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We report results from a molecular simulation study of the structure and dynamics of water near
single carbohydrate moleculéglucose, trehalose, and sucrps¢ 0 and 30 °C. The presence of a
carbohydrate molecule has a number of significant effects on the microscopic water structure and
dynamics. All three carbohydrates disrupt the tetrahedral arrangement of proximal water molecules
and restrict their translational and rotational mobility. These destructuring effects and slow dynamics
are the result of steric constraints imposed by the carbohydrate molecule and of the ability of a
carbohydrate to form stable H bonds with water, respectively. The carbohydrates induce a
pronounced decoupling between translational and rotational motions of proximal water
molecules. ©2005 American Institute of PhysidDOI: 10.1063/1.1917745

. INTRODUCTION water contenté® In the glassy state, characterized by an ex-

Carbohydrates have been shown to be effective stabilizt—remeIy sluggish molecular motion, proteins are effectively

ers of biological components, such as proteins and men4_mmobi|ized and isolated from potentially reactive species,

branes, in the aqueous, frozen, and dehydrated <fétehe such as oxygen. Thus, reactions that reduce the biological

addition of carbohydrates, such as trehalose and sucrose, ggtivity of protelnls, Slfjd:j as ogldatlop Td d'SUIféqe rear-
liquid and solid pharmaceutical formulations effectively im- fangement, are slowed down dramatically. According to a

proves their shelf life by maintaining the structural and func-sec_OnOI viewpoint, carbo_hydrates pro'gect the protein a_gamst
tional integrity of labile biomolecules in the formulatiofié.  drying stresses by serving as substitutes for water in the
The detailed modes by which particular carbohydrates stabflydrogen-bond network during dehydratitBy maintain-
lize and protect biological molecules remain incompletelyind the hydrophobic driving force towards folding through-
understood. A number of interpretations have been propose@f!t the drying process, the formation of hydrogen bonds be-
to explain their effectiveness as protein stabilizers under diffween carbohydrates and proteins would, in this
ferent conditions. It is generally accepted that preferentialnterpretation, help to preserve protein secondary and tertiary
solute exclusion from the protein surface is responsible fostructure, and therefore enhance the activity recovery of the
the stabilizing effects of carbohydrates in an aqueou$rOtein upon reconstitution.
solution® According to this mechanism, carbohydrate mol-  Although knowledge of the detailed manner in which
ecules are preferentially excluded from the protein’s surfacecarbohydrates stabilize proteins remains incomplete, it is
increasing the protein’s chemical potential. The degree oflear that water plays an important role in determining the
preferential exclusion and the chemical potential of the proPhysical and chemical stability of proteins in liquid and solid
tein increase with the amount of protein surface area exposd@rmulations. In both liquid and amorphous states, water
to the solvent. Since proteins in the denatured state have $grves as a solvent medium through which species must dif-
larger surface area than in the native state, this results in #se in order to react with proteins. Water can also increase
correspondingly higher increase in chemical potential thathe chemical reactivity of formulations by participating in
stabilizes the more compact folded state. Thus, the nativegactions such as hydrolysis. Water is a strong
protein is preferentially hydrated and stabilized in an aqueplasticizet***that depresses the glass transition temperature
ous solution. This thermodynamic mechanism has also bed(,) of amorphous solids. The addition of water to the glassy
invoked to explain protein stabilization by carbohydratescarbohydrate matrix causes an increase in free volume and a
during freeze-thaw processgé%q decrease in viscosity. The resulting enhancement in molecu-
Two mechanisms have been proposed to explain proteitar mobility has significant effects on the rates of diffusion
stabilization by carbohydrates during dehydration. The firsand degradation proces§t§$uch as aggregation.
one suggests that the carbohydrates improve protein stability Because of the importance of water in the chemical and
because of their ability to form amorphous solids at lowphysical degradation processes in formulations containing,
primarily, proteins, carbohydrates, and water, a considerable
dauthor to whom correspondence should be addressed. Electronic maiftmount of experimental work has been done to study water
pdebene@princeton.edu dynamics and structure in carbohydrate-water systems as a
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function of carbohydrate concentration and temperatiif€.  systematically in previous computational works. Some simu-
One of the interesting observations from these previous studation studies have investigated water dynamics in the vicin-
ies is the dynamical decoupling between water and carbohyity of carbohydrate§?'44'45These reports showed a compara-
drates. The NMR work of Girlich and Lidemann showedbly lower translational mobility of hydration water around
that the rotational dynamics of water, described by a Vogelthe carbohydrate. However, the origin of this slow dynamics
Tammann-FulchefVTF) equation, becomes almost concen-and its possible relation to the H-bond network remain in-
tration independent at sucrose concentrations greater than 60mpletely understood. In addition, the influence of carbo-
wt %. In this range of sugar concentrations, the ideal glastydrates on the rotational dynamics of vicinal water mol-
transition temperatures in the VTF equatidg, for water are  ecules has not been investigated extensively.
almost constant and similar to that of neat wafér, This is As a step towards answering some of these questions,
approximately in the range of carbohydrate concentrationghe present work investigates the local structure and dynam-
over which Ramppet al. found a dramatic increase in the ics of hydration water in dilute carbohydrate solutions at O
ratio of water to carbohydrate translational diffusivity with and 30 °C. We are particularly interested in comparing water
falling temperature using®C and proton NMR® In addi-  structure and mobility near carbohydrates to the correspond-
tion, Champioret al. showed a decoupling between transla-ing bulk properties. In the study of water structure, the ori-
tional diffusion and viscosity in concentrated sucrose solu€ntational order parametey,*®*’ which measures the ten-
tions near the glass transition temperatifig using the dency of a water molecule and its four nearest neighbors to
fluorescence recovery after the photobleaching method. adopt a tetrahedral arrangement, was used to quantify local
There are neutron-scattering studies focusing on the micr@nd bulk water structures. In the study of water dynamics,
scopic mechanism of water diffusion in carbohydrate soluthe translational diffusion coefficient and rotational relax-
tions. Magazuet al. reported a continuous diffusion and ation time of water were calculated as a function of distance
jump-diffusion mechanism for sugar and water, respectivelyfrom specific carbohydrate atoms. Water-water and water-
in a 46-wt % trehalose solution at 309°KFeeneyet al.used ~ carbohydrate H-bond dynamics were also analyzed and re-
the same technique to study water dynamics of 4, 29, antited to the slow dynamics of hydration water. Two disaccha-
60-wt % fructose solution at 300 K and found a transitionfides (trehalose and sucroseand one monosaccharide
from continuous to jump diffusion at 29-wt % fructose (glucose were selected for the present molecular dynamics
concentratiorf® investigation. Trehalose and sucrose have the same chemical
In the structural studies of carbohydrate-water mixturesformula (C1,01;,H,) but differ in structure: trehalose con-
Brancaet al. used the Raman scattering to investigate thd@ins two glucose rings, whereas sucrose contains one fruc-
effect of disaccharide@rehalose, maltose, and sucrps tose and one glucose ring. Schematic representations of these
the hydrogen-bond network of wafer.They showed that three carbohydrates are shown in Fig. 1.
trehalose has a greater destructuring effect on the tetranedral The remainder of this paper is organized as follows: Sec-
H-bond network of water in comparison to sucrose and maltion 1l describes the molecular models and simulation meth-
tose. They also emphasized that the superior effectiveness 8fiS used in this work. Results are presented in Section IlI.
trehalose in protecting biological components is related to its€Ction IV summarizes the main findings and suggests pos-
greater destructuring effect. Later, Branet al. also per- sible directions for further simulation studies of
formed density, viscosity, sound velocity, and inelastic neuCarbohydrate-water systems.
tron scattering measurements to further characterize the in-
teractions between disaccharides and w#tét.Consistent
with their previous argument, they stressed that the greatdr. MOLECULAR MODEL AND SIMULATION METHODS
bioprotective ability of trehalose can be attributed to its
stronger interactions with watée.g., hydration numbgr

