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Abstract: Neutron diffraction with isotopic substitution (NDIS) experiments and molecular dynamics (MD)
simulations have been used to examine the pentose p-xylose in aqueous solution. By specifically labeling
D-xylose molecules with a deuterium atom at the nonexchangeable hydrogen position on C4, it was possible
to extract information about the atomic structuring around just that specific position. The MD simulations
were found to give satisfactory agreement with the experimental NDIS results and could be used to help
interpret the scattering data in terms of the solvent structuring as well as the intramolecular hydroxyl
conformations. Although the experiment is challenging and on the limit of modern instrumentation, it is
possible by careful analysis, in conjunction with MD studies, to show that the conformation trans to H4 at
180° is strongly disfavored, in excellent agreement with the MD results. This is the first attempt to use
NDIS experiments to determine the rotameric conformation of a hydroxyl group.

Introduction

The way in which solutes interact with water in aqueous

such aqueous solutions, but interpretation of the results for
complex chiral molecules remains a challenge.

solutions has important consequences for the properties of the Because of these difficulties, previous work on aqueous
solutions. These interactions, for example, are responsible forsolutions has focused mainly on simple electrolytes, although

the folding of globular proteins and the organization of lipids

the solvent structuring induced by chiral molecular solutes such

into bilayers and micelles, and underlie the mechanism of the @S peptides or sugars is of greater biological inter€Btobing
Hofmeister series for ions. As these examples suggest, theSolvent structuring for complex solutes with neutron diffraction
interactions of a particular solute with water are a specific and has been hampered by the fact that the measured total structure

complex function of the molecular topology of the solt®n

factor contains atomic correlations from each of the atom pairs

the basis of measurements of macroscopic properties such a§? the solution. Neutron diffraction with isotopic substitution
the entropy, solutes have long been characterized broadly agNDIS) experiments reduce this complexity by exploiting the

“structure makers” and “structure breake?$’However, the

difference in coherent neutron scattering cross sections between

actual experimental characterization of solvent structuring at differentisotopes of the same element. By taking the difference

the molecular level has proven to be difficult. Molecular

between the measured scattering in two chemically identical

mechanics simulations have been able to provide detailedSamples, in one of which an element is completely replaced by

pictures of how complex biological solutes interact with water
and how this solvent structuring is a sensitive function of the
solute molecular topology4~¢ but thus far it has not been

possible to verify directly these predictions using experimental
data. On the other hand, neutron diffraction is a powerful
experimental technique for probing in detail the structure of
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an isotope with a sufficiently different scattering cross section,
all scattering contributions not involving this atom will cancel
out. Since the isotopes of oxygen and carbon have insufficient
contrast in their coherent neutron scattering lengths for such
experiments, even using state-of-the-art neutron facilities, the
substitution of hydrogen with deuterium offers the only currently
practical opportunity to use the NDIS technique to study sugars
in water.

A significant number of the reported NDIS studies of
molecular solutes have been for glucbSedue to its high
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solubility in water and archetypal character. As the most
abundant and prototypical sugarglucose is arguably the most
biologically important carbohydrate. Understanding the roles
of carbohydrates in biological systems requires a knowledge
of the behavior of glucose in a range of situations, concentra-
tions, temperatures, etc. As might therefore be expected, glucose
has been the subject of more experimental and theoretical
investigations than any other suddf.'® However, for the
purpose of studying solvent structuring by sugars, glucose is
perhaps not the optimal model. The exocyclic hydroxymethyl
group in hexapyranoses introduces an additional degree of
freedom, the ability to rotate about the €66 bond, complicat-

ing the solvent structuring pattem, since each of the three Figure 1. Schematic illustration of thg-p-xylopyranose molecule. The

principa} rotamers for this group will p_mduce a different solvent g pstituted nonexchangeable hydrogen atom on C4 is highlighted as a white
structuring. In addition, the energetics of the other hydroxyl ball. An indication of how the torsional angle about the-&#4 bond is

groups, as well as the anomeric equilibrium, will be affected to defined is included.

some extent by the orientation of this group. It follows that a

better choice for studies of the hydration of glucose-like sugars Nonexchangeable hydrogen atoms have been fully deuterated,
is D-xylose, the pentose analogue mflucose. Like glucose, the observed scattering will reflect an average over the scattering
xylose exists primarily in thdC, conformation of the pyranose from all six nonexchangeable protons. However, the local
ring form in agueous solution, as determined by NMRnd anisotropic solvent structuring relative to each of these nonex-
has virtually the same 64%i36%c. anomeric ratio as glucog®. ~ changeable hydrogen atoms is potentially different. Significant
It is also a better subject for quantum mechanical ab initio information could be gained from NDIS experiments if the
studies since it contains two fewer heavy atoms and four fewer difference scattering were due to a single substitution in a
atoms overall, as well as having only 81 combinations of low- specific location of the molecule. A sugar specifically labeled
energy hydroxyl rotameric states, as opposed to 729 importantWith a hydrogen/deuterium substitution at one particular location
low-energy rotameric states for glucose. Because of thesecould then be used in an appropriately designed NDIS experi-
advantages, the conformational and solution properties of xylosement, paired with the natural-abundance molecule, to produce
have also been the subject of both computational and experi-the radial distribution function for just that one atom in its
mental studie§2-24 Here we report results obtained from a asymmetric environment, thus providing an experimental probe
combination of NDIS experiments and molecular dynamics Of local solvent structuring and a test of the reliability of the
(MD) simulations to examine the solvation and conformations results of MD simulations and the force fields used in these
of p-xylose in aqueous solution. calculations.

