulations as listed in Table I might be
further optimized to give better sampling efficiency. The soft
bond parameter is set to be 2 as discussed in the section titled
Methods. Same as the REST simulation, the REST/BOS sim-
ulation only took one third of computational time in TREM.
After confirming the dramatically improved sampling effi-
ciency of REST/BOS as compared to TREM and REST, a
production REST/BOS simulation for each of the four sys-
tems was performed with each replica lasting 100 ns. The
trajectories were saved every 20 ps, and the last 95 ns of the
long REST/BOS simulations from the first replica (physical
state) were used to collect the statistics of the equilibration
populations of the thermally accessible puckering conforma-
tions. The free energies of the other puckering conformations
as compared to the 4C1 conformation are calculated from
the observed relative populations, and errors are calculated
from block average (5 blocks each with 19 ns data, and stan-
dard deviation among the 5 estimates are reported as the
errors).

FIG. 4. The conformations of the
↵-glucose sampled in the production
REST/BOS simulations as projected
to the 2D spherical coordinates.
Top panel is from the lowest replica
corresponding to the physical state, and
bottom panel is from the highest replica
with a higher effective temperature
on the solute and one bond softened.
The highest replica explores all the
puckering conformations, while only a
few thermally accessible conformations
are sampled in the physical state. In
addition to the two chair conformations,
the 2SO conformation is calculated
to be the next lowest free energy
conformation.
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RESULTS
Comparison of the sampling e�ciency among TREM,
REST, and REST/BOS

Previous studies indicated that the two chair conforma-
tions are the dominant conformations of a pyranose ring. As
an initial step, we first compared whether these three meth-
ods can efficiently sample the two chair conformations. The
two chair conformations are located in different regions along
the ' coordinate (✓ < 26� for 4C1 and ✓ > 154� for 1C4).
For ↵-glucose, the ' coordinate as a function of simulation
time for the lowest (corresponding to the physical state) and
highest replicas from TREM, REST, and REST/BOS simula-
tions is shown in Fig. 3. Using TREM, the ↵-glucose stayed in
the 4C1 conformation during the entire 20 ns simulation, even
for the highest replica at the highest temperature of 372 K.
Similarly, using REST, the ↵-glucose stayed in the 4C1 con-
formation during the entire 20 ns simulation in the physical
replica. The highest replica only visited the 2SO conformation
(the spike with the ✓ value of about 90� at ⇠3 ns) for one time
for a very short period of time, and that conformation did not

propagate into the lowest replica. By comparison, using
REST/BOS, starting from the 4C1 conformation, the low-
est replica visited the 1C4 conformation many times during
the 20 ns simulation, and the highest replica very efficiently
explored many different conformations covering the whole
conformational space, including the two chair conformations,
many different boat and skewed conformations, and some
half boat and envelope conformations. These results clearly
demonstrate the superior sampling efficiency of REST/BOS
as compared to TREM and REST.

Conformational free energy landscape
of the four monosaccharides

Next, we performed a long REST/BOS simulation with
100 ns for each replica and collected the statistics of the
equilibration populations of the thermally accessible pucker-
ing conformations for each of the four monosaccharides. The
conformations of the pyranose ring sampled in the produc-
tion REST/BOS simulations as projected to the 2D spherical
coordinates are shown in Figs. 4–7 for ↵-glucose, �-mannose,

FIG. 5. The conformations of the
�-mannose sampled in the production
REST/BOS simulations as projected
to the 2D spherical coordinates.
Top panel is from the lowest replica
corresponding to the physical state, and
bottom panel is from the highest replica
with a higher effective temperature
on the solute and one bond softened.
The highest replica explores all the
puckering conformations, while only
the two thermally accessible chair
conformations are sampled in the
physical state.



