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ABSTRACT We use molecular dynamics to simulate recent neutron scattering experiments on aqueous solutions of

N-acetyl-leucine-amide and N-acetyl-glutamine-amide, and break down the total scattering function into contributions from
solute-solute, solute-water, water-water, and intramolecular correlations. We show that the shift of the main diffraction peak
to smaller angle that is observed for leucine, but not for glutamine, is attributable primarily to alterations in water-water

correlations relative to bulk. The perturbation of the water hydrogen-bonded network extends roughly two solvation layers
from the hydrophobic side chain surface, and is characterized by a distribution of hydrogen bonded ring sizes that are more

planar and are dominated by pentagons in particular than those near the hydrophilic side chain. The different structural
organization of water near the hydrophobic solute that gives rise to the inward shift in the main neutron diffraction peak under
ambient conditions may also provide insight into the same directional shift for pure liquid water as it is cooled and
supercooled.

INTRODUCTION

Recently reported neutron scattering studies (Pertsemlidis et
al., 1996) on hydrophobic and hydrophilic amino acids have
provided new experimental evidence that water in the hy-
dration shell of a nonpolar side chain is organized differ-
ently than in pure liquid water. The scattering experiment
observes a shift in the main neutron diffraction peak of
water to a smaller angle for solutions of hydrophobic N-
acetyl-leucine-amide (NALA), and its side-chain analog
isobutanol, whereas the position of the water peak remained
unperturbed for solutions of hydrophilic N-acetyl-glu-
tamine-amide (NAQA) and the model backbone N-acetyl-
glycine-amide.

Scattering from aqueous solution can be analyzed in
terms of four spherically averaged pair contributions:

Isolution(Q)

= Isolute-solute(Q) + Isolute-water(Q) + Iwater-water(Q) + Iintra(Q)

(1)
where the last term refers to scattering interference between
atoms on the same molecule, and the remaining terms are
contributions due to intermolecular correlations. The pur-
pose of the present paper is to use molecular dynamics
simulations to 1) evaluate the various contributions to the
total scattering, 2) to show that the shift in the main dif-
fraction peak observed for aqueous hydrophobic solutions is
indeed due primarily to changes in water-water correlations,
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and 3) to provide insight into the molecular origin of the
observed shift by using polygon distribution functions and
the degree of polygon planarity. We show in regard to 3)
that water around the leucine side chain is more often orga-
nized into hydrogen-bonded rings dominated by pentagons
with better hydrogen bonds, when compared to the glutamine
side chain, and that little difference in structure is observed
near their respective backbones. Furthermore, the dihedral
angle distributions generated as a function of hydrogen-bonded
ring size (pentagons and hexagons) show less ring puckering
near the hydrophobic side chain, consistent with the shift in the
measured diffraction peak to a larger effective Bragg spacing.
We show that the measured effect by neutron scattering should
also be observable by x-ray scattering.

It is worthwhile to explain the term "effective Bragg
spacing," which is central to our analysis of the solution
scattering experiments. In the case of crystalline materials,
x-rays and neutrons are scattered at discrete angles by
sinusoidal (Fourier) components of the electron density and
nuclear scattering potential of the specimen, respectively.
The scattering angle is determined by the spatial period of
the Fourier component that is responsible for the scattering;
thus, for each scattering angle there is a corresponding
Bragg spacing, which is given by

A 7
X- Q

2 sin(0/2) Q (2)

where 0 is the scattering angle and Q is the momentum
transfer associated with scattering. Bragg's law was first
used to describe diffraction from crystalline materials,
where the spatial period of each Fourier component of the
electron density is determined by the lengths of the unit cell
vectors of the crystal. Representation of the electron density
as a sum of Fourier components is equally applicable to

noncrystalline materials, however. As a result it is still true
that the spatial period of the Fourier component, which we
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can call an effective Bragg spacing, can be calculated from
the measured scattering angle according to the above equa-
tion. As with crystalline materials, the amplitude of each
Fourier component of the electron density is given by the
square root of the scattered intensity. Information about the
vector direction of the Fourier component is lost in scatter-
ing from liquids, however, unlike in the case of crystals.

In the case of normal ice, the solid is made up of hydro-
gen-bonded hexagons arranged such that the largest Bragg
spacing observed with x-rays is -0.39 nm. Cubic ice is also
composed exclusively of hydrogen-bonded hexagons, but in
this case the largest Bragg spacing is 0.37 nm (Bosio et al.,
1983; Dubochet et al., 1982). The strict adherence to hy-
drogen-bonded hexagons of the ice crystal gives way in the
liquid to a broader distribution of hydrogen-bonded config-
urations, including a variety of polygons of varying sizes
and degrees of puckering or distortion, all of which result in
a more compact arrangement of water molecules. The elec-
tron density of the liquid is now characterized by a contin-
uous water ring rather than a discrete distribution of Fourier
components, and the effective Bragg spacing associated
with the main water peak is found to be -0.31 nm.