The complexity of sugar solutes presents difficulties evenin  The studies reported here were designed to accomplish just
an NDIS experiment, since each of the hydrogen atoms in the such a comparison between simulations and the experimental
chiral sugars is in a distinct environment. In this context, it scattering for a singly labeled sugar molecule. NDIS experiments
should be remembered that the hydrogen atoms in sugarwere conducted fob-xylose specifically labeled at the C4
molecules divide into two distinct populations: readily ex- carbon by a substitution of the aliphatic hydrogen bound to this
changeable protonskibound to the hydroxyl oxygen atoms, carbon atom with a deuterium atom (see Figure 1). The neutron
and nonexchangeable aliphatic hydrogen atoms bbund to scattering was measured for both the labeled and natural
the carbon atoms (see Figure 1). Even in a typical NDIS abundance xylose samples in botsCHand DO solutions. The
experiment on a pentose sugar suctpag/lose in which the measured structure for this H4 atom was then compared to the
results of MD simulations of the same system. It should be noted

(10) Brown, G. M.; Levy, H. A.Sciencel965 147, 1038-1039. H i H
(11) Christofides, J. C.) Davies, D. B. Chem. Soc.. Perkin Trans. 1987, that, in addition .to problng thg solven'F structure, the measurfed
1987 97-102. difference function contains information about the rotameric
(12) Brady, J. W.J. Am. Chem. Sod.989 111, 5155-5165. ;
(13) Barrows, S. E.; Dulles, F. J.; Cramer, C. J.; French, A. D.; Truhlar, D. G. Conform‘jﬂtlon of t.he .eX(.:ha.ngeable h}’drog‘?” of the O‘} hydrOXyI
) %arbohydrs. REe518995 27JGV%/19E251. C 1 French A D Trahlar . G group. Since the intrinsic trigonometric torsional potential energy
arrows, S. E.; Storer, J. W.; Cramer, C. J.; French, A. D.; Truhlar, D. G. . . .
J. Comput. Chen998 19, 11111129, funct|on for this hydrqgen has three stable positions correspond-
(%g) gamer, CT- JM _Trl\tjlhlar, E- '\C/IJ:] A“T-ICgfm-tStﬁgggéﬁﬁE 573-3—75;83. ing to the three principal staggered rotamers for that ge&ép,
(16) 15?2?%‘, - M Merz, K. MJ. Mol. Struct. { Y997 395 with the two positions gauche to H4 having a different-H4
17 f;fg'éa, G. | Has, K.; Csizmadia, I. GChem. Phys. Lett1996 257, OH4 distance from the trans position, the NDIS results allow
(18) Dauchez, M.; Derreumaux, P.; Vergoten,JGComput. Chen992 14, the extraction of information about the relative populations of
263-277. th t nd th t th nformations of that hydroxyl
(19) Shallenberger, R. SAdvanced Sugar Chemistry: Principles of Sugar ese St"’? es, a dt .US about the conformations o a Yd OoxXy
StereochemistryAVI Publishing Co., Inc.: Westport, CT, 1982. group. Since there is presently no other way to obtain directly
(20) é(g\zbayama, M. A Patterson, D.; Piche,Qan. J. Chem195§ 36, 557 such information, these results become particularly useful in
(21) Jeffrey, G. A.; Robbins, A.; McMullan, R. K.; Takagi, Scta Crystallogr. further evaluating the physical reliability of the intramolecular
198Q B36
(22) Hevg, C.; Widmalm, G.J. Phys. Chem. R001, 105 6375-6379.
(23) Hricovini, M.; Malkina, O. L.; Bizik, F.; Nagy, L. T.; Malkin, V. GJ. (25) Ha, S. N.; Giammona, A.; Field, M.; Brady, J. Warbohydr. Res1988
Phys. Chem. A997, 101, 9756-9762. 180, 207-221.
(24) Behrends, R.; Cowman, M. K.; Eggers, F.; Eyring, E. M.; Kaatze, U.; (26) Palma, R.; Zuccato, P.; Himmel, M. E.; Liang, G.; Brady, J. WGIycosy!
Majewski, J.; Petrucci, S.; Richman, K.-H.; Reich, 31.Am. Chem. Soc. Hydrolases in Biomass Coarsionn Himmel, M. E., Ed.; American
1997 119 2182-2186. Chemical Society: Washington, DC, 2000; pp +130.
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force field. The results reported here represent the first attemptis the structure factor for nonexchangeable protogs ielative to the