072306-7 L. Wang and B. J. Berne J. Chem. Phys. 149, 072306 (2018)

FIG. 6. The conformations of the
�-xylose sampled in the production
REST/BOS simulations as projected
to the 2D spherical coordinates.
Top panel is from the lowest replica
corresponding to the physical state, and
bottom panel is from the highest replica
with a higher effective temperature
on the solute and one bond softened.
The highest replica explores all the
puckering conformations, while only a
few thermally accessible conformations
are sampled in the physical state. In
addition to the two chair conformations,
the 2SO and BO,3/1S3 conformations
are calculated to be the next lowest free
energy conformations.

�-xylose, and �-glucose, respectively. The top panels are from
the lowest replicas (physical states), and the bottom panels
are from the highest replicas. The highest replicas visited
all conformations many times for all systems, but the low-
est replicas only visited a few conformations (mainly the two
chair conformations). The diffusion rates in the replica space
are fast in these REST/BOS simulations, and there are many
round trips for each replica. Therefore, the lowest replica
has many opportunities to sample the other conformations.
These other conformations sampled in higher replicas but did
not successfully propagate into the lowest replica because
they are located on very high energy regions for the physical
states.

For all four monosaccharides, the two chair conforma-
tions, 4C1 and 1C4, dominated more than 99% of the sam-
pled frames, in agreement with previous experimental and
computational studies of these systems.6,7 The relative pop-
ulations of 4C1 and 1C4, however, differ significantly among
these four monosaccharides. In particular, from ↵-glucose, to
�-mannose, to �-xylose, and to �-glucose, the populations
of 4C1 conformation increase from 27%, to 41%, to 82%,

and to 91%, respectively. This trend is in agreement with
experimental data suggesting a higher population of the 4C1
conformation in �-glucose than that in ↵-glucose.6 The cal-
culated relative free energies of the 1C4 conformation as
compared to the 4C1 conformation for these four systems are
summarized in Table II. The 1C4 conformation is calculated
to have slightly favorable free energy than the 4C1 confor-
mation for ↵-glucose and �-mannose. However, the magni-
tude of the free energy difference is very small, and it does
not significantly deviate from 0. The 4C1 conformations for
�-xylose and �-glucose are calculated to have much lower
free energy than the 1C4 conformation in agreement with
experimental data.6,7 The free energy levels for different con-
formations for these four monosaccharides are summarized in
Table II.

In addition to the two chair conformations, a few other
conformations are also sampled for ↵-glucose, �-xylose, and
�-glucose. For �-xylose, 2SO and BO,3/1S3 are the next two
lowest free energy conformations following the two chair con-
formations, each sampled with⇠0.2% population, correspond-
ing to an estimated free energy of 3.5 kcal/mol as compared to
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FIG. 7. The conformations of the
�-glucose sampled in the production
REST/BOS simulations as projected
to the 2D spherical coordinates.
Top panel is from the lowest replica
corresponding to the physical state, and
bottom panel is from the highest replica
with a higher effective temperature
on the solute and one bond softened.
The highest replica explores all the
puckering conformations, while only a
few thermally accessible conformations
are sampled in the physical state. In
addition to the two chair conformations,
the 2SO conformation is calculated
to be the next lowest free energy
conformations.

the lowest free energy 4C1 conformation. In addition, the 2H1
and 5S1 are also sampled in one frame, corresponding to an
estimated free energy greater than 3.5 kcal/mol for these con-
formations. The other conformations are not sampled, indicat-
ing that their free energies are much higher than 3.5 kcal/mol.
For ↵-glucose, in addition to the two chair conformations, the
2SO conformation is also sampled in one frame, indicating that
the 2SO conformation might be the next lowest free energy
state. The estimated free energy of the 2SO conformation as

compared to the 4C1 conformation is higher than 3.5 kcal/mol.
For �-glucose, the 2SO conformation is also sampled in two
frames, indicating that the 2SO conformation is the next low-
est free energy conformation with an estimated free energy
greater than 3.5 kcal/mol. This is in agreement with previous
gas phase metadynamics studies and the experimental data
that the majority of crystal structures of �-glycoside hydrolase
with the �-glucose derivative bound have the pyranose ring
in the 2SO conformation.9 For �-mannose, only the two chair

TABLE II. The populations of the 4C1 conformations and the relative free energies (in kcal/mol) of the 1C4
conformations (compared to the 4C1 conformation) for the four monosaccharides as determined by the REST/BOS
simulations. The next lowest free energy conformation(s) is also shown for each monosaccharide.