Furthermore, the distribution is peaked at a distance that
remains larger than the center-to-center distance between
individual water molecules. Thus it is clear that the most
prominent Fourier components of the scattering density of
pure liquid water have a repeat distance that is larger than
the oxygen-oxygen nearest-neighbor distance, which is
-0.28 nm. The larger Bragg spacing tells us that the fun-
damental scattering unit in liquid water must be something
bigger than a single water molecule. One important aspect
of the present paper is to show that the clustering of water
molecules into more planar pentagons in the hydration shell
of a hydrophobic amino acid is likely an important contrib-
utor to the fundamental scattering unit for water in aqueous
solutions containing hydrophobic groups.
The next section provides background on solution scat-

tering, describes our simulation protocol and the empirical
force fields used, outlines the procedure for obtaining sim-
ulated excess scattering curves, and briefly describes the
polygon distribution function analysis used to explain the
measured differences between leucine and glutamine solu-
tions. The third section contains the results of our structural
analysis that pertain to the molecular origin of the shift in the
main diffraction peak of water to a smaller angle for a hydro-
phobic amino acid. We conclude with a summary, discussion,
and plans for future work.

METHODS AND MODELS

Simulation of excess solution scattering intensity

Apart from an isotropic scattering term, the intensity mea-

sured for a solution is expressed as

I(Q) = I E CACBbAbBHAB(Q) (3)
A B

where bA is the neutron scattering length for type A atom,
and CA iS the atomic fraction of atom A (Egelstaff, 1992;
Corongiu and Clementi, 1992; Finney and Soper, 1994).
The partial structure factor,

fcc sin(Qr)
HAB(Q)= 4lTp I [gAB(r) - 1] Qr dr

J Q
(4)

is the Fourier transform of the direct correlation function,
hAB(r) = gAB(r) - 1, where g(r) is the radial distribution
function (rdf), p is the total number of atoms per unit
volume, and Q is the momentum transfer, related to the
scattering angle as Q = 4-rsin(0/2)/A. All water-water rdfs
(goo(r), gOH(r), and gHH(r)) and all water-solute rdfs
(gox(r) and gHX(r), where X is an atom of the leucine or
glutamine solute) were determined from molecular dynam-
ics simulations and were used to evaluate Eq. 4 (Pertsem-
lidis et al., 1996). The scattering length appropriate to
deuterium (0.663 X 10-12 cm) is used to describe heavy
water and all exchangeable hydrogens on the solute to
match the experimental conditions.
We define excess scattering as the difference between the

intensity measured from solution and the scattering mea-
sured for pure water scaled by the factor k, the estimated
number of water molecules per unit volume of a given
solution divided by the number of water molecules per unit
volume of pure water (Pertsemlidis et al., 1996; Pertsemli-
dis, 1995):

Iexcess(Q) = Isolution(Q) - kIpure water(Q) (5)

Our definition of excess scattering is operationally equiva-
lent to the definition of a "first-order difference" between
scattering of pure water at two different temperatures, where
k is analogous to differences in density at the two temper-
atures. In both cases, the main water diffraction peak at 2.0
A -l might shift in some direction so that the excess
scattering (or first-order difference) shows a ripple in the
region of the water ring (a term commonly used in protein
x-ray crystallography to describe what is, in that context, the
undesired background scattering of water). We analyze the
scattering data in the next section by combining Eqs. 1
and 5:

Iexcess(Q)

= Isolute-solute(Q) + Isolute-water(Q) + Awater-water(Q) + Iinua(Q)

(6)
to isolate changes in solution water structure, if any, com-
pared to that of pure water. The evaluation of each contri-
bution to Eq. 6 is described in the next subsections.