to use NDIS technigues to determine hydroxyl conformations.
Methods

Experimental Procedures.All neutron diffraction data were col-
lected at the Institut Laue-Langevin in Grenoble under ambient
conditions on the D20 diffractometer, which haQaange from 0.9
to 13.0 AL The samples were run in a cylindrical-geometry can with
0.5 mm null scattering titaniumzirconium walls and a sample diameter
of 6 mm. The wavelength used was 0.7 A, with data being collected
over the angular range of°613%. The multiple scattering and
absorption corrections were carefully performed using literature

label, andS,,41.(Q) is the structure factor for all of the exchangeable
hydrogen atoms Kl (i.e., the hydrogen atoms of water and the hydrogen
atoms on the sugar hydroxyl groups) relative to the I&bét.Although

the counting time for the D solutions (ca. 8 h) was approximately
twice that for the RO solutions (ca. 4 h), it was found that the statistical
error in the functiorﬁzOAﬁsub(Q) was considerably larger than that for
the analogous function in J®. An assessment of the statistical error
was obtained by placing a spline through each difference function, and
then subtracting this from the original data. In each case this gave a
bar of noise which was free from systematic variation. The standard
deviation of this noise was 1.1 mb stratonT? for the functionHz°

X . X .
procedures that take account of the background and sample container,(Q) and 0.4 mb str* aton* for the function®°A,; (Q), with the

scatteringt’28
A sample of 98% enriched D4-labeleekylose was purchased from
Omicron, while natural abundancexylose was obtained from Sigma

data re-binned into 350 points (a bin size of 0.051)55\bWhiIe better
statistical errors would always be preferable, it should be remembered
that, in order to halve the statistical error, the counting time needs to

(Sigma ultrapure). The same sugar samples were used for preparingP€ increased by a factor of 4. As the majority of the statistical error in
both the HO and DO solutions. The method used for preparing both ~ these data comes from the®isolutions, for which data were collected
sugar solutions was as follows. To an accurately measured amount offor 8 h in thepresent experiment, considerably longer counting times

xylose, the appropriate amount of light water to mak3 molal (M*)
solution (ca. 2 mL) was added gravimetrically into the null-scattering
Ti/Zr can. Afte 8 h of collection of neutron scattering data, the entire
sample was quantitatively transferred to a 25 mL pear flask of known
mass, using BD washings, and the solvent was removed on a rotary
evaporator using a Teflon-headed pump on a water bath at ¢&.60

would be required just to halve the statistical error. Due to the severe
limitations on the availability of neutron beam time, this is not a
practical option. However, the next generation of neutron machines
currently being built may be able to offer approximately an order of
magnitude higher flux and the stability of detectors required to
significantly enhance the accuracy of these measurements.

After the water evaporation had ceased, the flask was removed and The directly calculated difference function4{Q)) can be Fourier

weighed to assess the fraction of water that had been removed (typicallytransformed to real space to give the total radial distribution function
>95%). A further 4 mL of RO was then added and the process was (Gsu{r)) which contains structural correlations of the substituted nucleus
repeated. In total this process was conducted six times, after which thet0 other atoms in the system. These data are composed of a combination

correct amount of BD was added gravimetrically to the room-

of radial distribution functions weighted by prefactors, which are

temperature flask. Four hours of collection of neutron scattering data calculated from the atomic composition of the system, and the neutron

was needed for the JO sample to obtain better statistics than with the

H,O sample. This procedure was carried out for both the natural and

isotopically labeled xylose.

Data Analysis. The first-order difference method is well documented
in the literaturé®3! and relies on the assumption that solutions of
identical chemical constitution, but with different isotopic concentrations

of a probe nucleus, are structurally equivalent around the probe nucleus.

Here we apply the first-order difference method to, firgtxglose in
D,O and natural xylose in fD, and second, skylose in HO and
natural xylose in HO solution. In all cases the ratio of xylose to water
was 3:55.55, referred to hereafter as 3 M*. [This terminology M* is
used instead of the conventional “molal” since molality is measured
relative to 1 kg of solvent, but the same number oOHand DO

scattering lengths of those components.

POG, (1) = 1210, o) + 498, o(r) — 0.68, 4y (1) +
10.04,_ 4 (1) (3)

"G, (1) = 1216y, o(r) + 4.980, o) — 0.68 (1) —
5.54, 4. (N) (4)

Clearly, %A% (Q) — "CAY (Q) yields 15.58,4,,(Q) (the statisti-

cal noise in this function, as calculated by the method described above,
was 1.2 mb str* atont ). The Hy population may be further split into
exchangeable hydrogen atoms on xylose X and those on water

molecules have different weights, making standard molality less useful (He,W). It is found that fo a 3 M* solution,

in the present context.] These first-order difference experiments yield

the difference functionﬁ’,jsub(Q) for the structure factors,

POAL(Q =121, (Q) +4.985,_(Q) — 0.685, 4, (Q +
10.048, 4 (Q ()

MOAL(Q) = 1.215,_ ((Q) +4.985,_(Q) — 0.685, 4 (Q) -
5545, 4.(Q ()

whereS,,,c(Q) is the structure factor for carbon atoms relative to the
nonexchangeable substitution-labeled hydrogen atam $.,.0(Q) is
the structure factor for oxygen atoms relative to the laBg|,,(Q)

(27) Barnes, A. C.; Enderby, J. E.; Breen, J.; Leyte, JC8em. Phys. Lett.
1987 142, 405-408.

