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Abstract: Molecular dynamics simulation studies of solvation structure, conformational behavior, and dynamics
of a-D-Manp-(1 — 3)-5-D-Glcp-OMe in water and in the binary 1:3 molar mixture of dimethylsulfoxide and
water are reported. Several combinations of different force fields are evaluated for both the disaccharide and
the solvent components. The disaccharide molecule is found to be fairly rigid, showing no high-amplitude
rotation around the glycosidic linkage, which is consistent with previous experimental findings. Also, the
preferred conformation of the disaccharide in the water simulation is in agreement with experiment. The
predominant conformation @f-p-Manp-(1 — 3)-5-p-Glcp-OMe in the waterdimethylsulfoxide solution was

found to be dependent on the potential models for the solvent components, thus stressing the importance to
carefully evaluate the potentials used against available experimental data. In general, the different hydroxyl
groups of the disaccharide prefer different solvent components as hydrogen bond acceptors.

I. Introduction motional parameters obtained from the carbon-13 NMR data.
Furthermoretrans-glycosidic proton cross-relaxation displayed
the same field dependence as intra-residue cross-relaxation.
NMR data were also used to calculate distances between protons
in the molecule, without using a molecular model and a

Carbohydrates are found on cell surfaces as glycolipids or
glycoproteinst They are involved in celtcell recognition,
usually via carbohydrateprotein interactions. During the last
decade, carbohydratearbohydrate interactions have also been . SR .
shown to be of importanceFor a detailed description of the rgference dlstance_, which is t_he “S“"?" way to dea_l with
full three-dimensional structure of a carbohydrate molecule, a Piomolecules of this type. An intra-residue distance in the
number of aspects should be addressed, namely, its conformaMannosyl group was found to be in good agreement with that
tion, flexibility, dynamics, hydrophilic vs hydrophobic proper- obtalned from an energy-m|n|m|zed molecular mechanlc_s model.
ties, as well as its electrostatics. A powerful approach to studiesAS0 In accordance with the result of molecular modeling, the
of these molecules is to combine information from computer ransglycosidic distance from the anomeric proton on the
simulations with experimental data. This is particularly important Mannosyl group to the proton at the linkage position was found
in order to validate the use of simulations when addressing to be shorter than the intra-residue distance. However, the

problems for which only limited experimental data are avail- Molecular modeling in the previous studyas restricted to
able3 potential energy minimization. Additional molecular dynamics

NMR spectroscopy is a very important technique for examin- S?mulation on this system W_ould be of interest, in particular
ing carbohydrates and their propertfdsprovides various types ~ Since a comparison to experimental data can be made.
of data which can be used for examination of the structure and Molecular dynamics (MD) simulations of carbohydrates in
dynamics of biomolecules. These include homo- and hetero- aqueous solutions started about a decade ago. One of the early
nuclear Overhauser effects (NOEs), homo- and heteronuclearsimulations was that of glucose in wafeAn omnipresent
long-range spirspin coupling constants, and spilattice and question for carbohydrates is the influence of solvent, usually
spin—spin relaxation rates. Some of these were recently applied water! on the population distributions of different conforma-
for description of the dynamical behavior of the disaccharide tional states and dynamics of conformational transitions of the
o-b-Manp-(1 — 3)-3-p-Glcp-OMe? It was found that intra- solute. Another important problem concerning the carbohydrates
ring proton cross-relaxation could be explained using the is the solvent structure around a solute. This is usually described

T Department of Chemistry, St Petersburg State University. in terms of radial pair_ distribution functions between diﬁgrent
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University. ‘ _ . carbohydrates, these are primarily oxygens and hydroxyl protons
U ?D'V'ff'on of Physical Chemistry, Arrhenius Laboratory, Stockholm ot saccharide and water. More recently, the analysis of hydration
niversity. . . .
) Dwyek’ R. A.Chem. Re. 1996 96, 683-720. has focused on the anisotropic solvent structufirfgeveral
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HO was used in order to increase the global correlation time of the
solute. For relatively small oligosaccharides, this puts the
HOH,C CH,OH molecular motion outside the extreme narrowing region, i.e.,
HO- HO 0 whenwrt. < 1, thus making magnetic field dependent studies
o 0 OMe possible. In general, no large changes in conformation upon
HO alteration of the solvent, i.e., between water and the mixture,
Man Gle have been found using experimental NMR data, €id,'H
Figure 1. Schematic drawing ofi-o-Manp-(1 — 3)-3-b-Glcp-OMe. NOEs, andrans-glycosidic3](C,H) values (see refs 12 and 14).

Several different force fields have been developed specifically Il. Models and Simulation Details
for molecular simulations of carbohydrates. None of them,
however, has yet gained a widespread acceptance in theG
scientific community as the force field of choice. Although the
available force fields usually give similar preferences for
carbohydrate conformations, and even for hydration structure,
several details can be quite different, and the agreement with
experiment is not always convincing. The most obvious
explanation for discrepancies between simulated and experi-
mental results is insufficient parametrization of the force field,
in particular, the glycosidic regions. Of course, when different
force fields give a similar picture of the molecule but the
agreement with the experiment is poor, the discrepancy can be
sought in the way in which the comparison to experimental data
is performed. To illustrate this, we can choose thens
glycosidic heteronuclea)(C,H) coupling constant as an
example. This is a typical experimentally accessible parameter.
In recent studies, using force fields such as HSEA, CHEAT95,
or PARM22, agreemeht as well as disagreeméftwith
experiments were observed, when th¥C,H) values were
calculated over the trajectories based on one Karplus type of
relationship. However, it was evident from the latter study that
since the atoms substituting the coupling pathway are different,
carbon/oxygen vs. carbon/carbon, for theand vy torsional
angles, respectively, a more specific Karplus relationship for
each of them should be appropriate.