Molecular dynamics simulation of /solute-water(Q)
and /water-water(Q)

The simulation of a single solute in water allows us to
evaluate contributions from solute-water and water-water
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correlations to Iexcess(Q). We use AMBER 4.0 parameters

(Cornell et al., 1995) to describe a single N-acetyl-leucine-
amide (NALA) (Fig. 1, top) or N-acetyl-glutamine-amide
(NAQA) (Fig. 1, bottom) in solution with 502 and 505 SPC
water molecules, respectively (Berendsen et al., 1981). Con-
tributions from Isolute-water(Q) and Iwater-water(Q) were mul-
tiplied by a factor of 4.56 and 2.60 for leucine and glu-
tamine, respectively, to account for differences in the
concentration of solute molecules between the simulated
and experimental conditions (Pertsemlidis et al., 1996). An
independent simulation of pure water using 512 SPC water

molecules was performed to generate the excess scattering
differences.
The velocity Verlet algorithm (Swope et al., 1980) was

used to integrate the equations of motion at 298 K and -1

kg/liter in the NVT ensemble. A time step of 1.5 fs was used
for all reported calculations. The simulation length com-

prised 150 ps of equilibration and 300 ps of dynamics,
during which statistics were accumulated. Constant temper-
ature was maintained by periodically rescaling velocities
(every 0.75 ps). RATTLE was used to maintain the rigidity
of the SPC internal degrees of freedom (Andersen, 1983).
We used Ewald sums for the aqueous solution simulations

N-acetyl-leucine-amide

H H

H

N-acetyl-glutamine-amide

H H

C~~~~f N\ /

H NC

H

C-~N

0'

FIGURE 1 Chemical structures of the two solutes used in the neutron

scattering experiments (Pertsemlidis et al., 1996) and simulated in this

study. (Top) N-Acetyl-leucine-amide. (Bottom) N-Acetyl-glutamine-
amide.

to evaluate the long-range electrostatic interactions, where a
Gaussian form for the modified charge distribution is as-
sumed (Allen and Tildesley, 1987). We used a convergence
parameter a = 6.0/L and truncated the k-space sum at km =

3. The evaluation of the r-space sum was truncated at n =

0, and the minimum image convention was used to evaluate
all real-space interactions. The minimum image convention
was also used for evaluating the solute-solvent interactions.

Molecular dynamics simulation and integral
equation estimates for /solute-solute(Q)
Because we are primarily interested in reproducing the
experiment and determining the molecular origin of the shift
in the diffraction peak at Q = 2.0 A -1, we will not attempt
to quantitatively describe the solute-solute correlations in
water throughout the full Q range. In particular, the small-
angle region (Q < 1.0 A -1) is difficult to simulate because
it is dominated by large molecular length scales correspond-
ing to multiples of the diameter of the solute molecules
themselves. Simulation of the small-angle region is there-
fore limited by both our simulation box size (which is valid
for Q > 0.25 A -1) and adequate sampling over the full
radial separation between solute molecular centers in water.
By contrast, the region corresponding to the water ring,

Q 2.0 A 1, probes correlations over smaller length scales
with an effective Bragg spacing of -3.1 A. Simply based on
the effective size of the solutes, which are -5.0-7.0 A in
diameter, we can rule out their contribution in the region of
the water ring. We use Pratt-Chandler theory (Pratt and
Chandler, 1977) above to crudely estimate gsolute-solute(r) for
hydrophobic spheres of this size in water to show that
solute-solute correlations do not contribute in the region of
the water ring. Pratt-Chandler theory solves Ornstein-
Zernike-like equations for solute-water and solute-solute
pair correlation functions, assuming that repulsive interac-
tions dominate those interactions in dilute solution, and
therefore can be approximated by treating the solute parti-
cles as hard spheres (Pratt and Chandler, 1977). Clearly the
attractive forces in a highly associative fluid such as water
would be poorly treated by the above approximation, and
the theory is rendered semiempirical through the use of the
experimental oxygen-oxygen pair correlation function for
liquid water (Pratt and Chandler, 1977).

However, there is some possible effect due to smaller
length-scale, intersolute interactions, such as the formation
of a solute-solute hydrogen bond, that might contribute to

scattering in the water ring region. In an attempt to quantify
these effects, we have simulated 27 leucines and glutamines
confined to a box 30 A on edge, without water, to evaluate
all radial distributions functions between all solute atomic
pairs. Although this gas-phase simulation is obviously im-
perfect for describing the nature of solute-solute correla-
tions in water, it does demonstrate that solute-solute corre-
lations do not significantly contribute to scattering intensity
in the water ring region at the concentrations used in the
neutron scattering experiments.
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In the case of Pratt-Chandler theory, we estimate Isolute-
solute(Q) according to

Isolute-solute(Q) = (F(Q))2[Ssoiute-solute(Q) ] (7)

where

(00 sin(Qr)

Ssolute-solute(Q) - = 41rpT r2gsolut-solute(r) Qr dr

(8)

We approximate leucine (or glutamine) as a sphere of radius
ra = 2.5 A, and using an average scattering length, bave, of
all atomic scattering lengths in the solute molecule, we

evaluate (F(Q))2 as

(F(Q))2 = b2 ([sQra]9)ave Qra

In the case of atomic simulation, we evaluate Isolute-solute(Q)
according to Eq. 3.