In addition to the above-mentioned experimental StUdieSfreats water as a fully flexible molecule. having a sinale
several molecular dynamics simulations have been carrieE Uy ' 9 9
“Lennard-JonegLJ) site centered on the oxygen atom and

out to investigate the dynamics and structure of water i . . " .
carbohydrate solution§~** The detailed hydration pattern qf;;i(;g%r:aelgﬁ n(;;(;rfg?vr\?oeﬁg/fj)rgzgr?i’tglri:hgr?:r?ee)nlesgative

around individual carbohydrate atoms was obtained b)P .
evaluating one- and two-dimensional radial distributionCharge(_0'826) is placed on the oxygen atom. The OH

functionSl35:4041; 1 by calculating three-dimensional Waterstretching and HOH bending are described by anharmonic

243The important ob- intramolecular potentials. A detailed description of these in-

density contours around the soldte! amolecular potentials is given elsewhéfeSimilar to wa
servation from these calculations is that carbohydrates, suctﬁ P 9
er, the carbohydratgglucose, trehalose, and sucrpsere

as trehalose and sucrose, are well hydrated because of th : . o
ability of their hydroxyl groups to form H bonds with the ano modeled as fully flexible molecules using the Optimized

surrounding water, as indicated by the first peak in the radi potentials) for Liquid Simulation (OPLS all-atom force

distribution of water around the carbohydrate hydroxyl leld. Specmcallly, we used t_he parameter set opt|m|zeq for
groups. However, the effects of carbohydrates on the stru qarbohydrateg. The bonded interactions include stretching,
] ! ending, and torsion interactions. Bond stretching and bend-

tural order of proximal water molecules, such as the extent t 4 were described by harmoni tentials qiven in
which a given water molecule and its surrounding neighboré g were described by harmonic potentials give
adopt tetrahedral arrangements, have not been investigated Vgyeicn= K (r —req)z, (1)