In the present work we have extended the previous experi-
mental studies on the disaccharde-Manp-(1 — 3)-3-Glcp-

OMe by carrying out molecular dynamics simulations in
solution, using both water and a mixture of water and dimeth-
ylsulfoxide (DMSO) as solvents. Analyses of the conformational
structure and dynamics have been performed together with an
investigation of the solvent structuring. The latter is done based
on both radial distribution functions (RDF) and spatial distribu-
tion functions (SDF) in three dimensiotsin addition, analysis
of the hydrogen bonds and their lifetimes is carried out.
Comparison with high quality data from NMR experiments is
given and some aspects of the dynamical behaviorofManp- (14) Widmalm, G.; Byrd, R. A.; Egan WCarbohydr. Res1992 229,
(31— 3)-3-p-Glcp-OMe are included. Regular hexopyranoses, 195-211. )
i.e., sugars like glucose and mannose in the ring-form shown Chfalr?lvgvé’é)%sé Egéggévfé" R. A Edge, C. J.; Fraser-Reid) &hys.
in Figure 1, aren- or 3-linked via O1 and can be substituted at (16) Damm, W.; Frontera, A.: Tirado-Rives, J.; Jorgensen, WJ.L.
02, 03, 04, and 0O6. The disaccharide subject to the presentComput. Chem1997, 18, 1955-1970.
study serves as a model substance and resembles two disac- (17) Jorgensen, W. L.; Maxwell, D. S.; Tirado-RivesJJAm. Chem.

. : ) : Soc.1996 118 11225-11236.
charide elements found in nature in polysaccharides and™"(igy jorgensen, W. L.; Damm, W.; Frontera, A.; Lamb, M. NATO
glycoproteins, viz.p-p-Glep-(1 — 3)-0-D-Glep anda-p-Manp- ASI Ser, Ser. C1996 485, 115.
(2 — 3)-a-p-Manp, respectively. (19) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Jonson,

It should be mentioned that the mixed solvent, viz., water to Eééﬁ‘]‘;\gé’ﬁgi‘ “&_;AKI_EQS:;?TA""_”A?'Zﬁi(;rzﬁ\'fshk'ir\'/;_ PGe_fegrstg," J_G'\/f";
DMSO in a molar ratio of 7 to Bfacilitates low-temperature  Foresman, J. B.. Cioslovski, J.; Stefanov, B. B.; Nanayakkara, A.:

studies. In the experimental work, this more viscous cryosolvent Challakombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.;
Anders, J. L.; Replodge, E. S.; Gomperts, R.; Martin, R. L.; Fox, D. J.;

Two force fields have been used for the disaccharide: the
LYCAM_93 parameter séb based on the AMBER force field,
and the OPLS potential function for carbohydrates, recently
proposed by Damm et &f.Both force fields introduce a new
atomic type for the anomeric carbon. In addition, unique values
of force constants for covalent bonds and angles are specified
for o andp anomers in the GLYCAM force field, as well as a
new atom type for the glycosidic oxygen. Torsional parameters
were optimized, based on ab initio calculations carried out on
substituted tetrahydropyrans. For the OPLS set, DammZt al.
derived torsional parameters by fitting them to results form
restricted HartreeFock (RHF) calculations of hexoses.

Following the usual approach in the OPLS force field, the
nonbonded parameters were assigned by dividing the structure
of a-p-Manp-(1 — 3)-3-b-Glcp-OMe into several smaller
alcohol- or ether-like fragments, each of which was made
electro-neutral. Partial charges and Lennard-Jones parameters,
optimized for liquid ethers and alcohdis® were assigned to
each atom.

Partial charges for the use with the GLYCAM parameter set
were calculated at the RHF/6-31G* level with the Gaussian 94
packagée? Table 1 gives the partial charges for oxygens and
hydroxyl protons. The values of the two sets of charges in Table
1 agree well with each other as well as with those for CHARMM
but have substantially higher absolute values than the corre-
sponding CNINDO/2RF and AM1 charges, used in other
work 2021

Because of the noticeable model dependence in the water
structuring around carbohydrates in previous simulatféme
have evaluated two different water models as a solvent: the
rigid TIP3P2 and the flexible SP& models. The choice of
DMSO models is more limiteé® The available models give
good results for both the structure and diffusion in liquid DMSO.
How the existing DMSO models behave in a watBMSO
mixture has not been investigated thoroughly yet. For the present

(9) Brady, J. W.; Schmidt, R. KJ. Phys. Chem1993 97, 958-966. Binkley, J. S.; Defrees D. J.; Baker, J.; Stewart, J. P.; Heal-Gordon, C.;
(10) Liu, Q.; Schmidt, R. K.; Teo, B.; Karplus, P. A.; Brady, J. W. Gonzales, C.; Pople, J. A. Gaussian 94, Revision B. 2, Gaussian Inc.,
Am. Chem. Sod 997, 119, 7857-7862. Pittsburg, PA, 1995.
(11) Hodg, C.; Widmalm, G Glycoconjugate J1998 15, 183-186. (20) Edge, C.; Singh, U.; Bazzo, R.; Taylor, G. L.; Dwek, R. A;
(12) Rundld, T.; Kjellberg, A.; Nishida, T.; Damberg, C; Widmalm, G. Rademacher, T. WBiochemistryl994 90, 2731-2735.
Magn. Reson. Chenl998 36, 839-847. (21) Donnamaria, M. C.; Howard, E. I.; Grigera, J. R.Chem. Sog.
(13) Svishchev, I. M.; Kusalik, P. Gl. Chem. Phys1993 99, 3049~ Faraday Trans1994 90, 2731-2735.

3058. (22) Liu, Q.; Brady, J. WJ. Phys. Chem. B997, 101, 1317-1321.
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Table 1. Atomic Partial Chargés Table 2. Specification of the Simulations

atom RHF/6-31G* OPLS atom RHF/6-31G* OPLS models used o

Cr 0.572 0.300 C1 0.299 0.300 run sugar water DMSO g/érrﬁ

H1' 0.048 0.100 H1 0.097 0.100 vacuum

c2 —0.037 0.205 C2 0.0904 0.205 V1 GLYCAM

H2' 0.155 0.060 H2 0.138 0.060 V2 OPLS

C3 0.434 0.205 C3 0.047 0.170 aqueous solution

H3' 0.074 0.060 H3 0.119 0.030 W1 GLYCAM SPC 1.026

c4 —0.079 0.205 C4 0.061 0.205 W2 GLYCAM TIP3P 1.022

H4' 0.084 0.060 H4 0.127 0.060 W3 OPLS TIP3P 1.022

TOSm MM im ey mme

Co o1 oms G Ois ol M S S, B

HBA' —0.008 0.060 H6A —0.005 0.060

H6B' 0.068 0.060 H6B 0.068 0.060

ng _8_225 _%_74%% %12 :8_22; :8_‘7188 maintained by the Nee—Hoover thermosta®3° In addition,

03 —0.769 —0.700 HO2 0.450 0.435 two 1.0 ns vacuum simulations, with the GLYCAM and OPLS

HO3 0.475 0.435 03 —0.416 —0.400 potential functions, were recorded for comparison, with the

o4 —0.721 —0.700 04 —0.691 —0.700 temperature kept fixed using velocity scaling. The multiple time

HO4 0.489 0.435 HO4 0.454 0.435  step method by Tuckerman et3las used in the simulations.