Calculation of lintra(Q)
To obtain the contribution from intramolecular correlations
to the scattered intensity, we have averaged the molecular
structure factor (Eq. 10) over many possible molecular
conformations, weighting each one by its probability of
occurrence, using the library of conformations of Dunbrack
and Karplus (1994). The library provides the atomic coor-

dinates for a large set of side-chain and backbone confor-
mations and the number of times a particular conformation
appears among proteins of known structure. For each such
conformation, the spherically averaged square of the mo-

lecular structure factor was calculated as

(F2(Q)) = E E bsin Qr (10)
abQrab

a b

where rab is the distance between two atoms within one

solute molecule. A total of 589 and 661 different conform-
ers taken from 10,491 and 4,857 occurrences in the data
base were used to calculate the molecular structure factor
for NALA and NAQA, respectively.

Polygon and dihedral angle distribution analysis

One of us has recently used polygon distribution functions
(the enumeration of non-short-circuited hydrogen bond
pathways) to analyze water structure near two methane
solutes studied by molecular dynamics simulation (Head-
Gordon, 1995). We have used the polygon definition of
Rahman and Stillinger (1973), but with the difference that
for multicyclo rings, only the minimum number of the
smallest-size polygons that capture all vertices is counted.
We note that primitive polygons provide an alternative
polygon definition (Speedy et al., 1987). In pure (ambient

pentagons to hexagons (Rahman and Stillinger, 1973),
whereas pentagons overwhelm all other polygon sizes in
clathrate hydrates (Davidson, 1973). Polygon distributions
calculated in the hydration shells near the two methanes
provided direct evidence that clathrate analogies are quali-
tatively valid, because there are nearly twice as many pen-
tagons as hexagons, but it was shown that larger polygons
also contributed to greater structural organization along the
surface of the nonpolar groups, which is inconsistent with
simple clathrate-like views (Head-Gordon, 1995).

Coordinates were written out every 100 steps, and the
polygon distribution functions were evaluated as averages
over the resulting 2000 snapshots. We have constructed
polygon distributions in two different regions of the solute
molecule for our comparison of hydration structure between
hydrophobic and hydrophilic residues. The first region con-
siders all water molecules within a specified distance of any
solute side-chain atom (CH2-CH-(CH3)2 for leucine and
CH2-CH2-CO-NH2 for glutamine), and the second region is
for all water molecules within a specified distance of any
backbone atom (CH3-CO-NH-C,,H-CO-NH2).
We construct the nearest-neighbor lists of all water mol-

ecules in either of these regions from all water molecules
whose oxygens are also present in the same region and
whose "hydrogen-bonded" interaction energy falls below
V,. This definition allows for the discovery of a unique
hydration structure that might occur along the solute side-
chain (backbone) surface. In the next section we will com-
pare how the polygon distributions generated in these re-
gions differ between leucine and glutamine, and how the
differences fall off with distance from the solutes.
The shift in effective Bragg spacing to larger values

(corresponding to a shift to a smaller angle of the main
water diffraction peak) found for hydrophobic solutions
suggests that some of the hydrogen-bonded rings are be-
coming more planar. Therefore we evaluate dihedral angle
distributions as a function of polygon size, focusing primar-
ily on pentagons and hexagons, to evaluate whether the
rings are indeed more planar near the leucine side chain.

RESULTS

Individual contributions to the total
scattering intensity

Fig. 2, a and b, portrays the high flux beam reactor (HFBR)
experimental excess scattering curves (Pertsemlidis, 1995;
Pertsemlidis et al., 1996), the simulated excess scattering
curve, as well as the integral equation theory results for hard
spheres in water, for leucine and glutamine solutes, respec-
tively. The simulated excess scattering curve represents the
sum of all terms in Eq. 6. We also display the SANDALS
experimental curve for leucine that places the leucine data
on an absolute scale, and provides important confirmation
that the effect seen for leucine is independent of experimen-
tal setup. The HFBR experimental data, which are not on an
absolute scale and extend out to only 2.5 A -1, were shifted

2109Head-Gordon et al.
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(a)

0 1 2
Q(A-1)

(b)

Fig. 3, a and b, shows the individual contributions to
Iexcess(Q) resulting from atomic simulations of solute-solute,

- HsF3BR solute-water, changes in water-water correlations between
-Simulated- Pratt-ChandlerTh ory solution and pure water, and calculated intramolecular scat-

tering. At the experimental concentrations (roughly one
leucine for every 100 waters), there are no significant ef-
fects due to either solute-water correlations or, even for
hydrogen bonding configurations between solutes, solute-
solute correlations. It is evident that the water-water corre-