(28) Barnes, A. C.; Hamilton, M. A.; Beck, U.; Fischer, H.EPhys.: Condens.
Matter 200Q 12, 7311-7322.

(29) Enderby, J. EChem. Soc. Re 1995 24, 159-168.

(30) Neilson, G. W.; Mason, P. E.; Ramos, S.; Sullivan,Abilos. Trans. R.
Soc.2001, A359 (1785) 1575-1591.

(31) Squires, G. Lintroduction to the Theory of Thermal Neutron Scattering
Cambridge University Press: Cambridge, UK, 1978.

15583, 4 (Q =14.08, , w(Q + 155, 4 x(Q ()
which can also expressed as
15.5&;Hsuwex(r) = 14'063Hsutﬁexw(r) + 1'523H5utﬁe%(r) (6)

Further, theSi, s, (Q) component oP A (Q) or "°A (Q) can be
subtracted to yield a new function, e.g.,

POAN(Q =1215, ((Q) +4.98, Q) — o.essqsmm(%

which can be Fourier transformed to yield
DZOGEsub(r) = 1-2]gHsubC(r) + 4.9&Hsubo(r) - O-G&Hsulﬁnon(r) (8)

where Y denotes that this is correlated to all atoms other thgn H
This residual should be the same for both solutions, i.e.,

POALL(Q ="OAL(Q)

sub sub

9)
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This comparison gives an assessment of the accuracy of the measure- barns str’ atom’
ments. Both of these functions share some statistical noise features, as
their calculation requires, in both cases, the subtraction of the same a) oos 4
function Sy 11.,(Q)-

Simulation Procedures.In the MD simulations, a periodic cubic
system was created at 3 M* concentration containing a number of Hos )

independent xylose molecules surrounded by explicit water molecules.
The simulations employed the CSFF sugar force fief@33with water
molecules represented by the TIP3P mddétAll simulations were
performed as NVE ensembles using the CHARMM progamith
chemical bonds to hydrogen atoms kept fixed using SHXKdad a
time step of 1 fs. The starting coordinates were created by placing 36

0.01 4

randomly orientated xylose molecules (consisting off2dnd 12a o014 S 10 15 QL&-I 20
anomers) in a 34 A cube. The ratio of21 o closely resembles a barns str'atom”
D-xylose solution at the anomeric equilibrium. These coordinates were
superimposed on a box of 1296 water molecules, and those which were b) 0.12 4
within ca. 2.5 A of any solute heavy atom were discarded to produce -
the correct concentration; by design this procedure pratiac@ M* :
solution (36 xylose molecules and 666 TIP3P water molecules, 3.003 o = N\
i j A R v

molal). Finally, the box length was rescaled to 29.5851 A, which yielded v
the correct physical number density (0.105 ator?)A 1

All van der Waals and electrostatic interactions were smoothly
truncated on a group basis using switching functions from 13 to 15 A.

Initial velocities were assigned from a Boltzmann distribution (300 K), 03§t ’
followed by 7 ps of equilibration dynamics with velocities being 1 A/x/\/\,————
L

NAA

A"

reassigned every 0.1 ps. The simulation was then run for 1.5 ns with P

no further velocity reassignment. The first 0.5 ns of this was taken as 002 s T T T T 1
equilibration, and the remaining 1 ns was used for analysis. The final 0 1 2 3 4 5 6
coordinates of this 1.5 ns simulation were used as the starting r/A

coordir_lates for three additional s_imulations, where the~B4‘—O4— Figure 2. (a) Experimentally measured funCtiO”ﬁoAﬂsub(Q) and
HO4 dihedral angle was constrained td® 608C°, and 300 using the DOA! (Q), gray lines, upper and lower, respectively. It is an experimen-