82 :8:?23 :8:ggg 82 :8:3% :gzg’gg Fast fluctuating forces from stretching of covalent bonds and

HO6 0.444 0418 HO6 0.459 0418 angles were calculated at 0.2 fs, while a time step of 1.0 fs was
CMe 0.164 0.110 used for other interactions. All of the simulations were carried
HiMe  —0.004 0.030 out on a dual 300 MHz Pentium II, running Linux and being
H2Me 0.062 0.030 part of a MPI PC cluster. The software used WaBynaMix32
H3Me 0.024 0.030

Additionally, a CHARMM simulation was performed in vacuo
a Obtained using RHF/6-31G* ab initio calculations and the OPLS at 300 K for 1 ns with the PARM22 force fiefd.

strategy, used in the present simulation with GLYCAM 93 and OPLS  The atoms of the mannosyl group are designated with a prime.

parameter sets, respectively. The torsional angles across the glycosidic linkage are defined
as HI-C1'—03-C3 () and H3-C3—-03—C1 (y). For the

study we have chosen the P2 and OP42Smodels for DMSO,  jqyesigation of the three-dimensional solvent structure around

to be used with the SPC and TIP3P water models, respectlvely.a_D_Manp_(l — 3)-$-0-Glcp-OMe, the molecular reference

The heat of evaporation and the diffusion coefficient for liquid 5 rginate system was fixed by the vectors-@32 and O3

DMSO, obtained with these two models, are in good agreement ey kor the calculation of the generalized order parameRr (

with the experimental daf&. The P2-SPC model for the  fom the MD simulations the G2C5 and C2-C3 vectors were

water-DMSO binary system also reproduces the experimental ohosen for the reference system and the valueS?ofvere
radial distribution functions in the mixtutewith reasonable  gpioinad from the long time decay of the dipetipole

accuracy. autocorrelation function by extrapolating it to the ordinate (
In the initial part of the simulation, the disaccharide molecule gxis).
was placed in a cavity, surrounded by 256 solvent molecules,
arranged as a face-centered cubic lattice and a density of 0.6|||. Results and Discussion
g/c?. During the first 5 ps of trajectories the volume of the
cubic simulation box was gradually compressed to a density of
1.020 g/crd. This was followed by a 40 ps NVT simulation ; ) ) 4
keeping the solute molecule rigid, while a preliminary equilib- €&n be conveniently described in terms of the two torsional
rium in the solvent was established. Thereafter the simulation @N9I€s across the glycosidic linkage, namgndy. Vacuum
was carried out in the NPT ensembleRat 1.0 atm. The MD simulations for both the GLYCAM and the OPLS models
simulations were carried out 4t = 288 K, both in aqueous exhibit two main minima (potential wells) on the adiabatic
solution and in waterDMSO (3:1) solutions. energy surface close g (-60°, well A) andg” (+60°, well
We recorded three 1.0 ns trajectories for the-Manp-(1 B) conformations with respect to tmeto_rs_|onal a_lngle (Figure
— 3).8-D-Glcp-OMe—water system using different models, 2a). Although the val_ue.s of the glycosidic torsional angle; for
referred to as GLYCAM-SPC (W1), GLYCAM-TIP3P (W2), both wells are very similar for GLYCAM and OPLS potential

and OPLS-TIP3P (W3), and two 1.0 ns trajectories faro- fields, their relative energies differ. The OPLS force field gives
Manp-(1 — 3)-3-D-Glcp:OMe in thé mixed solvent. GLY- & Preference for well A, which is about 5.0 kJ/mol more stable,

CAM—SPG-P2 (M1), and GLYCAM-TIP3P-OPLS (M2) (a compared to well B. The relative energies for the two wells,
summary of the simulations is given in Table 2). Statistics for estimated using the GLYCAM parameter set, are very close to

the systems behavior were collected over the last 800 ps of eacheaCh other. Nevertheless, the A well is energetlca_lly (entropi-
trajectory. DMSO and TIP3P water were kept rigid using the cally) somewhat more favorable because of its wider confor-
SHAKE? algorithm. The temperature and pressure were  (28)van Gunsteren, W. F.; Berendsen, H. JMRI. Phys.1977, 34,

A. Water Solution. Conformations of a disaccharide mol-
ecule, such asi-p-Manp-(1 — 3)-5-D-Glcp-OMe (Figure 1),

1311-1327.
(23) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.;  (29) Nose, N.Mol. Phys.1984 52, 255-268.
Klein, M. L. J. Chem. Phys1983 79, 926-935. (30) Hoover, W. GPhys. Re. 1985 A31, 1695-1697.

(24) Berendsen, H. C. J.; Postma, J. P. M.; van Gunsteren, W. F.;  (31) Tuckerman, M.; Berne, B.J.; Martyna, G.JJ.Chem. Phys1992
Hermans, J. Inntermolecular forcesPulman, B., Ed.; Reidel Publishing 97, 1990-2001.

Co.: Dordrecht, The Netherlands, 1981; pp 3332. (32) Lyubartsev, A.; Laaksonen, A.scalable parallel general-purpose
(25) Skaff, M.J. Chem. Phys1997, 107, 7996-8002. simulation software for arbitrary mixtures of moleculeStockholm
(26) Luzar, A.; Chandler, DJ. Chem. Phys1993 98, 8160-8173. University, 1998.