In this study, a modified Toukan and Rahman version
(MTR)**90of a SPC-typ& water was used. This mTR model
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B-D-glucose (carbohydrate-water and carbohydrate-carbohygratere
calculated using the Lorentz—Berthelot mixing rules,
_1
O-ij —E(O'i"‘(fj), (5)

—

8”' = \““‘Bi&‘j. (6)

The system of interest consisted of a single carbohydrate
a,a-trehalose molecule(glucose, trehalose, or sucrgse the presence of
300 water molecules in a cubic box. Therefore, no
carbohydrate-carbohydrate interactions were present. The
initial atomic coordinates of all three carbohydrate molecules
were taken as their crystalline structurés* Periodic
boundary conditions were applied to eliminate edge effects.
Long-range electrostatic interactions were evaluated using
the smooth particle mesh Ewal@PMBE method>>>® Spe-
cifically, 16 mesh lines in each dimension were chosen to
provide a grid spacing around 1.2 A, and a fourth-order
B-spline interpolation was used. The Ewald convergence pa-
rametera was set to 0.35 AL The cutoffs are described by
sucrose two parameters: the point where the switching function be-
gins(r.y) and the point where it terminatés.,). A switching
function was used to smoothly reduce the LJ and Coulombic
interactions to zero between,=8.0 A andr,=9.5A. A
long-range correction was also applied to the energy and
virial calculations to account for the truncated long-range
interactions.

To obtain the dynamical and structural properties of the
water-carbohydrate solution, molecular dynamics simula-
FIG. 1. Stick representation of the different geometries of the carbohydrategOrls were performed in theVT ensemble using a multiple

used in this work, indicating the numbering convention of carbon at@ns ~ time-step reversible reference system propagator algorithm
The oxygen that is covalently bonded to the carbon follows the same num(rRESP,D),57 In this rRESPA method, the forces associated

ber convention. For examplg, O2isthe oxygen covalently bonded to C3. Foith each atom are decomposed into three parts: short, me-
trehalose and sucrose, Ol is the glycosidic oxygen. . . .
dium, and long range. The short-range forces include contri-
butions from bond stretching and bending, which have the
Voend= Kg(6— 0eq)2, (2)  shortest time scales. The medium-range forces contain the
contributions from torsion, LJ, and direct-space Coulombic
interactions within the cutoff. The long-range forces contain
reciprocal-space Coulombic contributions that vary most
slowly. The long-range forces were updated every 1 fs, while
V, VA the short- and medium-range forces were updated every 0.25
Vior = ?[1 +coge)] + ?[1 =~ C0$24¢)] and 0.5 fs, respectively. The temperature was controlled us-
ing five Nosé—Hoover thermostafs>°In all of the NVT mo-
3) lecular dynamicg§MD) simulations, the systems were equili-
brated for at least 300 ps, followed by a production period of

, , 1.5 ns. During the production run, configurations were saved
where ¢ is the dihedral angle, and,, V,, andV; are the every 50 fs.

torsional parameters. The nonbonded interactions include To determine the densities of carbohydrate-water sys-
Coulombic and Lennard-Jones interactions between atomsms for NVT MD simulations hybridNPT Monte Carlo
separated by three or more bonds as well as between sites gfi, ,1ations were performed V\;ith a rRESPA algoritﬁ%‘?z
different molecules, In this method, multiple time-step MD moves in which at-

whereK;, Ky, I, and 4 are the stretching modulus, bend-
ing modulus, equilibrium bond length, and equilibrium bond
angle, respectively. The torsional potential is described in

+ %[1 +c0$3¢)],

a9 o \2 [g.\8 oms are moved simultaneously and deterministically are per-
Vo= — 4 g4e | | 2L i} (4) L . S . .
7 Al i\ 7y r ' formed. The partition of interparticle interactions in the mul-

tiple time-step scheme was done identically to the one
wherer is the separation distance between atomusdj, g;is  described above. The time step of each MD move was ad-
the value of the partial charge on atorande;; ando;; are  justed during the run to achieve an average Monte Carlo
the LJ energy and length parameters, respectively. The inMC) acceptance rate of 70%. In addition, the volume move
tramolecular nonbonded interactions between two atomand the hybrid displacement moy&ve MD steps were set
separated by three bonds are reduced by a factor oftwo.to be equally probable for every MC step. ThET MC
The LJ parameters between different types of atomsimulations were performed at temperatures of 0 and 30 °C

Downloaded 22 Jul 2005 to 128.112.35.162. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