harmonic dihedral constraint facility of the CHARMM program, with  tal asSumption that these two functions are identical. In each case the
a constraint force constant of 200 kcal molin each simulation, the function HzOAﬂsub(Q) predicted by MD is shown in black. (b) Upper: the
initial velocities were assigned from a Boltzmann distribution at 300 function "°Gy,_(r) without experimental resolution imposed (gray) and
K followed by 5 ps of equilibration dynamics with velocities reassigned with experimental resolution imposed (black). Middle: the experimentally
every 0.1 ps. Each simulation was then run for an additional 0.5 ns measured funptioh*z?GLsuh(r) (gray) and the same function calculated
with no further velocity reassignment. These constrained simulations ™ the MD simulation with the experimental resolution imposed upon it
e : . - (black). Lower: comparison of the experimentally determined functions
were used for determining which conformation of this-€24 hydroxyl HOGY, (r) and®OG), (1) in black and gray lines, respectively.
group gave the best match between the calculated and experimental sub sub
structure factors. MD structure factors were calculated as Fourier structure in the experimental radial distribution function at
transforms of radial distribution functions averaged over the trajectory. distances less than 1.0 A arises from truncation errors and is
shown as a dotted curve in this and subsequent figures. Again,
there is good agreement between the MD and experimental
Figure 2a compares the experimentally measured functionsresults. In particular, the positions and relative intensities of all
POA (Q) and A (Q) with the AEsuh(Q) calculated from  of the principal peaks agree closely between the experimental
the MD simulation. The MD simulation reproduces these gn(d MDHZOGE (r) values, once the experimental resolution is
experimental functions remarkably well. A basic assumption jmposed on the simulation results. Recall that a sharp feature
of the NDIS experiment is that neither the solvent StrUCtUring in r-space is represented mspace as a ||ght|y damped sine
nor the molecular structure of the solute is significantly affected \yave, and that the wavelength defines the value,ofvith
by the iSOtOpiC substitution. Given this aSSUmption, the functions shorter Wave|engths representing high@ﬂpace features. The
D0A!, (Q) and MPAY (Q) should be the same, and their damping defines the broadness of thepace feature: the
comparison gives a measure of the experimental accuracy anchroader the feature, the more severe the damping. Large, broad
reproducibility. r-space features are therefore severely damped, higher-frequency
Figure 2 also presents the total atomic radial distribution Q-space features. Molecular correlations are generally lower
function HzOGﬁsub(r) resulting from the Fourier transform of  frequency, much less severely damp@dpace features. The
OA! (Q) (Figure 2b, gray line of the middle panel). The calculated function*:CA;, (Q) exhibits significant signal
above the upper experimséntal limit of the measurements (13
. A-1) due to molecular correlations. As a result, since the
(33) Eftrlltggl gﬂdo'\?/',-' ngDl- Thesis, University of Cape Town, Cape Town, South  experimental results are resolution limited, the sharpness of some
(34) Jorgehsen,\’/\lR L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein, Of the correlations in the funCtiOI’I'ZoGﬁsuh(r) is underesti-
(35) mé:_i'a,JE?E?s@h?&%iﬁpﬁé%%ﬁ% Phy<1996 105, 10021016, mated. The importance of the experimental resolution of these
(36) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; Swaminathan, S.; Karplus, features can be illustrated numerically by Fourier transforming
(37) '\\flémJ G%%gg?éncwngg 8§e?énlc?s79n2,ll-7l: JMBI. Phys.1977, 34, 1311 the cglculated"zo_Aﬁsub(Q) using theQ_—range of the_ present
1327. experiments. This procedure will, in essence, impose the

Results and Discussion

(32) Kuttel, M.; Brady, J. W.; Naidoo, K. J. Comput. Chen2002 23, 1236~
1243
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Figure 3. Contours of oxygen atom density around a reference xylopyranose molecule as calculated from the MD simulations. The top two figures show
water oxygen atom density (contour level is at ND 0.02, 5.8 times the average number density of water oxygen atoms);xwitdpyranose on the left

(oriented such that the C4 group is in front) gitd-xylopyranose on the right. The bottom two figures show xylose oxygen atom density aroyltapyranose

(contour level is at ND of 0.02, 2.9 times the ND of xylose oxygen atoms), wittyain on the left an@ on the right.

resolution limit of the experimental measurement onto the MD A major goal of this study was not just to probe the
data (Figure 2b, top; gray line, without the experimental intramolecular structure of the solute, which in the case of sugars
resolution limit; black line, with the experimental resolution). is relatively constrained by the rigidity of the covalent archi-
The resolution limit is most notable in theylgC correlation at tecture, but also to determine the nature of the solvent water
about 1.1 A and, to a lesser extent, in Hig,—C—0O andHgsu,— structuring around the solute. This can be directly calculated
C—C correlations at 2.1 A. It should be remembered that in from the MD simulations, as has been done betdré’and is

the MD simulations all bonds to hydrogen atoms were kept fixed displayed separately for both anomers of xylose in the upper
using the SHAKE constraint procedu@while this constraint panel of Figure 3. The solvent structuring patterns are very
will result in the MD prediction being somewhat too sharp, similar to those previously found for sugdrs:® No overall
previous simulations where the SHAKE procedure was not usedtendency for the sugar molecules to associate was observed in
have shown that there is little broadening of this feature when the MD simulations, as would be expected for xylose at this
the bond is assigned a force constant. No other features in theconcentration. However, because of the relatively high concen-
MD data are significantly resolution-limited. The biggest tration, direct interactions between sugar molecules often
differences between the MD prediction and the measured curvesoccurred during the course of the simulation. The lower panel
are in the overly sharp peaks in the MD function at 2.1 A and of Figure 3 shows how other sugar molecules structure around
2.7 A due to the positively weighteldsus—C—0 and Hsup— a given xylose solute, and as already found for gluédbese
C—C correlations, and the negatively weighteg,;—C—Hnon interactions are via hydrogen bonds which tend to be arranged
peaks at 2.5 A and 3.1 A. This difference can be observed in in patterns similar to those occupied by water hydrogen bond
the Q-space data, where the NDIS function damps away faster partners. Unfortunately, the rich anisotropic detail revealed by
at higherQ than the equivalent MD function. As similar NDIS ~ MD simulations cannot be extracted from the experiments,
experiments using heavy-atom substitution under comparablewhich can only determine radially averaged distributions of
conditions did not exhibit such behavi#tit is possible that  atoms. However, such radial distribution functions can still be
this is a consequence of quantum mechanical uncertainty in theysed to evaluate the overall validity of the simulation results.