(27) Jorgensen, W. L., unpublished, see ref 25. (33) Hodg, C.; Widmalm, G., unpublished results.
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Figure 2. Distribution of the transglycosidic torsional angles'HC1 —03—C3 ($) and H3-C3—03—C1' (y) over trajectories. (a, b) Vacuum
simulations V1 (- - -) and V2-). (c, d) Aqueous solutions W1 (- - -) and W3-). (e, f) Water-DMSO solutions M1 (- - -) and M2-().

mational space. Interestingly, for both force fields, the flexibility changes. However, the angle= 38° (rmsd 18) over an 800

of the disaccharide is entirely connected to the behavior of the ps trajectory, showed significantly larger fluctuations tlan

¢ torsional angle. During the 1 ns simulations, theorsional Conformation A is stabilized by an intramolecular hydrogen

angle shows a very stabtg” conformation (Figure 2b). This,  pond between hydroxyl groups of Osnd O2 in the different

in fact, occurs for all of the simulations in this work. sugar residues. It is not expected that carbohydrates in aqueous
For a comparison, a 1.0 ns MD simulation was performed solutions are found in their vacuum energy-minimized confor-

using the CHARMM/PARM22 force field in vacuo. The results mations. This is because water molecules from the solvent

were similar to those obtained from the simulations in aqueous readily form hydrogen bonds between the hydroxyl groups,

solutions using the GLYCAM and OPLS force fields, giving which can serve both as hydrogen bond donors and acceptors.

the A well as the major state, with the angle= —37° (rmsd For example, a conformational transition @fo-Manp-(1 —

9°) over an 800 ps trajectory. One single transition of ¢he  3)-8-b-Glcp-OMe from well A to well B, while breaking the

torsional angle to the B well occurs after about 900 ps, where inter-residue hydrogen bond, is likely to be accompanied by

the molecule stays for about 40 ps before returning back to well formation of new hydrogen bonds to the solvent and new water

A. The y torsional angle shows no large conformational bridges between different sugar oxygens. Indeed, three main
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Table 3. Trajectory-Averaged Values of Torsional Angles across
the Glycosidic Linkage and Their Root Mean Square Deviations

trajectory ¢ (deg) A¢ (deg) v (deg) Ay (deg)
GLYCAM, vacuum, well A —56.5 22.2 58.6 16.4
GLYCAM, vacuum, well B 58.3 211 61.2 18.3
OPLS, vacuum, well A -56.3 20.0 58.5 16.4
OPLS, vacuum, well B 62.3 271 58.9 17.0
GLYCAM —-SPC -315 12.6 57.5 12.8
OPLS-TIP3P —-35.4 14.8 49.9 19.7
GLYCAM —SPC-P2 67.2 12.6 62.1 16.5
GLYCAM—-TIP3P-OPLS -31.6 12.7 58.1 19.2

contributions to the transition free energy can be identified: (i)
intramolecular terms, (ii) change in ethalpy of the solvent
solute interactions, and (iii) change in entropy of the solvent.
The entropy contribution is difficult to measure, both experi-
mentally and in computer simulations. In the latter case it
depends significantly on the choice of the force field for solute
and solvent molecules.

Experimental estimation of the H1H3 interatomic distance
for a-p-Manp-(1 — 3)-5-b-Glcp-OMe in water-DMSO solution
at 288 K gives a value of 2.45 AFrom the simulations we
obtain for the A well a distance of 2.35 A with GLYCAM and

J. Am. Chem. Soc., Vol. 121, No. 23, 13997

At least, no rapid rotation of the secondary hydroxyl groups
was observed. For the OPLS parameter set of Damm &t al.,
the conformational behavior of the secondary hydroxyl groups,
showed fast oscillations between distortggdandg~ conforma-
tions with respect to the HCOH angle. The rather different
conformational behavior of the hydroxyl groups using OPLS
caused a corresponding difference in the geometry of the-O6
02 intramolecular hydrogen bond. This was found to be fairly
stable in all the three simulations in agueous solution, persisting
78, 77, and 60% of the time in W1, W2, and W3 trajectories,
respectively.

In the simulations with the GLYCAM force field, the
hydroxyl group attached to the C2 atom of the glucosyl residue
serves as a donor of an intramolecular hydrogen bond, while it
was generally found to be an acceptor when the OPLS force
field was used. Moreover, in the W3 system both thé-QB2
and O2-0O5 hydrogen bonds were present, and the geometry
of both pairs satisfied our hydrogen bond criteria over 10% of
the trajectory time.

Differences in the molecular geometry can easily affect the
hydration around the disaccharide molecule. The number of
hydrogen bonds between the disaccharide molecule and the

2.34 A with the OPLS force field. These values can be compared solvent molecules could be used to establish a more complete

to the value of approximately 3.3 A for the B well, obtained
for both force fields. This strongly supports the fact that the A
conformer is preferred in water solution. Our MD simulations
of o-p-Manp-(1 — 3)-6-p-Glcp-OMe in water show a clear
preference for the A conformation, which is evident from the
distribution over the glycosidic torsional angles (see Figure

picture of hydration around-p-Manp-(1 — 3)-4-b-Glcp-OMe.

For the purpose of identifying the hydrogen bonds we have used
the following geometric criteria, considering a hydrogen bond
as an interaction having an oxygeoxygen distance less than
3.4 A and the donerproton—acceptor angle larger than 120

The averaged numbers of hydrogen bonds for each sugar oxygen

2c,d). Observe, however, that the maxima of the distributions from the three aqueous solutions are given in Table 4. Except
in aqueous solutions are considerably shifted, compared to thoséor the 08 and O2 groups, the total average number of hydrogen

obtained from the vacuum simulations.

It should be mentioned that we did try both of the wells A
and B as initial conformations in our MD simulations. The
simulations in water, started from the B well, underwent a rapid
transition to the A well. In all three disaccharideater
simulations, the A well was found to be the most stable
conformation with a shift of about 25or the ¢ torsional angle

bonds for the solute oxygens is of same order of magnitude in
all three simulations, but varies substantially from oxygen to
oxygen. This behavior is opposite to what was previously
observed for maltoSeand trehalosé? simulated using a
CHARMM force field. The intramolecular hydrogen bond
between the OGand O2 groups reduces their ability to bond to
the solvent and shields the C&tom, which on average forms

(Figure 2c,d) compared to the vacuum simulations. The averagefewer bonds with water, compared to the corresponding atoms

values of the main torsional angles together with their root-

of trehalosé® The other hydroxyl groups form on average

mean-square (rms) deviations are given in Table 3. Although a somewhat fewer hydrogen bonds than those observed in maltose
rapid rotation of the glucose methoxy group was observed in 4nq trehalose simulatiofi49 The only exception is the O6 atom

vacuum simulations around thg-glycosidic linkage, the
distribution of the H-CI—OIl—Cpemy torsional angles in water
solution showed a very strong preferencedgdiconformations.

During all of the simulations both the mannose and glucose

rings stayed in théC, conformation, correctly representing the
anticipated behavior. A detailed analysis of the molecular
geometry trajectories for the GLYCAM and OPLS force fields,

however, showed certain differences between the two models.