- lations are the dominant contributor to the water ring sig-
4 nature for leucine at -2.0 A - l. Leucine displays a

structural reorganization of water that shifts the main water
diffraction peak to smaller Q (Pertsemlidis et al., 1996). As
a result, the difference in scattering between the solution

- HFBR and pure water is a positive-negative pair of peaks rather
-Simnulated | than a flat baseline. Relative to leucine, the curve for glu-

tamine appears flat in this region, indicating that its hydra-
tion shell is largely equivalent in structure to that of the pure
water background that has been subtracted off, at least for
two body correlations. The next section describes an anal-

(a)
2 3 4 5

Q(A-1)

FIGURE 2 A comparison of simulated and experimental excess scatter-
ing curves, Iexcess(Q), in the region of the main water diffraction peak for
(a) leucine and (b) glutamine. Excess scattering represents the difference
between scattering from solution (0.5 M) and scattering measured for pure
water. The comparison shows that there is reasonable quantitative agree-
ment between simulation and the HFBR and SANDALS experimental
curves. The flatness of the excess scattering for glutamine indicates that
there is little change for the hydrophilic solution, which can be detected by
a scattering measurement. The excess scattering for leucine, on the other
hand, shows that the water structure in the aqueous solution of the hydro-
phobic solute is different from that found for pure water, so that subtraction
gives a strong ripple in the water ring. We also plot Ilute-s solute(Q), as
determined by Pratt-Chandler theory, to show that, based on solute size
considerations alone, solute-solute correlations should not be important at
this effective Bragg spacing.

and scaled by a two best-parameter fit to the SANDALS
data (Pertsemlidis et al., 1996). To match the SANDALS
experimental data, the simulated and integral equation re-
sults were offset by a factor equal to the sum of the square
of the scattering lengths for all leucine atoms (normalized
by the number of water molecules per solute), which is the
theoretical limit for scattering at high Q.

It is evident that the simulation data are in quite reason-
able quantitative agreement with the neutron data, and ex-
hibit the correct qualitative trends between the two solute
types, in the region of the water ring. The solute-solute
correlations as determined by Pratt-Chandler theory dem-
onstrate that the intermolecular contribution to the total
scattering is neglible in the region of the water ring, for hard
spheres in water that are roughly the size of the experimen-
tal solutes.
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FIGURE 3 The individual contributions to ,excess(Q), described in Eq. 6,
for (a) leucine and (b) glutamine. Because we are not evaluating a true

solute-solute correlation in water, the small angle region cannot be com-

pared to the experimental data. The atomic simulations of solute-solute and

solute-water correlations show that they are not significant contributors to

the region 1.5 A -' < Q < 2.5 A -I at the experimental concentrations.

Intramolecular effects are also flat in this region. Essentially the water-

water correlations dominate the perturbation of the water ring, and this

perturbation is attributable to alterations of the hydration shell around the

hydrophobic amino acid.
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ysis of the structural organization of water near the leucine
side chain, which may explain the shift in the main diffrac-
tion peak of water to a smaller angle.

Structural analysis of hydration shells near
leucine and glutamine

A measure of hydration structure in terms of many-body
functions is the enumeration of polygon sizes (Rahman and
Stillinger, 1973; Speedy et al., 1987; Head-Gordon, 1995),
which we use to quantify differences in the organization of
water structure around the leucine and glutamine side chains
and backbones. Polygon distributions in different regions
near the two solutes are displayed in Figs. 4-7. PN in these
figures refers to the absolute number of polygons of each
size: triangles (P3), quadrilaterals (P4), pentagons (P), etc.,
counted over all 2000 snapshots, except for P0, which

(a)

Polygon distribution near side chain

| ~ ~~~~~~I-exucine 31
D r Glutnine31lU

a)
CD

0

0
0 . .

PO P4 P5 P6 P7 P8 P9 PIO P11

(1h)

Polygon distribution near backbone

1000

aL)
C.
a)

0

PO P4 P5 P6 P7 P8 P9 Pl0 P11

FIGURE 4 Polygon distribution functions of water generated near (a)
the side chain and (b) the backbone of leucine and glutamine for Vcut =
-3.0 kcallmol and Rcut = 5.0 A at room temperature. PO corresponds to the
number of snapshots in which no polygon is found. P5 is the number of
pentagons, P6 is the number of hexagons, etc. The number in the legend
corresponds to the average number of vertices used to generate the polygon
distributions.

corresponds to the number of snapshots when no polygon of
any size is found. PI and P2 are not listed, because the
smallest possible polygon is three-sided. No triangles were
observed in the simulation with the SPC model for the
values of V, used. The numbers next to the bar labels for
leucine and glutamine indicate how many waters of hydra-
tion are present in any given region.