204511-4 Lee, Debenedetti, and Errington J. Chem. Phys. 122, 204511 (2005)

and at a pressure of 1 bar. EabPT MC simulation was 25
equilibrated for at least 300 000 MC steps. The density at
each state point was determined by averaging the densitie

obtained during a production period of 500 000 MC steps.  >°[
In addition to the carbohydrate-water simulations, pure

water simulations consisting of 300 water molecules were sk

carried out in the same fashion under identical simulation _

conditions to provide reference bulk values of pure water@

properties for comparison. For instance, the density of water .|

for NVT MD simulations was determined to be 0.999 and
0.996 throughNPT MC simulations at 0 and 30 °C, respec-
tively, under a pressure of 1 bar. The resulting density of g5}
pure water was found to be very similar to that of bulk water

in carbohydrate-water solutions at both 0 and 30 °C; they
differ by less than 5%. The density of bulk water in 0.0
carbohydrate-water solutions was determined by first defin- 02
ing a 2-A thick shell around the carbohydrate. The inner

radius of the shell was set t@l8 A from the center of mass F!G. 2. The effect of temperature on the distribution of the orientational
of the carbohydrate molecule. The bulk water density wa#’rgjgiro(ﬂ] f;rnf;:zJ’Y:Stf;it?qtp\/:a?feigb(gh:v?e22%qefgﬁdg(;_cg'q(/gzoi;?@ﬂa?
then calculated as the total number of water molecules in thi$he area under each curve is normalized to unity. Arrows show the trends
shell divided by the volume of the shell. with increasing temperature.

lll. RESULTS AND DISCUSSION bohydrate atomsgoxygen and carbonIn Fig. 3, theq dis-
A. Structure tributions are shown for different water layers around the
trehalose molecule at 0 °C. For water molecules that are far

We begin by showing the effects of carbohydrates on th‘?rom the trehalosé9-10 A), theq distribution is very similar

s:tructural order of proximal water molecules. The orientas, 5 fo pure water. The tetrahedrality distribution for wa-
tional order parameteg (Refs. 46 and 4fwas employed to

tifv the tend f i lecul dits f ter molecules within less tha5 A from the closest carbohy-
quantify the tendency of a water molecule and its four N€alyrate atom exhibits an appreciable decrease in the dnigh-

eSJF neighbors to agjopt a tetrahedral arrangeme.nt_ The OrleB’eak with a corresponding increase in the Igweak and in
tational order metric for water molecuids given in the lowq values(0.1<q<0.4). A similar trend is also ob-
1\2 served for glucose and sucrogeot shown. This result
G=1- §.Ek (Coswﬁk * 5) ’ @) clearly indicates that these three carbohydrates impose a de-
= structuring effect on the surrounding water, which mimics
where 5 is the angle formed between the central oxygenthe effect of a temperature increase as indicated in Fig. 2.
atomi and its neighboring oxygen atomsndk. This sum- The tetrahedrality metriq was also computed for each
mation is over the six possible O—O-0O angles involving thewater molecule and averaged over successive 0.5-A shells as
central moleculé and pairs of its four nearest neighbors. In a function of distance from a specific carbohydrate atom,
our case, for water molecules near the carbohydrate, the four
nearest neighbors can be either water or carbohydrate oxygen , .
atoms. For a perfect tetrahedral arrangemeiis, equal to 1
since the value of cog is equal to —1/3. On the other
hand, when the relative arrangement of the central atom anc 20F ~~ 7 4-5A
its neighbors is uncorrelated, the mean value eanishes,
which corresponds to the ideal gas limit. As shown by Err-
ington and Debenedeftf the q distribution shows a bimodal 15 F
character for pure water, suggesting that the statistics of theg,
time-dependent spatial arrangement adopted by a water mof=
ecule with its four nearest neighbors are distributed around 1.0 |
structured(ice-like, highg peak and unstructuredlow-q
peak configuration$>®* Figure 2 shows this bimodal distri-
bution at 0 and 30 °C for pure water with corresponding °°[
densities of 0.999 and 0.996 g/&mespectively. The love L Trehalose
peak is located approximately at 0.5 at both 0 and 30 °C,
while the highg peak is located around 0.78 at 0 °C and 0.74 %%, 50
at 30 °C.

To StUdy the degree of water tetrahedrallty in the VICInItyFIG. 3. Theq distributions for trehalose at 0 °C. They were evaluated for

of carbohydrate m0|eCU|e_Sy We_Ca|CU|ated thdistribution  \yater molecules that are less than 4 A, between 4 and 5 A, and between 9
of water molecules at various distances from the closest cagnd 10 A, from the closest carbohydrate ataimsygen and carbon
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0.70 prmmmprmeprmeme gy : —r————r— 1
0.68 =
0.66 |-
™ I |
-0 =
T 064 | ?uﬁse -
L renalose FIG. 4. Radial distributions of orientational order pa-
062 - —4- sucrose rameter q(r) around carbohydrate hydroxyl oxygens
. O6 b’ -« water | (06) as a function of carbohydrate type at 0 °C with the
0.60 P P T TG RIS SR TP REPU SR R corresponding oxygericarbohydrate-oxygen (watern
25k ' R ! ! ' ! ' ' i radial distribution functiong(r). Theg(r) andq(r) for
| HE - - —glucose | pure water under the same simulation conditions are
20 trehalose inserted in these figures for comparison. It should be
L —.—- sSucrose noted that theg(r) and q(r) for water in the dilute
E w5 HE water - carbohydrate-water solution are identical to those for
=) L ate J pure water.
1.0 <
05 -
0.0 [ 2 [ 2 2 [ 2 [
0 1 2 3 4 6 7 8 9 10