Simulations with the GLYCAM force field showed almost ideal
pyranoid rings with all endo-cyclic torsional angles, being close
to gaucheconformations. In the simulations using the OPLS
force field, the torsions for the endo-cyclic COCC turned out
to be considerably shifted (up to 95from ideal gauche
conformations. The hydroxymethyl group in the glucosyl residue

in the glucosyl residue, which is the most accessible hydroxyl
group of thea-b-Manp-(1 — 3)-3-b-Glcp-OMe molecule. It is
also capable of rotating fairly rapidly.

In agueous solution, the geometry @ib-Manp-(1 — 3)-6-
D-Glcp-OMe does not favor inter-residue hydrogen-bond bridg-
ing, except for the OBand O2 atoms. These two atoms share
the same water molecule through more than 50% of the 1.0 ns
simulation. In GLYCAM-SPC and GLYCAM-TIP3P simula-
tions, a noticeable bridging via a water molecule was observed
between O2and O3, O3 and 04, O1 and O5 as well as the
02 and O1 atoms, although in all cases it was less than 10% of
the duration of the whole simulations.

The large number of hydrophilic centers in carbohydrates

exhibited all three staggered conformations, giving a preferenceimposes a strong anisotropic structuring on the surrounding

for theg™ conformer for both force fields, with a rapidly rotating
hydroxyl group. Significant differences were found in the
conformational behavior of the secondary hydroxyl groups. In

solvent. This structuring can be demonstrated by a three-
dimensional local density profile, calculated from the surround-
ing solvent molecules, in a reference coordinate system attached

contrast to our vacuum simulations and the results of Brady to the disaccharide molecule. We have used the-OB and

and coworker¥ for trehalose with a CHARMM force field,
most hydroxyl groups ofr-p-Manp-(1 — 3)-3-p-Glcp-OMe
exhibited stable conformations using the GLYCAM force field.

03-C5 vectors to fix the reference coordinate frame. Figure
3 shows the time-averaged positions for each sugar atom in this
reference coordinate frame and contours of large positive
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a)

Figure 3. Spatial distribution functions of water oxygens around-Manp-(1 — 3)-3-b-Glcp-OMe. Contours show the regions of high positive
deviations of the local density (3 times higher than the average value). (a) System W1, (b) system W3.

Table 4. Trajectory-Averaged Number of Hydrogen Bonds clouds are formed by the water molecules serving as hydrogen
to Water Made by Each Oxygen Atom afp-Manp-(1 — bond donors around sugar oxygens. The water molecules, acting
3)--0-Glep-OMe as hydrogen bond acceptors, form more spherical clouds near
oxygen number of hydrogen bonds hydroxyl protons of the solute. The water structuring was found
atom trajectory donated accepted total to be similar in systems W1 and W2, where different models
o5 Wi 0.14 0.14 for water were used with the GLYCAM force field. Thus, no
W2 0.15 0.15 substantial model dependence was observed in the solvation
W3 0.14 0.14 structure for water. While three-dimensional density profiles for
oz Wi 0.53 113 1.66 the different force fields (GLYCAM and OPLS) also exhibit
wg 8:?2 122 %:8(2) similar main features, there are some marked differences in the
03 W1 0.41 1.18 1.59 anisotropic structuring. These differences are most likely due
W2 0.60 1.31 1.19 to different orientations of hydroxyl groups with respect to the
ox wg 8-23 1-23 ggg disaccharide per se. The variation in orientation is especially
W2 072 170 542 pron_ounced aroun.d the Oﬁnq 02 gtoms.
W3 0.58 1.24 1.82 It is worth mentioning that in spite of the lower number of
(0]} w1 0.12 1.60 1.72 hydrogen bonds formed ly-p-Manp-(1 — 3)-5-p-Glcp-OMe
w2 0.11 1.60 171 compared to the simulations of trehald8¢he water structuring
05 \\’,Vvi 0.60 é'gg é'gg around the disaccharide molecule is as strong as that observed
W2 0.84 0.84 by Brady and coworker¥. Internal motions tend to smear out
w3 0.61 0.61 the clouds of high solvent density, and the choice of the
02 W1 0.62 0.95 1.57 reference coordinate system may partly explain the observed
w2 0.68 0.87 1.55 differences. The rms fluctuations of the glycosidic torsional
03 Vv\ﬁ 0.21 é.'gf é.'gf angles in trehalose were approximately® I8r the structure
w2 0.02 0.02 suggested to be the global minimum free-energy conformation
W3 0.06 0.06 in solution. The flexibility ofa-b-Manp-(1 — 3)--b-Glcp-OMe
04 w1 0.80 1.46 2.26 in a conformational well is quite similar fap in solution, and
w2 0.86 1.53 2.39 -
W3 0.89 133 5 only shghtly larger fory (Table 2). _
06 W1 0.86 1.66 252 At this stage, we compare the conformationsxeb-Manp-
W2 0.86 1.68 2.54 (1 — 3)-4-p-Glcp-OMe to similar disaccharides previously
W3 0.88 1.57 2.45 studied, i.e.,a-p-Manp-(1 — 3)-o-p-Manp-OMe 3* and a.-p-
o1 Wi 0.82 0.82 Glep-(1 — 3)-d-Glep,2® where the configuration at C2 and ‘C2
wg g:ﬁ (l):ﬁ respectively, are changed compared to the disaccharide in the
in total W1 15.4 present simulation. Molecular modeling of carbohydrates in
W2 15.9 vacuo may lead to low-energy conformers stabilized by
w3 15.8 hydrogen bonding, which are not significantly populated when

o ] ] modeled in solution or as determined by experimental data, e.g.,
deviations of the local oxygen density from its average bulk \yr spectroscop§® However, results from simulation of
value in simulations W1 and W3, respectively. The isodensity

surfaces of the water oxygens in Figure 3 are chosen as 3 times (34 Imberty, A.; Tran, V.; Prez, S. Comput. Chen.989 11, 205—

the value of oxygen density in bulk water. Water molecules 216. ,

around the disaccharide molecule form at least two pronouncedRe(s35‘3)9'320"2"%1 ’\3-23'8252”9' J.. French, A. D.; Reilly, P. Garbohydr.
solvation shells. The largest intensities are observed near the (36) kroon-Batenburg, L. M. J.; Kroon, BiopolymersL99Q 29, 1243

hydroxyl groups of the disaccharide. Distinct band-shaped 1248.
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oligosaccharide conformation in vacuo and in solution may also
be quite simila’”

The present simulations of 1 ns in vacuo showed two
conformational states for thgetorsional angle, using either force
field. When the disaccharide was simulated in water, one
conformational state was observed. This conformation is
stabilized by the exo-anomeric effédt.In conformational

analysis of disaccharides, a Ramachandran map can reveal one

low-energy state at the global energy mininfdmr two states
of low-energy, bimodal for the torsional angle, one of which
is the global energy minimurtf. However, the barrier to

interconversion between these states may be low, on the order gy

of KT or less?®in which case the sampling of the conformational
region is rapid.

