
Abstract. We applied the free-energy perturbation
method together with the averaged solvent electrostatic
potential from molecular dynamics (ASEP/MD) method
to study the anomeric equilibrium ofD-xylose in aqueous
solution. The level of calculation, 6-311G++(2d,2p)
basis set and density functional theory, permits one to
explain the main characteristics of the anomeric equi-
librium of D-xylopyranose: in vacuo, the anomeric effect
predominates and the a form is the stabler. In water,
solvation leads to the b form being the stabler. A com-
parison between the performances of the ASEP/MD and
polarizable continuum models is also presented.

Keywords: Solvent effects – QM/MM methods –
ASEP/MD – Xylopyranose – Anomeric effect

Introduction

Effective Hamiltonian methods are now widely used in
the study of molecules and processes in the liquid phase
[1]. This kind of method focuses on a part of the system,
the solute, which is described quantum mechanically,
while the rest of the system, the solvent, is described in a
simplified way. In this way, it is possible to get practi-
cally the same level of calculation and accuracy for
molecules in solution as has already been achieved for
molecules in vacuo. The effect of the solvent enters as an
effective perturbation in the solute molecular Hamilto-
nian—hence its name. The different versions of the
theory come from the different levels of description of
the solvent. In the simplest models the solvent is
described as a dielectric continuum [1, 2, 3, 4]. Pioneer

works in this field were due to the groups of Tapia [4],
Rivail [3], and Tomasi [1]. In general, continuum models
take the solute to be inside a spherical or an ellipsoidal
cavity, and a multipole expansion truncated at a certain
order is employed in the description of the solute–sol-
vent interaction. In the continuum version developed by
the Tomasi group [1], known as the polarizable contin-
uum model (PCM), the cavity is adapted to the molec-
ular shape of the solute and the solvent perturbation is
represented through a set of apparent charges placed on
the cavity surface. In this way, it is not necessary to
truncate the interaction potential. Continuum models
have been successfully applied to the description of
solvent effects on spectra [5], reactions [6], or molecular
properties [7]. Their main limitation is that they neglect
the microscopic structure of the solvent around the
solute molecule. Because of this, many semicontinuum
versions [1] have been developed where a small number
of solvent molecules are explicitly included in the
quantum region.

A major step forward in solvent-effect theories was
represented by the use of quantum mechanics (QM)/
molecular mechanics (MM) methods [8]. Here, the sol-
vent is described by MM. When combined with simu-
lation techniques [9] these methods permit one to obtain
an adequate description of both the solute charge dis-
tribution and the solvent structure around it.

Most QM/MM methods combine a molecular
dynamics (MD) simulation step with a quantum
calculation, and hence it is necessary to perform as many
quantum calculations as time steps in the MD simula-
tion. An alternative strategy is to introduce the mean
field (MF) approximation [10]. In this case, one alter-
nates complete MD simulations and quantum calcula-
tions for the solute molecule in the presence of the
average perturbation generated by the solvent. This
approximation neglects the correlation between the sol-
ute polarization and the solvent structure around it, i.e.,
the solute charge distribution responds to the average
perturbation, not to the instantaneous solvent configu-
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ration. Previous studies [10] have shown that this corre-
lation energy, known as the Stark component, represents
less than 2% of the solute–solvent interaction energy and
that its effect on the dipole moment is less than 1%. The
main advantage associated with the use of the MF
approximation is that it permits one to drastically reduce
the number of quantum calculations to be performed,
and hence it becomes possible to describe the quantum
subsystem with computationally intensive ab initio
wavefunctions. A MF theory where the solvent structure
is obtained from integral theories has also been proposed
[11].

In many chemical processes, a high-level description
of the quantum subsystem is compulsory. Previous
studies [12] of glucopyranose, for instance, have shown
the importance of including diffuse functions and
correlation energy to obtain a proper description
of the conformational equilibrium in monosaccharides.
In vacuo, the conformational energy surfaces of
aldohexoses and aldopentoses are determined by the
anomeric effect and the formation of intramolecular
hydrogen bonds. In aqueous solution, the conforma-
tional analysis is complicated by the competition
between intermolecular and intramolecular hydrogen
bonds. In this kind of problem, where a high-level
description of the solute must be combined with a
detailed description of the solvent structure around it,
it is especially well suited to the combined use of QM/
MM theories and the MF approximation. As an
example application, we here investigate structural
aspects of the anomeric equilibrium of D-xylopyranose
in water.