which gives a radial distribution of orientational ordgr). the first and second hydration shell around O6 oxygens in
This q(r) radial distribution gives the average valueepfor ~ comparison to the(r) for pure water. For the hydroxyl oxy-
the water molecules in a specific hydration layer around gens bonded directly to the carbohydrate ring, such as the 02
selected carbohydrate oxygen. Since the oxygen—oxygen ratoms of all three carbohydrates, the average valueg of
dial distribution functionsy(r) of water oxygens around hy- \yithin 3.5 A are comparably lower than those around O6

droxyl oxygens, such as O2 or @kig. 1), are similar to the v ens and fall below the bulk value for all three carbohy-
oxygen-—oxygery(r) of pure water, it is particularly interest- drates, as shown in Fig. 5. For water molecules around ring

ing to compare they(r) of pure water to that of water mol- . :
ecules around these hydroxyl groups. Selected radial distna-lnd glycosidic oxygens, the(r) reveals a considerably less

butions of the orientational order parametgr) around structured solution environmefdata not showy the q val-

carbohydrate oxygens at 0 °C are shown in Figs. 4 and 5. |Hes within 4 A(0.2-0.50 falling entirely inside the range in
general, the hydroxyl oxygens that are not directly bonded t&19- 2 Where water is characterized as “unstructured.” We
the carbohydrate rin¢O6 of all three sugars, Oof treha-  alS0 observe a similar deviation of the tetrahedrality of water
lose and sucrose, and O@&f sucrosg exhibit a trend similar  molecules around these carbohydrate atoms from that of bulk
to that found in pure water. Figure 4 depicts a typiga) of ~ water at 30 °C(data not shown The important conclusion
water around these hydroxyl oxygens. The key feature térom these calculations is that as water molecules approach
note is the lower average value gffor water molecules in  the carbohydrate molecule, their local environment becomes

0.70 (g pee ey T
0.68 | ¢ i
d : ALY DN PN N .
066 |-
-
o) L
= 064 ) - o - glucose
L —o— trehalose | FIG. 5. Radial distributions of orientational order pa-
062} -4 - gucrose o rameter g(r) around carbohydrate hydroxyl oxygens
L 02 s Oees Water ] (02) as a function of carbohydrate type at 0 °C with the
0.60 P TPUNE TP P R R U RPN SR S corresponding oxygericarbohydrate-oxygen (watep
25 ' ' : ' ' ' ' ' ' ' i radial distribution functiong(r). Theg(r) andq(r) for
X : - - —glucose J pure water under the same simulation conditions are
20k n: ——trehalose J inserted in these figures for comparison. It should be
L - =+ sucrose J noted that theg(r) and q(r) for water in the dilute
— . . . .
= 15F : carbohydrate-water solution are identical to those for
S0 L pure water.
1.0
05
00 [ A [ A ']
0 1 2
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progressively less tetrahedral. An obvious cause of this is the 06— 7T
steric constraint imposed by the carbohydrate molecule.

o5k - o —glucose i
i —o— trehalose
B. Translational and rotational dynamics s ¥ sucrose
To examine water dynamics around the carbohydrate, it é
is necessary to treat both translational and rotational mobility = 44
as a local property. A local diffusion coefficient of water <
Diiocas @t @ given distance from a specific carbohydrate 3 0.2
atom was calculated according to the following finite differ- )
ence expression based on the Einstein reldtion:
01}
— 1 2 2
Dt-tocal = {r(ty) —r@[*=[r(ty) - r(@[*), (8)
6(t2 - tl) 0.0 1 1 1 1 [l Il [l 1

wherer (t) is the position vector of a water molecule at time r(d)

t. The values ot; andt, are set to 1 and 2 ps, respectively,

based on the assumption that the diffusional regime can bEG. 6. Average translational diffusion coefficient of water around the car-
reached after 1 ps and that water molecules, on the averaq@,hydrate(glucose, trehalose, and sucrpss a function of initial :jistance

do not diffuse further than 2—3 A from their initial location in "© ¢ closest carbohydrate atduarbon and oxygenat 0 and 30 °C.