Conformational analysis oft-o-Manp-(1 — 3)-o-pD-Manp-
OMe** anda-p-Glep-(1 — 3)-b-Glcp®® based on Ramachandran
maps reveals a bimodal shape along gheorsional angle for
both disaccharides. la-b-Manp-(1 — 3)-a-b-Manp-OMe a
hydrogen bond HO&o O2 is identified, similar to that found
in the present simulation. A low-energy region corresponding
to well B in our simulation is readily identified fax-b-Manp-

(1 — 3)-0-b-Manp-OMe. Furthermore, when the hydroxymethyl
groups have thg™ conformation, the energy difference between
the conformational states corresponding to wells A and B is
only 5.4 kJ/mol for the energy-minimized molecules. Thus, the
B well for a-p-Manp-(1 — 3)-a-b-Manp-OMe is energetically
accessible, also when modeled using MM &or a-p-Glcp-(1

— 3)-D-Glcp a plateau region occurs where the B well exists.
In B-nigerose ¢-p-Glcp-(1 — 3)-4-p-Glcp) a local energy
minimum could be identified about 21 kJ/mol above the global
energy minimum (well A). Foo-nigerose ¢-p-Glcp-(1 — 3)-
o-D-Glcp) only a plateau region was observed. Thus, the region
corresponding to well B is not significantly populated in

J. Am. Chem. Soc., Vol. 121, No. 23, 13999

Table 5. Trajectory-Averaged Number of Hydrogen Bonds to
Water and Dimethylsulfoxide Made by Each Oxygen Atom of
a-D-Manp-(1 — 3)-3-p-Glcp-OMe

number of hydrogen bonds

oxygen modelof donated accepted donated
atom  the solvent water water DMSO in total
o5 M1 0.09 0.09
M2 0.19 0.19
(0)4 M1 0.49 0.37 0.13 0.99
M2 0.50 0.99 0.04 1.53
o3 M1 0.39 1.01 0.22 1.62
M2 0.60 1.05 0.09 1.74
M1 0.38 1.02 0.24 1.64
M2 0.42 1.46 0.19 2.07
o6 M1 0.13 1.13 0.65 191
M2 0.11 1.14 0.04 1.29
05 M1 0.63 0.63
M2 0.27 0.27
02 M1 0.10 0.09 0.71 0.90
M2 0.23 0.82 0.41 1.46
03 M1 0.02 0.02
M2 0.02 0.02
04 M1 0.52 1.08 0.24 1.84
M2 0.41 1.37 0.47 2.25
06 M1 0.81 1.48 0.14 243
M2 0.54 1.18 0.30 2.02
o1 M1 0.63 0.63
M2 0.20 0.20
in total M1 2.82 7.55 2.33 12.7
M2 2.81 8.69 1.54 13.0

OMe—water/DMSO solution, while the force field for the solute
was the same. Again, both the A and B wells were initially
tested as starting conformations. This tim@-Manp-(1 — 3)-
B-D-Glcp-OMe was found to be stabilized as different conform-
ers in the two solvent models of water/DMSO. The simulation

nigerose, i.e., when the terminal sugar residue is glucose (whichwith TIP3P-OPLS solvent potentials (system M2) preferred

has an equatorial hydroxyl group at '¢2
If the simulations ofa-p-Manp-(1 — 3)-3-D-Glcp-OMe in

the A conformer, while conformer B was found to be stable in
the simulation where the SP&2 set of potentials (system M1)

water were extended, it is probable that well B would be Was used for water/DMSO. The torsional angbendsy (Figure
populated to some degree. The present simulations did not show?€f) are slightly shifted from the corresponding vacuum values

a bimodal occurrence for the torsional angle. The above
reasoning is in agreement with the CHARMM simulation which
shows an “extended A well” with flexibility along they
torsional angle as well as a transition to and from well B. It
can be anticipated that the increased flexibility along ¢he
torsional angle of the-linked mannosyl residue can be related
to the configuration of the axial hydroxyl group at'C2

B. Water/DMSO Solution. The solvent structure of water
aroundo-p-Manp-(1 — 3)-3-p-Glcp-OMe is complex and the
conformational behavior of the solute is strongly affected by
hydration. In this section we consider the solvationosb-
Manp-(1 — 3)-3-p-Glcp-OMe in the binary 1:3 molar mixture
of DMSO and water. This composition is often used in
experimental studies of complex organic molecules due to its
higher viscosity and exceptionally low freezing temperature,
which both are helpful in NMR studies of the internal motion
of the solute.

Two different sets of solvent models (see Section II) were
used for the simulation of the-p-Manp-(1 — 3)-3-b-Glcp-

(37) Hardy, B. J.; Egan, W.; Widmalm, @Gt. J. Biol. Macromol.1995
17, 149-160.

(38) Tvaroska, I.; Carver, J. B. Phys. Chem1995 99, 6234-6241.

(39) Jansson, P.-E.; Kenne, L.; Persson, K.; Widmalml. @hem. Sog.
Perkin Trans. 11990 591—-598.

(40) Odelius, M.; Laaksonen, A.; Widmalm, G. Phys. Chem1995
99, 12686-12692.

(41) Dowd, M. K.; French, A. D.; Reilly, P. 2. Carbohydr. Chem.
1995 14, 589-600.

(Figure 2a,b).

The preference for the A conformer agrees with experimental
NMR measurementsHowever, we investigated the solvation
around both conformers and, correspondingly, both solvent
models. Due to the lower number of molecules of both types
in the solvent mixture (compared for example to the simulations
with pure water as solvent), it is difficult to draw any
conclusions concerning the properties of the two mixed solvent
models as bulk liquids. Nevertheless, the M1 simulation gave
a significantly larger average density (1.075 gfzneompared
to the M2 run (1.052 g/cR). Such a difference is difficult to
explain based only on the larger effective diameters of sulfur
and CH sites of the DMSO molecule in the OPLS model.
Another significant factor should be the number of hydrogen
bonds between the different components in the solvent, which
was found to be larger for the SP®2 model.