position of the probe nucleus. The calculated radial distribution functiogy,g,(r) for
(38) Mason, P. E.; Neilson, G. W.. Dempsey, C. E.: Brady, JJYPhys. Chem, exchangeable protons from both the water and sugar hydroxyl
B 2005 submitted. groups around the single labeled nonexchangeable H4 atom is
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] Figure 5. Sy,4.(Q) as calculated from MD simulation (black) and
measured by neutron scattering (gray). Unlike in Figure 3Qtnange does
0 2 4 6 8 10 not limit the resolution of the measurement here; however, the lack o€low-
I'/ A data does.

0.0

Figure 4. The functiongn,.(r) as calculated from MD, top black line.
The subcomponents of this function due to the different types of exchange- gHwbHex(")
able hydroxyl protons K are also shown; the contributions fogtén water 451
(green line), HO4 (red), HO3 (blue), HO2 (gray), and HO1 (purple) are

illustrated. 40 4

displayed in Figure 4. This function may be viewed as having
two components: correlations topX, which include several
very strong intramolecular components due to hydroxyl hydro- a0
gen atoms on the same molecule, and intermolecular correlations

to water, exhibiting structure out to about 8 A. The calculated e
individual intramolecular contributions @y ., (r) from each R
hydroxyl group in the xylose molecule are also shown in Figure "\.-*;I.'«,,-
b2 MM =3 ka Rttt s e HHHHf

3.5 1

4. Several features of the totg.,(r) function can easily be 151
ascribed to specific hydroxyl groups of the xylose. Specifically, .
the peak at 2.2 A is due to the hydroxyl group on the C4 carbon, il 42
the peak at 3.5 A to that on C3, and the pet§ A to those on :
C2 and C1 combined. While the first peak due to the C4 N

hydroxyl group is a singlet, the C3 and C2 components actually T e .

consist of doublets due to the two distinct distances arising from 8
the different conformational minima of these hydroxyl groups. il /A
The lowers sub-peak of the C3 component contributes to the Figure 6. The functiongy,,(r) as calculated from the MD simulation,

total gu1.(r) @s a shoulder to the second peak around-2.8 upper black line. The lower and middle black lines are the experimental
29A and MD g ,H.(r) functions, respectively, in each case with the full

. . experimental resolution applied (6:23 A~1). The lower and middle gray
Much of the structure in the intermolecular component of |ines show the experimental and MD functign, 41.(r), respectively, in

OHauHe(I) is due to the exclusion of water molecules by the each case from th@-range for which the experimental data are statistically
presence of the other atoms of the sugar solute. However, thisreliable (0.9-5.0 A™). In all cases the unphysical ringing below about 1.7
; o . A-1is shown by a broken line.
intermolecular component exhibits a clear, broad peak just below
4 A due to the water molecules hydrating this hydrophobic group rable. The lack of reliableQ-range means that thespace
and to those hydrogen bonded to the adjacent hydroxyl group, molecular correlations are severely resolution-limited. While the
but as can be seen in Figure 4, this peak barely registers in thefirst-order difference method requires measurements for only
cumulative function, and its position actually corresponds to a two solutions, and can be accurately performed at contrast levels
broad minimum on this total function due to the sharper decay of a few millibarns3® the method for the determination of
in the correlation with the HO3 atom. Such entanglement greatly gy 4.,(r) requires four solutions to be measured, and conse-
complicates any effort to extract direct information about the quentially counting statistics are a much greater source of error.
hydration of the C4 group from the experimental data, which Due to the limited availability of beam time, it is not practical
cannot be resolved into components. to gather data on a sample for more than about 8 h. It would
Figure 5 compares the calculated and experimental structuretherefore not have been practical to greatly enhance the counting
factors for the exchangeable protons about the labeled H4, andstatistics for these data, as acquisition was performed on the
Figure 6 compares the radial distribution functions calculated D,O solutions fo 4 h and on the kD solutions fo 8 h (due to
from these structure factors. Unlike the case for the total atomic the much higher level of incoherent scattering from thé$e
radial distribution functiorﬁzOGL b(r) (Figure 2b), the agree-  rich samples). As a result, the Fourier transformsgf s1..(Q)
ment between the MD simulations and the experiment for the yields significant errors due to the poor signal-to-noise ratio in
exchangeable hydrogen contributigi, () is less satisfactory ~ the region 513 AL Further, it was found that if the
(Figure 6). Although th&)-range of the D20 diffractometer is  Qng.(f) calculated from MD was back-transformed and
nominally 0.9-13 A%, for this double-difference experiment retransformed using only the region-8 A1 (applying the
the data are probably only statistically reliable for the range resolution of the reliable portion of the data to the MD
0.9-5.0 A1, based on the signal-to-noise ratio, since the signal gn.(r)), the imposed resolution broadens the modeling data
beyond 5.0 Al is very small while the noise remains compa- significantly (Figure 6).