Fig. 4 compares polygon distributions for leucine and
glutamine side chains and backbones. In this figure a water
molecule is counted if it lies 5.0 A from any solute side-
chain atom (Fig. 4 a) or backbone atom (Fig. 4 b), and Vc is
below -3.0 kcal/mol. A comparison of Fig. 4, a and b,
shows that structural differences between hydration shells
around leucine and glutamine reside largely near the side
chains and not their peptide backbones, consistent with the
results obtained by Pertsemlidis et al. (1996) in the neutron
scattering experiments using the isobutanol and N-acetyl-
glycine-amide solutes. In Fig. 4 a, the leucine side chain is
seen to have a more ordered hydration shell, because the
number of snapshots with no polygons present (P0) is nearly
half that of glutamine. Another observation about the poly-
gon data is that the polygon size making the largest contri-
bution is quadrilaterals for glutamine, whereas pentagons
contribute the largest number in the case of leucine. The
ratio of quadrilaterals to pentagons or hexagons to penta-
gons is roughly 1:1 for glutamine, whereas for leucine they
are 1:2. Finally, the fraction of the total number of rings that
are pentagons is 1/3 for leucine and 1/4 for glutamine.
Clearly pentagons are an important feature of the polygon
distribution around the leucine side chain, providing evi-
dence for clathrate-like behavior of water molecules, which
form the hydration shell around large and complex-shaped
hydrophobic solutes like leucine. It is also important not to
take the idea of a persistent clathrate cage too literally,
because the absolute number of any given polygon size is
less than the number of coordinate sets used to generate the
distributions, indicating that the hydration structure is con-
tinuously formed and unformed. However, the idea that
pentagons play a special role in enclosing the solute, similar
to the role that pentagons play in the fullerenes when
compared to carbon sheets, gives topological justification
for the importance and qualitative validity of clathrates
(Head-Gordon, 1995).

In Fig. 4 b the polygon distributions near the backbone
atoms are largely the same for the two amino acids, which
is especially manifested by the near-equality in the number
of snapshots where no polygons are found (P0). Two further
points are worth making regarding the data in Fig. 4. First
the extra number of hydrogen-bonded rings around leucine
as compared to glutamine near the backbone is due to the
(imperfect) definition of whether a water molecule resides
near the side chain or backbone; some water molecules will
serve as a vertex in both regions. Second, the absolute
number of some polygons near leucine's side chain is as
great as the number surrounding the backbone. This does
not mean that the hydration structure is similar in the two
cases, but rather that there are just more water molecules
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near the backbone (43) than near the side chain (31), based
on the radial envelope of 5.0 A, so that there are more
vertices and therefore more possibilities for forming hydro-
gen-bonded rings. The fact that the side chain forms as
many rings as the backbone for a given polygon size, with
fewer vertices, actually emphasizes the greater degree of
networking within the hydration shell near the hydrophobic
group.

Fig. 5 makes the same comparison as Fig. 4, except for a
stricter energy criterion of Vc = -3.25 kcal/mol. The point
here is that the observed ordered water structure around the
leucine side chain is not sensitive to the definition of Vc. In
fact, the trends evident when progressing from Fig. 4 to Fig.
5, which differ only in the strength of the water-water
interaction (which is correlated with the degree of linearity
of the hydrogen bond; Rahman and Stillinger, 1973), sug-
gest that although more ordered and entropically unfavor-
able water is present around leucine, compensation is found
through better energetic interactions between hydration
shell waters, as has been noted in the past (see, for example,

Polygon distribution near side chain

1000 _-_

50
0

0

PO P4 P5 P6 P7 P8 P9 Pl0 P1
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Franks, 1975). This is consistent with the idea that "better"
(i.e., more linear) hydrogen bonds are formed around the
hydrophobic solute.
How far does the altered water structure extend from the

amino acid surfaces of NALA and NAQA? The polygon
distributions of Figs. 4 and 5 essentially characterize the
first and part of the second solvation shell. Fig. 6 displays
the polygon distribution generated from all water molecules
within 6.0 A of the side chain, after subtracting off the
polygon counts for each size generated from distances out to
5.0 A, for NALA and NAQA. There are clearly some
remaining structural differences between the hydrophobic
and hydrophilic peptides, although the structural differences
between NALA and NAQA are absent in shells at larger
radius (data not shown). For single hydrophobic amino acid
solutes in water, the results seem to suggest that the first
solvation shell is significantly compromised to accommo-
date the solute, whereas the second solvation shell is altered
to interface between the first solvation shell and the sur-
rounding bulk.