In general, addition of DMSO into the water solution leads
to a decrease in the total number of sotuselvent hydrogen
bonds. To some extent, water and DMSO molecules compete
with each other as prospective acceptors of the hydrogen bonds
donated by the hydroxyl groups efp-Manp-(1 — 3)-3-p-Glcp-

OMe. Only water molecules can serve as hydrogen bond donors
to the solute. This gives water a clear advantage in entering the
first solvation shell. This preference for water is more pro-
nounced in the GLYCAM-TIP3P-OPLS system (Table 5).
Obviously, when more water is present in the first shell, the
number of hydrogen bonds between the disaccharide and DMSO
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3.5 - a) form banana-shaped clouds around oxygen atoms, creating
1 hydrogen bonds too-p-Manp-(1 — 3)-3-b-Glcp-OMe by
3.0 donating their own protons. It is particularly interesting to
o5 ] observe that the O2 atom, serving as the intramolecular hydrogen
| bond acceptor in the A conformation, gives a certain preference
= 204 for DMSO as a hydrogen bond acceptor (see Table 5 and Figure
o ] 5b). In conformation B, where the intramolecular hydrogen bond
1.5 between Oband O2 is broken, both oxygen atoms show a clear
104 preference for DMSO.
] The reasons for the behavior of different hydroxyl groups in
0.5 the mixed solvent need to be investigated further. However,
1 estimation of the residence time for different oxygens of the
0.0 0 ! disaccharide and water, using criteria taken from the work by

Lyubartsev and Laaksonéhgives values from 10 to 45 ps;
residence times for G20puso pairs are equal to 36.2 and 14.0

3.51 b) ps for SPC-P2 and TIP3P-OPLS models, respectively. These
are typical values for a hydrogen bond residence time (and much
3'0“_ smaller compared to the total length of the simulation).
55 The reorientational time correlation functiof®((0)-z(t)) 0
. are shown in Figure 6 for the overall motion @fo-Manp-(1
o 201 — 3)-4-D-Glcp-OMe in the water solutions W1 and W3 and in
0 45 ] the water-DMSO mixture M1.x is a unit vector coinciding
] with the dipole moment of disaccharide. For the GLYCAM
1.0 - SPC (W1) and OPLSTIP3P (W3), corresponding correlation
1 times are estimated to 130 ps and 90 ps, respectively. For the
0.5 GLYCAM—TIP3P system (not shown in the figure), the
00 | correlation time is 70 ps. Obviously, the reorientational motion
0 of a-p-Manp-(1 — 3)-3-b-Glcp-OMe is very much dependent

on the water model used in the simulation. The flexible SPC

Figure 4. O—O0 radial distribution functions for two different disac- model is apparently a MOre VISCous medlum than_the _the rigid
charide oxygens (a) 02 and (b) 06 water-DMSO solution (system TIP3P. The corresponding reorientational correlation times for

MI): Osuga—Ory0 (—), Osugar Obomso (- - -). Squares show Qya—On,o o-D-Manp-(1 — 3)-3-p-Glcp-OMe in the mixed solvent are
radial distribution functions for the corresponding aqueous solution much longer. These are 700 ps for the GLYCABPC-P2
(run W1). system and 500 ps for GLYCAMTIP3P-OPLS. The experi-

menta? value is 800 ps in the mixed solvent.

molecules is reduced. The number of hydrogen bonds to DMSO  C. Comparison with NMR Results. MD simulations,
appears to be considerably higher in the simulation of the M1 covering nanosecond time-scales, allow a direct comparison of
system. a number of parameters characterizing both conformation and

In comparing the average total number of sotgelvent dynamics of disaccharides with those obtained experimentally.
hydrogen bonds, we should take into account that the A In this section we compare our simulation results with the
conformer ofo-D-Manp-(1 — 3)-3-D-Glcp-OMe is less exposed  experimental findings of the NMR study by Ma et al.5 where
to the solvent molecules than the B conformer, observed in thethe variable field and the variable temperature carbon-13
SPC-P2 solvent mixture (system M1). This is due to thé ©6  relaxation data fora-p-Manp-(1 — 3)-8-p-Glcp-OMe were
02 hydrogen bond, observed in the TIP3BPLS solution interpreted in terms of the LipatiSzabo modet3 The dynami-
(system M2-as well as in all the simulated aqueous solutions), cal parameters thus obtained were used, together with the proton
is broken in the B conformer. Despite this, the total number of cross-relaxation rates for the proton pairs H#i2' and HI—

hydrogen bonds was found to be larger for the TIP8RPLS H3, to obtain the two protoaproton distances. In Table 6, we
solvent, where most of these bonds to the solute were formedreport some simulated data related to the experimental results.
by the water molecules. The central quantity of the LipariSzabo model is the general-

It is worth noting, that the different hydroxyl groups of the ized order paramete® given as
disaccharide arselectiely solvated by the two components of
the solvent as hydrogen bond acceptors (Table 5). Figure 4 47 2
shows the Quga—Owaterradial distribution functions (RDF) for F=— z |0Y,,(Q) TP (1)
the two different oxygen atoms O2 and'@8 a-pb-Manp-(1 — 52
3)-4-b-Glcp-OMe for the M1 system together with those from
the corresponding aqueous solution (W1). For pure water as aYay(<2) is the rank two spherical harmonics, afds the polar
solvent, the first peaks of the RDFs are fairly pronounced. When angle of the selected axis with the respect to a reference frame
DMSO is added, the first peak grows much higher for thé O6 rigidly attached to the molecule. In our case, the selected axes
atom, while it is lacking for O2. At the same time a very high are the internuclear HtH2' and H1-H3 axes, i.e., the
peak arises between the water oxygens and O2. These preferprincipal axes of the corresponding dipeldipole interactions,
ences for different oxygen atoms of the disaccharide to attract while the reference frame is attached to thé-825 and C2—
either water or DMSO can be seen in Figure 5, showing regions C3 vectors.
of excess partial local densities for both components from their -
bulk values. Oxygens of DMSO form drop-shaped clouds near 16‘(3%)_ Lyubartsev, A.; Laaksonen, 4. Phys. Chermi996 100 16410-
the hydroxyl protons of the disaccharide, while water molecules  (43) Lipari, G.; Szabo, AJ. Am. Chem. Sod.982 104, 4546-4555.
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Figure 5. Spatial distribution functions of water (in blue) and DMSO oxygens (in red) around-thdlanp-(1 — 3)--b-Glcp-OMe molecule.