Next lowest free
1C4 free energy

Monosaccharides 4C1 population 1C4 population energy conformation(s)

↵-glucose 0.27 0.73 0.64 ± 0.38 2SO

�-mannose 0.41 0.58 0.23 ± 0.50 NA
�-xylose 0.82 0.18 0.96 ± 0.35 2SO, BO,3/1S3

�-glucose 0.91 0.09 1.55 ± 0.71 2SO
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conformations are observed in the physical state, indicating
that the other conformations have much higher free energies
than these two chair conformations.

DISCUSSIONS AND CONCLUSIONS

The main result of this paper is the superior sampling effi-
ciency of the REST/BOS method as compared to currently
available enhanced sampling methods, including the most
commonly employed TREM and REST methods. While the
pyranose ring stays trapped in the initial puckering conforma-
tion using TREM and REST methods, very rapid exploration of
the whole puckering conformational space is obtained using
REST/BOS. Previously, others have used metadynamics or
umbrella sampling methods with two spherical pseudorotation
coordinates as the collective variables to study the conforma-
tional free energy landscape of pyranose, but these methods
might be difficult to generalize to other more complex ring
systems where more pseudorotation coordinates are needed
to describe the whole conformational space. The REST/BOS
method introduced here does not require prior knowledge of
the slow degrees of freedom of the systems and can be eas-
ily applied to any complex ring systems. Softening any bond
in the ring of interest would probably be sufficient to achieve
efficient sampling.

Applications of the REST/BOS method to the four bio-
logically most important monosaccharides indicated that the
two chair conformations are the most dominant conformations
for these systems, in agreement with previous experimental
and theoretical studies. In addition, we found that the relative
populations of the two chair conformations are highly depen-
dent on the exocyclic groups on the pyranose ring, also in
agreement with previous studies. In addition to the two stable
chair conformations, we also observed a few other conforma-
tions that are thermally relevant, namely, the 2SO conformation
for ↵-glucose and �-glucose and the 2SO, BO,3/1S3, 2H1, and
5S1 conformations for �-xylose. The 2SO conformation for
�-glucose was also calculated to be a low energy metastable
state in a previous gas phase Car-Parrinello molecular dynam-
ics (CPMD) study,9 in agreement with experimental crystal
structures of �-glycoside hydrolase and �-glucose derivative
complexes.

We anticipate that the efficient enhanced sampling method
REST/BOS presented in this paper will have potential applica-
tions in many different areas. For example, accurate character-
ization of the conformational free energies of carbohydrates
and other complex ring systems has proven to be very dif-
ficult, and it is impossible to assess the accuracy of a given
set of force field parameters without a thorough sampling of
the complete conformational space. The REST/BOS method
introduced here thus can be used for the parameterization of
accurate force fields for complex rings. In addition, macrocy-
cles have been emerging as a very important drug class in the
past few decades due to their expanded chemical diversity ben-
efiting from advances in synthetic methods and their unique
ability to balance various drug properties, including potency,
selectivity, metabolic stability, and bioavailability. However,
the complex conformational space of macrocycles poses a
great challenge in the computational modeling of macrocycles.

The REST/BOS method can be used for efficient macrocycle
conformational sampling. Furthermore, drug-like molecules in
general contain rings with complex puckering conformations,
and the REST/BOS method can be combined with existing
tools for accurate modeling of drug-like compounds. It should
be noted that we only have tested one particular bond-softening
potential introduced in previous publications with the soft bond
parameter set to 2 and expect that other values of the soft bond
parameter or other forms of the bond-softening potentials may
prove useful.
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