1 ps. We have verified that these two criteria are satisfied at

both temperatures. The mean-square displacement wagthin about 5.5 A from the closest carbohydrate atoms. The
evaluated for each water molecule according to @y.and bulk values for the water diffusion coefficient for the three
then averaged over water molecules located at a specifi€grbohydrates examined here are slightly different from each
distance from the closest carbohydrate atom. The calculatiofther at both 0 and 30 °C. These small discrepancies are
was a|So preformed for Se|ected Sites on the Carbohydraﬂ@ainly due to the finite'size effeCtS in our Simulations. De-
ring in increments of 0.5 A. Water molecules were assignedpite these slight differences, the bulk values compare rea-
to a specific hydration shell depending upon their initial dis-sonably well with the water diffusion coefficients obtained in

tance from the selected carbohydrate atom. the pure water simulations at the density of 0.999 g¥cm
The rotational dynamics of water was analyzed by thel0 °C) and 0.996 g/c (30 °C), which are 0.16 and 0.30
autocorrelation functiod’,(t) given in X 1074 cn?/s, respectively. In addition, the rotational corre-
B lation time for pure water at these two densitig$ and 2.0
(1) = (P (O)m(V))), (9 ps at 0.999 and 0.996 g/émrespectively agree with the

whereP, is the second-order Legendre polynomial god)  bulk values in carbohydrate-water systems.

is the unit vector directed along the bisector of the H-O—H  Figure 8 shows the local water diffusivities and rota-
angle corresponding to the direction of the water dipole molional correlation times normalized by the corresponding
ment at timet. Similar to the evaluation of local diffusion bulk values. The most remarkable feature is the different
coefficients, water molecules were assigned to a particuldgmperature dependence of the translational and rotational
layer based on their initial position. Equati¢® was calcu- motions of water molecules near the carbohydrate. For each
lated for each water molecule for 2 ps and averaged ovefarbohydrate, the water translational diffusion coefficients
water molecules located at a specified distance from a given

carbohydrate atom. To obtain the rotational correlation time 0 ———r—7—T—T—T"T"TT7
Telocal from I's(t), Eq. (9) was first fitted to the stretched

_ - - 35 _ - 0 —glucose |
exponential or Kohlrausch—Williams—Watts function D —o— trehalose
(KWW)®8®7 with two adjustable fitting parameterg(0< g sl A =4+ sucrose
<1) and 7, since it cannot be accurately described by a
single exponential function. Given the values @fand = Pl
extracted from a best fity .y Was then calculated by inte- & |
grating the stretched exponential function from zero to infin- 2 [
ity. Thus, the water diffusion coefficient and rotational cor-  «° 5L

relation time were obtained as a function of the distance
from specific carbohydrate atoms. 10|
Figures 6 and 7 show the average diffusion coefficient

and rotational correlation time of water molecules as a func-

tion of the distance from their closest carbohydrate atoms 0' Tt divdirdh il diballrallivalli
(carbon or oxygenat O and 30 °C. For all three carbohy- 2 3 4 5 8 7 8 9 10
drates, both the translational and rotational motions of water r ()

are retarded in the vicinity of the carbohydrate molecule. | . I

. . . . IG. 7. Average rotational correlation time of water around the carbohy-
p?_rt|CU|ar: the decrease in the translational and _rOtat'ona! MQyrate(glucose, trehalose, and sucrpas a function of initial distance to the
bility from the bulk values generally occurs in a region closest carbohydrate atofmarbon and oxygerat 0 and 30 °C.
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v i v L v 1 A ) v T v 1 v 1 M 1] R\ H

10 40 O—H-——07  Donor

L - NH
09| 1

4 3.0
R\

08 1 /O --------- H —O\ Acceptor

[ 420 H H
0.7 glucose | _ '

L > FIG. 9. Schematic representation of acceptor and donor carbohydrate-water

H bonds.

-
o

polar and apolar groups in close proximity, which suggests
that water dynamics are simultaneously influenced by differ-

by
=]

3 3.0 E ent types of carbohydrate atoms. This result is consistent
Eﬁ \"; with the previous finding by Wangt al** In their work, the
Q% 20 £ calculation of the diffusion coefficient of water around the
v different atom types in maltose also shows that no general
trend can be found.
1.0
C. Hydrogen bond analysis
40 The structure and dynamics of hydration water can be
understood by analyzing the carbohydrate-water H-bond net-
3.0 work and comparing it to that of bulk water. A geometric H
bond definitio® was used in this work. A hydrogen bond
2.0 exists between two molecules if the oxygen—oxygen distance
sucrose - is less than 3.4 A, while the O-HO angle is greater than
1.0 120°. Our general conclusions do not change if the geometric
. . . criteria are varied by a small amoufs.g., =0.2 A and/or
2 3 4 5 6 7 8 9 10 +20°). The carbohydrate-water H bonds were further classi-
r) fied as either acceptor or donor H bonds as defined in Fig. 9.