It is evident that water structure in the vicinity of the
leucine side chain shows greater numbers of pentagons and
more highly connected vertices in general in the first two
solvation shells (Figs. 4-6). This is only part of the struc-
tural picture that underlies the shift of the diffraction peak to
smaller angle in reciprocal space. Figs. 7 and 8 display
dihedral angle distribution functions generated from all four
sequential vertices available for pentagons near the NALA
and NAQA side chains (Fig. 7 a) and backbone (Fig. 7 b),
and the corresponding distributions for hexagons near the
side chain (Fig. 8 a) and backbone (Fig. 8 b).
When the dihedral angle distributions for pentagons are

compared between NALA and NAQA near their side chains
(Fig. 7 a), it is evident that the pentagonal rings are much
more planar near the leucine side chain than those near the
glutamine side chain. Fig. 7 b shows that the dihedral
distributions for pentagons are very similar near their back-
bones. The dihedral angles generated from hexagons indi-
cate that the hexagonal rings are again more planar near the
side chains of leucine than those near glutamine (Fig. 8 a),
while remaining similar near their backbones (Fig. 8 b), but

Mifference in polygon distribution near side
chain

the side chain and (b) the backbone of leucin E glutamine43f
-3 cm an R
CDetils.

PO P4t-.5P 1 P1 Pl
1

FIGURE S Polygon distribution functions of water generated near (a)
the side chain and (b) the backbone of leucine and glutamine for V,,u, =
-3.25 kcal/mol and Rcut = 5.0 A at room temperature. See Fig. 4 for more
details.
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FIGURE 6 Differences of polygon distribution functions generated for
R.ut = 6.0 A and Rcut = 5.0 A of water generated near the side chain of
leucine and glutamine, using Vcut = -3.75 kcal/mol.

2112 Biophysical Journal



Hydration Near Hydrophobic and Hydrophilic Amino Acids

(a) (a)

lpton cdhebal angle idstribution near side chain Hexaon clheal angle cistibution near side dcain

0
0

L.N

0
a

0
la

0

0
z

0 50 100

Phi (Deg)

(b)

0

0
CN

0

E
00

0
la

150 200 0 60 120

Phi (Dog)

(b)

Pentagon cihedral angle cistribution ner backbone Hexagon dher airgle cistibution near b o

0
0

0
._

0

0

C.

150 0 60

FIGURE 7 Dihedral angle distribution function for pentagons near (a)
the side chain and (b) the backbone of leucine and glutamine for Vcut =
-3.0 kcallmol and Rcut = 5.0A.

the contrast for hexagons is less dramatic than that found for
pentagons.
The shift seen in the hydration shell of the leucine side

chain is qualitatively analogous to the change in effective
Bragg spacing observed in x-ray scattering when going
from liquid water (-3.2 A) to hexagonal ice (-3.9 A).
When going from ice to liquid, the expanded hydrogen-
bonded network due to hexagonal rings gives way to con-

tributions made by smaller ring sizes and the greater distor-
tion of hexagonal (and larger) rings, so that the effective
Bragg spacing decreases. The greater degree of ring planar-
ity for pentagons near the hydrophobic side chain is likely to
be the most direct evidence for why the water peak shifts to
a smaller angle and hence for a larger effective Bragg
spacing. Figs. 4-8 emphasize the special role played by
pentagons in adapting the pure water network to accommo-
date relatively large hydrophobic solutes such as NALA.
Therefore, the greater number of more planar pentagons
probably contributes the most to the shift in equivalent
Bragg spacing to larger values (liquid water to ice), as is
observed experimentally.

FIGURE 8 Dihedral angle distribution function for hexagons near (a)
the side chain and (b) the backbone of leucine and glutamine for Vcut =
-3.0 kcal/mol and Rcut = 5.0 A .

Finally, in Fig. 9 we show the differences between the
individual partial structure factors, Hoo(Q), HoH(Q), and
HHH(Q), measured for leucine solutions and pure water.
This breakdown into partial structure factors makes it clear

-OO00- -OH -HHJ
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FIGURE 9 Partial structure factor differences between aqueous leucine
solution and pure water, weighted by concentration of atomic species, but
not atomic scattering lengths. The observed ripple for the simulated oxygen
correlations suggests that a shift in the water peak should be discernible by
x-ray scattering.
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that perturbation of the water ring for hydrophobic solutions
should be detectable by x-ray diffraction and could there-
fore be used as a complementary experimental source for
measuring altered hydration structure.