The outline of the paper is as follows. The details of
the MF theory used are described in Sect. 2, with special
attention being paid to the description of the optimiza-
tion geometry algorithm based on the free-energy gra-
dient method. The influence of the solvent on the solute
geometry and charge distribution and on the solvent
structure are analysed in Sect. 3. Lastly, some conclu-
sions are drawn in Sect. 4.

Details of the computational scheme

We used a nontraditional QM/MM method that alternates MD
and QM calculations in an iterative procedure (Fig. 1). The details
of the method have been described in a number of publications [13,
14]. During the MD simulation, the geometry and charge distri-
bution of the solute and solvent molecules are considered as fixed.
From the MD data one obtains the averaged solvent electrostatic
potential (ASEP), which is then introduced as a perturbation into
the solute molecular Hamiltonian. In order to facilitate its use with
standard quantum programs, the ASEP is represented by a set of
charges obtained in the following way:

1. All the charges belonging to solvent molecules that, in any of the
MD configurations, lie within a sphere of radius R are included.
R is chosen in such a way that it includes the first solvation shell.
The value of any charge is divided by the number of solvent
configurations included in the calculation of the ASEP.

2. Next, a second set of charges is obtained by a least-squares fit to
the values of the electrostatic potential originating from the
solvent molecules lying beyond the first solvation shell.

By introducing the ASEP into the solute Schrödinger equation
we get a new solute charge distribution and geometry that serve as
inputs for a new MD calculation. At each step the new geometry is
obtained from the old one using the rational function optimization
method [15]:

qkþ1 ¼ qk þ Dqk ; ð1Þ

where Dqk gives the correction to the molecular geometry and is
calculated by diagonalizing the augmented Hessian matrix. The
force, which is the spatial derivative of the free-energy surface [16],
G, is approximated as [14]

F rð Þ ¼ � @G rð Þ
@r

¼ � @V
@r

� �
� � @ Vh i

@r
; ð2Þ

where V is the potential energy which is the sum of intramolecular
and intermolecular contributions and the brackets denote a sta-
tistical average. As one can see, following the spirit of the MF
approximation, we replace the average value of the gradient by the
gradient of the average configuration. Using the same approxi-
mation, the Hessian is

H ¼ @
2 Vh i
@r@r

; ð3Þ

where we have furthermore neglected the terms associated with the
thermal fluctuations of the gradient.

The ASEP/MD process terminates when convergence in the
solute charges and in the solute energy is reached. The charges that
represent the D-xylopyranose molecule during the MD were
obtained from the wavefunction of the solute molecule in solution
by using the CHELPG method [17].

All quantum calculations were performed with the program
Gaussian 98 [18]. The 6-311G++G(2d,2p) basis set [19] was used.
The use of an extended basis set is necessary to adequately describe
the intramolecular hydrogen bonds. The energy and wavefunctions
were calculated using density functional theory with the Becke
three-parameter Lee–Yang–Parr functional [20].

The MD calculations were performed using the program
MOLDY [21]. One xylose molecule in its pyranose conformation
surrounded by 214 TIP3P [22] water molecules was simulated at a

Fig. 1. Flow chart of the coupled averaged solvent electrostatic
potential from molecular dynamics model
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fixed intramolecular geometry by combining Lennard-Jones
interatomic interactions with electrostatic interactions in a cubic
simulation box of side 18.8 Å. The pyranose–water Lennard-Jones
potential parameters were taken from Ref. [23]. Periodic boundary
conditions were applied, and spherical cutoffs were used to truncate
the molecular interactions at 9.0 Å. A time step of 0.5 fs was
used. The electrostatic interaction was calculated with the Ewald
method. The temperature was fixed at 298 K by using a Nosé–
Hoover [24] thermostat. Each MD calculation simulation was run
for 250 000 time steps (50 000 equilibration, 200 000 production).

Having obtained the final charges for the two anomers with the
ASEP/MD method, we performed free-energy simulations in a
canonical ensemble (N,V,T) to transform one of the two anomers
into the other. To the free energy thus obtained, which is com-
pletely classical, one adds the difference in the internal energies of
the two solutes calculated with ab initio methods:

DEinternal ¼\Wb
�H
0

��� ���Wb > �\Wa
�H
0

��� ���Wa > ; ð4Þ

where Yb and Ya are the wavefunctions in solution of the two
anomers considered, and H

0 is the gas-phase solute molecular
Hamiltonian. The solution free-energy simulations were obtained
using the free-energy perturbation method [25] with both single and
dual topology. The coupling parameter, k, was divided into 20
equally distributed intervals of 0.05 units.