FIG. 8. Comparison of temperature effects on water translational dif'fusionTabIe | shows the average number of total CarbOhydrate'

coefficient and rotational correlation time as a function of initial distance towater H bonds per carbohydrate molec(Mg_,,), acceptor
the closest carbohydrate atom for hydration water around glucose, trehalosearbohydrate-water H bonds per carbohydrate molecule
and sucrose. Quantities are normalized by the corresponding bulk vaIues.<NaHB_cv\>, donor carbohydrate-water H bonds per carbohy-

drate moleculéNyyg.cn)» @and water-water H bonds per water

within the first and second hydration shells decrease by afolecule(Nyg.yy) in the three carbohydrate-water systems
approximately equal fraction of the bulk value at both tem-at 0 and 30 °C. The results in Table | show no appreciable
peratures. On the other hand, the decrease in water rotatiorféifference in(Nyg ¢,y among the two disaccharides. The val-
mobility within the first and second hydration layers shows aues 0f(Nyg.c,) compare well with published computational
considerable temperature dependence over the 0 to 30 °“@d experimental results for dilute carbohydrate
range for the disaccharide molecules. The average rotationaplutions>** Conrad and de Pablo and Ekdawi-Sever calcu-
correlation time of water in the proximity of trehalose lated a(Nyg.q,) (hydration numbervalue of 13.4 for treha-
changes from roughly four times the bulk value at 0 °C tolose at 300 K and a value of 11.7 for sucrose at 353 K. These
three times the bulk value at 30 °C. The different tempera<calculations were carried out at the 6 wt % carbohydrate con-
ture dependence of the translational and rotational motionsentration (1 carbohydrate molecule and 300 water mol-
for these hydration water molecules is closely reminiscent okculeg. Hydration numbers for glucose, sucrose, and treha-
that for supercooled liquid®. At both 0 and 30 °C, the two lose at infinite dilution(298 °Q were also determined to be
disaccharides studied in this work retard the translational an8.4, 13.9, and 15.3, respectively, from ultrasound
rotational motions of the surrounding water molecules to a
greater extent than does the monosaccharide, glucose. AIABLE I. Average number of total carbohydrate-water H bonds per carbo-
explanation of this difference will be presented below. hydrate moleculéNy_ ), carbohydrate-water acceptor H bonds per carbo-

To investigate the influence of different chemical groupshydrate molecul&Ngyg.cw), Carbohydrate-water donor H bonds per carbo-

. - hydrate molecul&Ngys.cw)» @and water-water H bonds per water molecule

along the carbohydrate ring on the mobility of the surround—<NHB_WW>_
ing water, the translational diffusion coefficient and rota-
tional correlation time were also evaluated for water mol- Type of H bond T=0°C T=30°C
ecules around different sites. For all three carbohydrates;
although the values dP, .y and 7. ocq Vary among differ-  9Ucose-WaletNug.o), (Napig.uo) (Novwo) -~ 9:3,5.3, 4.0 88, 5.1, 37

. trehalose-watetNyg.we), (Nang-wes (Ngngwe 14.5, 8.4, 6.1 13.5,7.9,5.6

ent sites, no consistent conclusion can be drawn for the NS ucrose-watetNugoo, (Nomas, (Nomo)  14.6, 8.4, 62 133, 7.7, 5.6

fluence of different atom types on water dynamics. This is a water-waterNyg o) 32 30
consequence of the fact that these carbohydrates have bath
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FIG. 10. Carbohydrate-water H-bond autocorrelation functions as a functiofr|G. 11. Comparison of carbohydrate-water and water-water H-bond auto-
of carbohydrate type at 0 and 30 °C. correlation functions for different carbohydrates at 30 °C. It should be noted
that the water-water H-bond autocorrelation functions calculated for pure
water and for bulk water in glucose-water, trehalose-water, and sucrose-
measurement?. All three carbohydrates form slightly more water simulations are identical.

acceptor H bonds with water at both temperatures. From the

energetic point of view, the formation of donor H bonds is o

more favorable. The partial charge on a water oxygen atony’@e" H bonds at 30 °C. A similar trend was found at 0 °C.

(-0.82¢€) is more negative than those on carbohydrate OXy_'I'hls observation is significant in understanding why water

gen atoms. These can be either —0.888.g., 06 in Fig. 1  dynamics are slowed down appreciably near the carbohy-
or -0.7e(e.g., O3 and O4 in Fig.)1while the partial charge drate molecule, as discussed below.

on the hydrogen atoms in watér0.40e) and the hydroxyl The microscopic picture that emerges from the analysis
groups of the carbohydratés0.418e or +0.435e) are simi-  of hydration water orientational order, water translational

lar. However, the result in Table | suggests that entropic efmobility, rotational correlation time, and H-bond dynamics is

fects play a significant role in all three carbohydrate-watetne following. In all three dilute carbohydrate solutions, the

systems. One such entropic contribution arises from the factoy dynamics of hydration water molecules is primarily due
that an acceptor bond can be formed in two equivalent Way% the formation of carbohydrate-water H bonds that are