Contours show the regions of high positive deviations of the local density (4 times higher than the average value). (a) System M1. (b) System M2.

109
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Figure 6. Reorientational time correlation functions for the rank 2
spherical harmonics, calculated in coordinates fixed in the disaccharide.

Systems W1 (1), W3 (2), and M1 (3).

Table 6. Interatomic Distances and Order Parameters for-HHR'
and H1—H3 Proton Pairs

H1'—H2 H1'—H3

trajectory r, A B30 @ = A @Ow @ 0 o

W1 250 249 0.986 0.969 2.35 2.33 0.963 0.961
W2 249 249 0.985 0.967 2.36 2.34 0.970 0.935
M1 253 253 0.989 0.976 3.28 3.27 0.985 0.957
M2 250 249 0.984 0.964 2.35 2.33 0.982 0.959
exp, water- 2.63 2.45

DMSO

The S in eq 1 is identical to the angular order parameter, as
defined by Bischweiler et at* These authors introduce another
order parameter taking into consideration not only the fluctua-
tions of Q (angular fluctuations), but also those of internuclear
distance (radial fluctuations). We denote this quarfsity

2m(Q)

=il 2

3

)

The subscripij refers to a pair of nuclei. By means of MD
simulations, Brschweiler et af* also demonstrated théﬁ*

(44) Brischweiler, R.; Roux, B.; Blackledge, M.; Giesinger, C.; Karplus,
M.; Ernst, R. R.J. Am. Chem. S0d.992 114, 2289-2302.

could, to a good approximation, be expressed as a product of
2 and the radial facto@ﬁ@/l]]ﬁl] The quantitiess? and $*,

from the present simulation, are compared to each other in Table
6. The values of? are calculated as the long-time plateaus of
the appropriate time-correlation functions (in the local coordinate
systems) from MD simulations. Table 6 also contains the mean
values ofrj and of mij’sﬁm. The latter quantity is directly
related to the dipolar coupling constant, the interaction strength
of an important interaction studied by NMR spectroscopy.

We note that the order parameters from the simulations are
in all cases close to unity, which is consistent with the picture
of a fairly rigid molecule. This picture is further confirmed by
the agreement between the two types of mean distances. The
experimental order parameters from the work ofléizet al.
are lower. There are two possible interpretations of this
difference: either the force field makes the molecule too rigid,
or the experimental order parameters are underestimated. In fact,
we lean towards the second interpretation. In the analysis of
the carbon-13 relaxation experiments, which formed the base
of the estimation of?, Méler et al. assumed a carbeproton
distance of 1.098 A, corresponding to the carbproton
coupling constant (DCC) of 22.82 kHz. This DCC may actually
be an overestimation. Nakai et“aldetermined the DCC for a
directly bonded carbonproton pair in calcium formate by solid-
state NMR and reported the appropriately vibrationally averaged
“effective” CH distance of 1.13 A. If this value had been applied
in the study by Mér et al.> a higher value of the order
parameter would have been obtained.

A comparison of the results of different simulations in Table
6 leads to conclusions in agreement with the conformational
analysis above. While all of the simulations agree on the
estimates of the mean HiH2' distance, the M1 simulation
gives a strongly deviating inter-residue distance+H3.

IV. Conclusions

The present work attempts to establish several important
structural and dynamical features @fo-Manp-(1 — 3)-3-D-
Glcp-OMe in pure water and wateDMSO mixed solutions
through a series of a nanosecond molecular dynamics simula-
tions. The results can be directly compared with the experimental
observations of Mear et al® The simulations were carried out

(45) Nakai, T.; Ashida, J.; Terao, Mol. Phys.1989 67, 839-847.
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using two different force fields fom-b-Manp-(1 — 3)-3-p-Glcp- OPLS system), the A conformation was found to be stable.
OMe: GLYCAM and OPLS models, both recently developed. Similar to results in the GLYCAM-SPC-P2 system, different
In addition, different potential functions were employed for the hydroxyl groups of the disaccharide preferred different com-
solvent components available to us to compare our models withponents of the solvent as hydrogen bond acceptors.
the experimental data. The observed solvent model dependence of the behavior of
The vacuum simulations with the GLYCAM and OPLS the disaccharide is, of course, discouraging. It clearly shows
models showed two main minima (wells A and B) on the that potential models have to be chosen with care and that
adiabatic energy map (see Figure 2a,b). However, in water reliable experimental data are needed for evaluation of force
solution the disaccharide showed a clear preference for well A, fields. Especially for complex solvents with a large number of
irrespective of the model used. This is also in agreement with competing interactions, the proper balance between them is
the previous experimental findin§S he hydroxyl groups were  easily shifted. The reasons for such model dependence in the
found to be extensively hydrogen-bonded to surrounding water disaccharide conformation and anisotropic structuring of the
molecules; the average number of hydrogen bonds, made bysolvent imposed by the disaccharide need to be investigated
the hydroxyl groups of the solute and the main features of the further.
anisotropic water structuring around the disaccharide, were As was suggested, the hydration is probably dominated by
found to be quite similar for different potential models used the first-shell structuring in the solvefd?¢ The optimal
both for a-p-Manp-(1 — 3)-6-p-Glcp-OMe and water. hydration might be achieved, when both the solute and the
In one of the two simulated mixed wateDMSO solutions, solvent have a topology, which allows the best compatibility
using the GLYCAM force field (GLYCAM-SPC-P2 system), for the hydration requirements of adjacent functional groups.
o-D-Manp-(1 — 3)-3-b-Glcp-OMe showed a preference for the  This further highlights the dependence of the complex solvent
B well. This is, however, not in agreement with experimental structuring and the conformational behavior of the disaccharide
observations. In general, adding DMSO to an aqueous solutionon the potential model used for the solvent, especially in the
leads to a decrease of the total number of hydrogen bondscase when different models produce different representations
formed betwee-p-Manp-(1 — 3)-3-p-Glcp-OMe and solvent of the internal structure of the solute.

sites. Also, different hydroxyl groups of the disaccharide Acknowledgment. This work has been supported by the

revealed a preference for different components of the solvent . . ] .
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can be distinguished in the first solvation shell. However, when ™ (46) Galema, S. A.; Howard, E.; Engberts, J. B. F. N.; Grigera, J. R.
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