Results and discussion

In solution, xylose cyclizes to produce five-membered
(furanose form) or six-membered (pyranose form) rings,
the pyranose form being the preferred form in solution.
On cyclization, the achiral C1 carbon atom of an aldo-
pentose becomes chiral. Depending on the position, axial
or equatorial, of the OH group generated by cyclization,

there are two sterochemical species, anomers a or b, for
xylopyranose. Furthermore, for the isolated monomer,
the hydroxyl groups prefer to orient in such a way as to
yield a cooperative hydrogen bonding that is as efficient
as possible. Two of these arrangements of the intramo-
lecular hydrogen bonds are preferred: clockwise or
counterclockwise. The four structures are displayed in
Fig. 2. In the gas phase, Table 1, the counterclockwise
orientation is preferred by 2.20 kcal/mol in the a anomer
and by 3.59 kcal/mol in the b anomer. In vacuo, the
a anomer is only slightly stabler than the b anomer (by
less than 1 kcal/mol). In solution, the intramolecular
hydrogen bonds can be broken and substituted by in-
termolecular hydrogen bonds with the water molecules,
and the relative stability of the two anomers can be re-
versed.

We begin by analysing the changes introduced by the
solvent in the geometry of the two anomers, both in their
counterclockwise conformation. The root-mean-square
change of the gradient on the free-energy surface during
the optimization of the b anomer in aqueous solution
obtained with 125 (25+100)-ps simulations is shown in
Fig. 3. Convergence is reached in 5–6 cycles. From this
point, the gradient begins to fluctuate around a root-
mean-square gradient value of about 0.0005 hartree/
bohr. This value is similar to that obtained in other
compounds using the same technique, and is somewhat
lower than the values obtained by other authors [16]
who combined QM/MM and free-energy gradient
methods but did not introduce the MF approximation.

Fig. 2. Four conformers of
D-xylopyranose: a clockwise
a-xylopyranose, b counterclockwise
a-xylopyranose, c clockwise
b-xylopyranose, d counterclockwise
b-xylopyranose

Table 1. Relative stability of
the different conformations of
xylopyranose

a-Xylopyranose b-Xylopyranose

Counterclockwise Clockwise Counterclockwise Clockwise

Energy (au) –572.854188 –572.850679 –572.852800 –572.847073
DE (kcal/mol) 0.0 2.20 0.87 4.46
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The evolution of the polarization free energy during
the optimization procedure, i.e., the change in the sol-
ute–solvent interaction free energy when the solute
charge distribution passes from its in vacuo values to the
final charge distribution in solution, is shown in Fig. 4.
As before, convergence is reached in 5–6 cycles, then DG
begins to fluctuate. The free energies were calculated by
the free-energy perturbation method [25]. The final val-
ues of the energy (and of the rest of the properties) were
obtained by averaging the results of the last five cycles.
The behaviour of the gradient and free energy for the
a anomer is completely similar and is not displayed here.

In general, the variations in the geometry induced by
the solvent, Table 2, are small. The C–C and C–H dis-
tances decrease by about 0.005 and 0.008 Å, respec-

tively. In contrast, the C–O hydroxyl distances increase
probably owing to the participation of the oxygen atom
in intermolecular hydrogen bonds. The largest difference
between the two anomers appears in the C1–O anomeric
distance: in the b anomers it does not vary with respect
to the in vacuo value, but in the a anomer it decreases by
almost 0.01 Å. In angles, the largest variation appears in
the COH angles, which increase by about 2.5�.

A summary of the thermodynamic results is given in
Table 3. For comparison, we also give the results ob-
tained with the PCM as implemented in Gaussian [18]
and with a scale factor for the radius of each atomic
sphere of 1.2. This model erroneously predicts that
solution favours the a anomers. In fact, the solvation
free energy is 1.1 kcal/mol larger in the a anomers than

Fig. 3. Gradient root-mean-square (rms)
change in free-energy surface
of counterclockwise b-xylopyranose
in aqueous solution

Fig. 4. Polarization free-energy change of
counterclockwise b-xylopyranose
in aqueous solution during the optimization
procedure
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in the b ones. In contrast, the ASEP/MD predicts the
correct trend: in solution the stabler form is the b ano-
mer. Given that in vacuo the anomeric effect favours the
a anomer, the greater stability in solution of the
b anomer must be due to a more favourable solvent
interaction term. In the calculation of the free energy,
excellent agreement between the two simulations, direct
and reverse, is found. This fact shows the good precision
of the simulations. The two free-energy methods used,
single and dual topology, yield very similar results.
Taking as a final value the average value of the direct
and reverse calculations (0.5 and 0.7 kcal/mol for the
dual and single topology methods, respectively) one
obtains a relative stability that agrees very well with the
experimental value [26], 0.4 kcal/mol.