(two H atoms per water moleculavhereas there is only one more stable than water-water H bonds, as evidenced by the

choice of H atom in a donor bongee Fig. 9. . . ) .
To characterize the carbohydrate-water and water-watéfc3Y inCyg(r) (Fig. 11). This causes the translational and

H-bond dynamics, we calculated the H-bond autocorrelatiofotational motions of vicinal water molecules to be apprecia-

function given in bly retardedFigs. 6 and 7. Since liquid water is a connected
random network of H bonds significantly exceeding the per-

Cra(t) = w (10)  colation threshold?"this slowing down effect cascades be-
(h) yond the first hydration shell and eventually vanishes

where h(t) is a H-bond operator that takes the value of 1(>5 A) when water-water H bonds begin to dominéfegs.
when a tagged pair of oxygen atoms that belong to differen6é and 7. Because the glucose molecule forms comparably
molecules is H bonded, and 0 otherwid& he bracket rep- less stable H bonds with the surrounding water molecules
resents an average over all possible pairs of oxygen aton&ig. 10, the decline in water translational and rotational
and different time origins. OM(N-1)(h) gives the mean to- motions near the glucose is less pronounced than those near
tal number of carbohydrate-water or water-water H bonds ifhe trehalose and sucrosBig. 8). Although carbohydrate
the system. This autocorrelation functi@g(t) gives the  anq water molecules engage in appreciable H-bond forma-
probability tha a H bond which exists=0 remains intact at  jon \ater near the carbohydrate molecule is unstructured in
time t, !ndep.enden't of possible H-bond breaking at any s tetrahedral arrangement with neighbors relative to the
termediate time. Figure 10 shows the temporal behavior oé S . o

ulk. This is simply due to the steric constraint imposed by a

carbohydrate-wateCyg(t) for glucose, trehalose, and su- _. .
crose at 0 and 30 °C. It can be seen that the H-bond autoco%—t'ﬁ carbohydrate molecule, which reduces the free volume

relation function of glucose decays faster than those of thé0r the surrounding water molecul_es to occupy and gdopt a
disaccharides at both 0 and 30 °C. It is also useful to examPerfect tetranedral arrangement with their nearest neighbors.

ine the stability of carbohydrate-water H bonds relative to?Nis steric hindrance is reflected in the diminished intensity
water-water H bonds. Figure 11 indicates that the H bond®f the first peak in the water-carbohydrate oxygen—oxygen
formed between carbohydrate and water molecules are mog@#r), which is considerably lower than that in the oxygen—
resistant to the rearrangement in comparison to the watesxygeng(r) of pure water(Figs. 4 and h
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'Y U L L L calculations show a disruption of the tetrahedral arrangement
! ) of water molecules near the carbohydrate and a reduction in
241 g - o- -glucose | - their translational and rotational mobility. The destructuring
~,.L A —e—trehalose | ] effect and slow dynamics are mainly due to the steric con-
2 | \ —'#&-sucrose | | straint imposed by a carbohydrate molecule on vicinal water
520 3 14 molecules and its ability to form stable carbohydrate-water H
gj' 18 I ] bonds. Interestingly, hydration water translation and rotation
50 ] show different temperature dependence and decouple from
18} o - each other in the vicinity of the carbohydrate molecule. This
Z - decoupling is similar to that found in neat supercooled
g 14r ] liquids1*2*"*"when comparing the three sugars, no sig-
12+ o J nificant differences are found between trehalose and sucrose
. oyt 0°C in their overall effects on the structural ordgrtranslational
1.0 - - . — g g‘ diffusion coefficientD, o5 @nd rotational correlation time
6

7 ' 8 ' 9 ' 10 Telocal Of the surrounding water, but the disaccharitesha-
r(d) lose and sucrogeestrict the translational and rotational dy-
namics of surrounding water molecules to a greater extent

FIG. 12. Product of average translational diffusion coefficient and rotationathan glucose does

correlation time of water molecules around the three carbohydrates, normal- Th d il b . d d ded
ized by the corresponding bulk values, as a function of distance to the e present study wi e continued and extenaded to

closest carbohydrate atofoarbon and oxygerat 0 and 30 °C. more concentrated carbohydrate-water systems at various
temperatures, with the aim of covering a wider range of con-
D. Decoupling of translational and rotational motions centrations and temperatures, where translational and rota-

) o ) ) tional motions of carbohydrate molecules decouple from
To gain further insight on hydration water dynamics, Weihose of water moleculd21924The future work will focus

computed the product of water translational diffusion coeffi-,, understanding the origin of decoupling phenomena re-
cient and rotational correlation time, normalized by theirported in these previous studis->24

bulk values, as a function of distance from the closest carbo-
hydrate atom(Fig. 12. According to the Stokes-Einstein
(SB) and Debye—-Stokes-EinstdiDSE) equations, this ratio

is equal to
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