Y]
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Figure 7. Radial distribution functiomw, .,(r) as calculated from the MD
simulations: a, as calculated from the unconstrained simulationi; 380,
and 60, as calculated from the simulations with the H24—04—HO4
torsional angle constrained to each of the specified angles.

SHsubHex(Q)

H4-C4-04-HO4

residue

Figure 9. Rotameric population probability distributions for each of the
four hydroxyl groups inp-xylopyranose as calculated from the MD
simulation, in increasing carbon number from the bottom. A valug @ff
18C° corresponds to a geometry trans to H4, whil€ @@rresponds to
gauche-plus and 30@orresponds to gauche-minus. Note the highly uneven
distribution of rotamers, with some significantly preferred. For each carbon,
the black line is the data calculated from #he-xylopyranose simulation
and the gray line is for thg anomer.

that would preclude measurement of the higl@range.
Although the statistical errors in the neutron scattering data are
consistent across the entigerange, the model predicts a large
signal in§Q) in the region 6-5 AL, From comparison of the
MD and experimentaf(Q) data forSy 41.(Q), it is clear that
there is considerable statistical noise in these data, yielding a

dihedral angle
= standard deviation of 1.2 mb stratonT? for data re-binned in
Q-steps of 0.5 AL, The comparison is therefore performed in
the region 6-5 A~1, where there is a relatively high signal-to-
noise ratio compared to the rest 8f . (Q). Of the three
principal expected energetic minima at’6Q8C, and 300, it

was found that the 18(osition gave a significantly poorer fit

to the experimental data than the other two positions and could
be reasonably precluded by this physical measurement. This
result was quantified by the summation of the absolute difference
between the experimental and MD-calculated function for each
position in the region £5 AL, For the 60, 18, 30, and
unconstrained simulations this yielded values of 12, 21, 13, and
14 mb strt atont?, respectively.

A s

Figure 8. Structure factof, 4, (Q) as calculated from the MD simulations Whil ianifi v | . t id
and determined from NDIS experiments. Left: S, +1.(Q) as calculated lle a signmcantly lower-noise measurement over a wider

from the unconstrained simulation; 30018C°, and 60, Sy 4.(Q) as Q-range might allow the 60and 300 positions to be distin-
calculated :jr?m thehsi(r:;l#]aeticsmz (\:I:/fllt: Jf\llea Eg?nochr?fatsoéStiﬁga; :negrlifn entaﬁuished, it was found that with the data presented here this was
IC\IODnISStr(?;rtls is 8v2?|gin in gray.pRight: the resiaue from subtracting tﬁe NDIS ot p_OSSIb|6, hor was it possible to dIStlnng_h bet\.Neen the
data from the MD simulation curve. The 1B@ase gives a particularly ~ functions calculated from the 8@nd 300 constrained simula-
poor fit over the reliable portion of the NDIS data. tions and the unconstrained function. The MD simulations
suggest that the rotational conformation of the H@#