That the solvation term favours the b anomer is
confirmed by the results obtained from the separate
ASEP/MD simulations of the two anomers, Table 4. In
the two cases considered, the electrostatic component
makes the largest contribution to the interaction energy,
being more favourable to the b anomer by almost

3 kcal/mol. The interaction energies do not correlate with
the dipole moment. In fact, the largest interaction energy
corresponds to the b anomer, which has the lower dipole
moment of the two anomers both in vacuo and in
solution. The solvation of monosaccharides is clearly
dominated by intermolecular hydrogen bonds, and
continuum models cannot take this effect into account.
Because of this, the PCM predicts greater solvation in the
a anomer. The rest of the components favour the a form,
and as a consequence the differences in the final solute–
solvent interaction energy favour the b anomer by
1.8 kcal/mol. The b anomer is the stabler even if one uses
the in vacuo charge distribution, i.e., if one does not
permit the molecules to polarize as a consequence of the
potential reaction generated by the solvent. In fact, if
the in vacuo charges are used in the MD calculation then
the difference of energy between the two anomers is
2.36 kcal/mol favourable to the b anomer.

During solution, the two anomers undergo strong
polarization, which is greater in the a anomer: the in-
duced dipole moments represent 22% of the in vacuo
values for the b anomer and almost 37% in the a ano-
mer. The CHELPG charges in vacuo and in solution are
given in Table 5. In general, the two anomers have a
similar charge distribution except on the C1 atom,
where, in vacuo, the charge in the b anomer is almost
twice that in the a anomer. This difference is somewhat
reduced in solution. There also exist appreciable differ-
ences in the charges in solution on the anomeric oxygen
and on the hydroxyl oxygen bonded to C2.

The oxygen (anomeric)–oxygen (water) radial distri-
bution functions (RDFs) for the two anomers are shown
in Fig. 5. The first peak is higher in the b anomer than in
the a anomer, indicating a preferential solvation of the
b anomer. This contrasts with what was recently found
with an ab initio MD calculation of glucose [27], where
the RDF of the b anomer was broader and lower than
the RDF of the a anomer. The study of the coordination
numbers of the anomeric oxygen also confirms the
preferential solvation of the b anomer—4.43 for the

Table 2. Optimized geometry for the two anomers in vacuo and
insolution. Distances in angstroms, angles in degrees

a-D-Xylopyranose b-D-Xylopyranose

In vacuo In solution In vacuo In solution

C1–C2 1.536 1.529 1.530 1.526
C2–C3 1.531 1.527 1.523 1.521
C3–C4 1.524 1.519 1.527 1.522
C4–C5 1.528 1.523 1.532 1.525
C5–O10 1.436 1.433 1.427 1.428
C1–O10 1.407 1.415 1.419 1.421
C1–O6 1.419 1.408 1.395 1.394
C2–O7 1.421 1.422 1.420 1.423
C3–O8 1.421 1.425 1.420 1.423
C4–O9 1.417 1.425 1.416 1.421
C1–H12 1.097 1.088 1.107 1.095
C2–H13 1.095 1.089 1.100 1.093
C3–H14 1.102 1.093 1.103 1.095
C4–H15 1.103 1.093 1.102 1.093
C5–H11 1.092 1.085 1.092 1.085
C5–H16 1.097 1.091 1.102 1.094
O6–H17 0.966 0.964 0.967 0.965
O7–H18 0.970 0.966 0.967 0.964
O8–H19 0.968 0.965 0.968 0.964
O9–H20 0.968 0.965 0.968 0.965
C1–O6–H17 108.2 109.5 108.2 109.7
C2–O7–H18 105.6 108.1 106.9 109.0
C3–O8–H19 106.3 108.7 106.7 109.3
C4–O9–H20 106.1 108.9 106.1 109.1

Table 3. Calculated anomeric free energy differences for D-xylo-
pyranose

Transformation
direction

Polarizable
continuum
model

Free-energy
perturbation

Experimental

Single
topology

Dual
topology

a fi b )0.9 )0.5
b fi a )0.7 )0.7
Mean 2.0 )0.8 )0.6 )0.4

Table 4. Solute–solvent interaction energy and its components
(kcal/mol)

a-Xylopyranose b-Xylopyranose

First cyclea Final averageb First cyclea Final averageb

l (D) 2.15 3.0 1.94 2.37
Eelect )23.9 –34.1 –26.3 –37.1
Edist 1.3 2.5 1.46 2.7
ELJ –11.1 –8.8 –10.8 –7.8
Eint

c –33.7 –40.4 –35.26 –42.2

aThe dipole moment in the first cycle is the in vacuo value
bThe average values are calculated with the last five cycles of the
averaged solvent electrostatic potential frommolecular dynamics
procedure
cThe solute–solvent and inter action energy is calculated as the sum
of the three previous contributions, where Eelect is the electrostatic
component that includes the solute polarization, ELJ is the Len-
nard-Jones component, and Edist is the distortion energy or energy
spent in polarizing the solute
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a anomer and 5.43 for the b anomer. The O–O RDF for
the hydroxyl group of C3 is shown in Fig. 6. The dif-
ferences between the two anomeric forms are minimal,
with the first peak being slightly higher in the a anomer.
The rest of the hydroxyl groups in xylopyranose have
similar RDFs. The coordination numbers in this case are
now 3.46 for the two anomers. For all these reasons, it
seems clear that the relative stabilization of the b ano-
mers in solution is related to a better solvation of the
anomeric hydroxyl group, the influence of the rest of the
molecule being minimal.

We finish by noting that there are remarkable differ-
ences between the RDF shown in Fig. 6 and those
reported inRef. [28]. OurO–O8RDFpeaks are far lower.

Our results in this case agree better with those obtained by
Molteni and Parrinello [27] using ab initio MD.

Conclusions

We have demonstrated how, when combined with ex-
tended basis sets and correlated ab initio methods, the
ASEP/MD method permits one to explain the main
characteristics of the anomeric equilibrium of D-xylo-
pyranose. In vacuo, the anomeric effect predominates
and the a form is the stabler. In water, solvation favours
the b form, which becomes the stabler form. From the
analysis of the O–O RDF functions and of the estimated
coordination numbers it seems clear that there is a dif-
ference in the water structure around the anomeric hy-
droxyl group which increases hydrogen bonding in the
b anomer. Our study predicts O–O RDFs that differ
from those obtained by other authors. They also differ
from a recent ab initio MD study [27] of glucose in that
first peak of the oxygen (anomeric)–oxygen (water) is
higher in the b anomer than in the a anomer, indicating
a preferential solvation of the b anomer. However, we
do not find such high peaks for the O–O8 RDF as do
Liu and Brady [28], and in this respect our result
resembles more closely the findings of Molteni and
Parrinello.

Unlike previous studies, the present ASEP/MD sim-
ulations assign different charges to the two anomers and
permit the solutes to polarize in response to the reaction
field generated by the solvent. While the two anomeric
forms undergo strong polarization in aqueous solution,
this is not the factor that explains the greater stability of
the b form. Indeed, the a form is more polarized in
solution. The main factor that determines the stability of
the b form is the difference in the in vacuo charge dis-
tribution of the two anomers, more specifically, the
charges on the carbon and anomeric hydroxyls.

Table 5. CHELPG charge distribution of the two anomers

a-D-Xylopyranose b-D-Xylopyranose

In vacuo In solution In vacuo In solution

C1 0.233 0.343 0.464 0.474
C2 0.262 0.200 0.188 0.189
C3 0.132 0.293 0.199 0.298
C4 0.348 0.293 0.324 0.321
C5 0.169 0.237 0.176 0.176
O6 )0.641 )0.687 )0.659 )0.742
O7 )0.627 )0.711 )0.679 )0.803
O8 )0.670 )0.783 )0.704 )0.805
O9 )0.709 )0.836 )0.714 )0.833
O10 )0.480 v0.573 )0.517 )0.572
H11 0.069 0.066 0.076 0.093
H12 0.080 0.078 –0.016 0.029
H13 0.057 0.073 0.059 0.081
H14 0.051 0.049 0.029 0.030
H15 )0.007 0.029 0.004 0.028
H16 0.042 0.039 0.015 0.035
H17 0.442 0.480 0.429 0.489
H18 0.385 0.429 0.425 0.496
H19 0.422 0.476 0.454 0.504
H20 0.440 0.503 0.446 0.510

Fig. 5. Oxygen (water)–oxygen (anomeric)
radial distribution function (RDF) for
anomers a (full line) and b (dashed line)

201



Acknowledgements. This research was sponsored by the Dirección
General de Investigación Cientı́fica y Técnica (project no.
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26. Höög C, Widmalm G (2001) J Phys Chem B 105:6375
27. Molteni C, Parrinello M (1998) J Am Chem Soc 120:2168
28. (a) Schmidt RK, Karplus M, Brady JW (1996) J Am Chem

Soc 118:541; (b) Liu Q, Brady JW (1996) J Am Chem
Soc 118:12276; (c) Liu Q, Brady JW (1997) J Phys Chem B
101:1317

203