In principle, fromgg,4.,(r) it should be possible to describe  hydroxyl group is insensitive to the anomeric conformation of
the intramolecular correlations between the labeled H4 atom the sugar, in both cases showing populations of about 75% for
and the hydroxyl hydrogen atoms experimentally, which could the 300 conformer and 25% for the 8Qpositions, with the
be used to extract the rotameric conformational distribution of 18(¢° position essentially unoccupied (Figure 9). The 300
the O4 hydroxyl group, since the HHO4 distance changes  conformer is preferred because it optimizes electrostatic interac-
as this group rotates about the-63@4 bond (Figure 7; also see  tions with the O3 oxygen atom without precluding hydrogen
Figure 1). To examine the sensitivity of the functi&in,.,(Q) bonds to water, but it is not clear why the 2&@nformer, which
to the O4-HO4 dihedral angle, this function was calculated would allow the geometrically most optimal hydrogen-bonding
from simulations with the H4C4—04—HO4 dihedral con-  to water, would be so disfavored. It appears that this preference
strained to angles of 8018C, and 300 (Figure 8). It was found  arises entirely from intramolecular interactions, since in the trans
that this function varied significantly with angle in the region conformer at 180this hydroxyl proton is approximately 2.5 A
0—5 A%, in particular the 180position was unique in having  away from two like-charged aliphatic protons on C5 and C3
a significant maximum and minimum at 2.7-Aand 3.5 A, (see Figure 1), while in the gauche positions there is only one
respectively. Furthermore, all three conformations gave different such repulsive interaction at2.5 A, with the C4 proton. This
reciprocal space representationsatc 1 A=L Although it is distribution differs from that observed previou¥lyusing an
possible to measure suctQarange with two-axis diffractome-
ters such as D20, this would entail a different instrument setup (39) Schmidt, R. K. Ph.D. Thesis, Cornell University, Ithaca, NY, 1995.
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bamns str”atom’” neutron scattering measurements on only two solutions (the H/D-
' substituted xylose in a solution in which thetatom has an
average coherent scattering length of 0). This experiment would
require less beam time and would provide significantly better
counting error per hour of beam time; however, it would not
provide as much information as the method employed here.
The present results allowed the conformation of the hydroxyl
group on the same carbon atom as the isotopically substituted
hydrogen atom H4 to be estimated, thus providing a test for
the modeling. A major goal of these studies was to determine
the nature of water structuring around the solute. For complex
asymmetric solutes such as sugars, this effort is complicated
; 5 é ? by the fact that each nonexchangeable proton in the system is
/A in a different environment, which is why the present study
Figure 10. MD simulation of the best experimental function that can be €Mployed xylose solutes specifically labeled only at one
measured by NDIS by H/D substitution at the H4 position. The constitution position, on the C4 carbon, which in principle allows the
gfﬁthis me?su(ﬁswspglﬁcﬁ-?r%éﬂﬂ )+ 1-??ggﬁg(gn:ntliglgﬁau\}»\clg)at_the extraction of the structure of exchangeable protons around just
bbtgmuﬁobray. Although the c’orreeglgstuitgg from tr?e substituted nucleus to this atom. Ev_en 'n this case, however, in addition to the d_eSIred
the hydrating water is the dominant term, the signal in the crucial region Solvent contribution, the experiment@l,,u,(r) also contains
up to aboti 6 A is dwarfed by intramolecular correlations. At the top is large intramolecular contributions from the exchangeable hy-
shown the function as measured by NDIS (gray) and the MD simulation  4yy| hydrogen atoms which obscure the solvent contribution.
after it has had the experimental limits imposed upon it. . S
As was seen, this intramolecular contribution makes a purely

earlier version of the CHARMM parameters for sug#rs. _experin_wental measurement of just the solvent contribution
However, the present results demonstrate that it is possible to!MPOSSibIe from the present data alone.
distinguish between these positions, due to their different three-  S€veral alternate approaches might be attempted to separate
dimensional structure. out the hydration contribution in future studies. For example, a
The goal of this study was to probe the water oxygen density hyPrid approach might be possible where the intramolecular
around thep-xylose sugar molecule. However, since the solvent contribution co.ulld be evgluated from the MD simulations, if
is most strongly ordered in response to the hydroxyl groups they were suff|C|entIy.reI|abIe:\, and thep subtractgd out from
and not to the sites that can be individually examined (the the experlmentgl funct|0r1 to give the residual coptrlbutlon from
nonexchangeable hydrogen atoms), it follows that the interpreta—sowe”t only. This “experimental” solvent structuring coqld then
tion of the experimental results is difficult. The situation is D€ compared to that calculated solely from the modeling. The
further complicated by the intramolecular correlations of the Principal problem with this approach is that, at present, the
xylose molecule itself, which cannot be simply removed and Medeling methodology is not of sufficient quality to make this
are considerably more structured than the correlations of the @PProach definitive. However, due to the relatively constrained
substituted hydrogen to the water molecules. This problem is Nature of the sugar structure, it should be possible to improve
emphasized in Figure 10, where the MD simulation of the best the quality of the molecular mechanics energy functions so as
structural measurement that can be made is shown. Despite thd® réproduce the experimental observation.
fact that correlations between the hydrating water and the xylose A principal result of the present study was the determination
contribute over 60% of this measurement (withgia, ou(r) that the O4 hydroxyl group avoids the trans conformation at
prefactor of 3.92 mb), in the crucial region up to abBu this 18, apparently due principally to intramolecular interactions.
contribution is dwarfed by the intramolecular correlations. The MD simulation results further indicate that the 3g@uche
Currently the differences between the MD simulation and the conformation is preferred due to favorable intramolecular
NDIS measurement of the molecule, while relatively minor in €lectrostatic interactions, although the -€404-03 angle is
themselves, are large compared to the expected signal from thosé00 strained for this interaction to be considered a proper
water molecules hydrating the xylose. In order for further hydrogen bond. Such a result might be expected for this sugar
progress to be made, a new approach will be required that isin @ vacuum, but it is less obvious for the solvated molecule

capable of accurately removing the intramolecular structure from and demonstrates that, at least for this functional group, the
NDIS measurement. solvent structuring is probably dictated by the intramolecular

conformational structure rather than the other way around. It is

possible that such intramolecular energetic considerations might
The studies reported here represent the first attempt to usealso govern the interactions of sugar molecules with other

NDIS experiments to characterize specific atomic details about molecules, such as in binding to proteins.

the structure of sugar solutions. The experiment reported here

was intended to collect data about correlations between the

substituted hydrogen and, first, thethtoms and second, the ] .

C, O, and Hon atoms. To get the functioﬁsﬁ ), it was was supported by grant GM63018 from the National Institutes

necessary to combine four neutron scatterinf;m’measurementspf Health.

However, it is possible to obtain only the functiﬂisub(r) by JA051376L
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