DISCUSSION AND CONCLUSION

In this study we have simulated and analyzed neutron scat-
tering solution studies of hydrophobic and hydrophilic
blocked peptides in water. Our simulations and calculations
provide fair quantitative agreement between simulation and
experiment (except at small angles), especially in the region
that brackets the main neutron diffraction peak for water. A
breakdown of the simulated total scattering function into
contributions from solute-solute, solute-water, changes in
water-water correlations between waters in solution and in
neat water, and intramolecular correlations, attributes the
shift in the peak, observed only for the hydrophobic solute,
to structural perturbations of water within the hydration
shell.
Our analysis indicates that hydration structure around the

leucine side chain is more ordered than water near the
glutamine side chain, whereas the hydration water near their
backbones is less ordered and largely equivalent between
the two amino acids. The special role played by pentagons
near the leucine side chain provides qualitative support for
clathrate analogies, especially their topological role in en-
closing hydrophobic solutes. The complete analogy breaks
down because of the still significant presence of polygon
sizes beyond octagons and the observation that the ordered
structure is not rigid, but breaks up and reforms throughout
the simulation.
The altered hydration structure near the leucine side

chain, characterized by highly connected water vertices
forming rings that are dominated by planar pentagons in
particular, extends about two solvation shells from the sur-
face. This structural persistence length suggests that two
leucine peptides in water would likely sense each other's
presence at a minimum distance of -10 A. The distance
could be even larger, because the two hydration shells
comprising a large number of planar pentagonal rings con-
fine water between them, further ordering the intervening
bulk, and entropically driving hydrophobic association over
somewhat larger distances. This possibility will be an in-
teresting point to investigate in future work.

The room temperature scattering intensity difference be-
tween aqueous solutions of hydrophobic amino acids and
pure water is similar to reported measured differences be-
tween ambient and supercooled water (Bosio et al., 1983;
Bellissent-Funel et al., 1986). The structural interpretation
of the shift in the main diffraction peak as water is super-
cooled is a subject of debate (Stanley and Teixeira, 1980;
Stillinger, 1981; Speedy, 1984; Dore, 1990; Walrafen and
Chu, 1995). Stillinger has suggested that when water forms
bulky polyhedra around hydrophobic groups, a mean attrac-

planar faces of hydrogen-bonded water rings near one hy-
drophobic group have hydrogen-bonded sites that naturally
interface with the more planar water ring faces near the
other hydrophobic group (Stillinger, 1981). This mean at-

traction between bulky closed ring structures is also thought
to be dominated by pentagons in particular (Speedy, 1984).
In the case of mean attraction between general polyhedra
(Stillinger, 1981), clathrates in particular (Walrafen and
Chu, 1995), or domains of pentagons (Speedy, 1984), the
effect is thought to be highly cooperative as the temperature

decreases into the supercooled regime, culminating in a

divergence in the temperature dependence of the concentra-

tion of these open structures at -46°C (Stillinger, 1981;
Speedy, 1984).
The measured shift of the main diffraction peak for the

hydrophobic solutions is -0.05 A -', which would corre-

spond roughly to a decrease of temperature to -0-10°C for
the pure liquid. The structural origin of the shift in the main
diffraction peak to a lower angle for aqueous hydrophobic
solutions is found by our analysis to be due to an increase in
the number of pentagon rings as well as larger ring struc-

tures, and a greater degree of planarity of pentagons in
particular. This complex structural picture shows the versa-

tility that the water network has to adapt to perturbations
such as the introduction of a foreign solute, and might
provide insight into structural changes of the water network
as it is cooled and supercooled. Although we have made
some definitive connection between the important role of
pentagons in hydrophobic phenomena, the water structure
connection between hydrophobic association and water as it
is supercooled remains controversial and unresolved.

There are several directions to pursue in the immediate
future. The first goal of the simulations and neutron scat-

tering experiments is to derive the solute-solute potential of
mean force (pmf) profiles to characterize both the magni-
tude and spatial range of side chain-side chain interaction.
The simulated scattering curves using empirical force fields
have provided reasonable quantitative agreement with the
experimental results. Therefore we might be able to isolate
the solute-solute pmf profiles from the experimental data by
subtracting off the simulated water-water and water-solute
correlations. We hope to extend these studies to derive
spherically averaged potentials of mean force for several
types of amino acid side-chain pairs.
The second goal is to continue to benchmark the simu-

lation results against x-ray and neutron scattering experi-
ments on other types of amino acids. Ultimately, molecular
dynamics simulations will be required to characterize hy-
dration forces between heterologous pairs of amino acids, as

it is unlikely that neutron scattering experiments could be
used for this purpose. Close interaction with experiment is

especially important at present to ensure that the peptide and

water parameters are quantitatively correct. Parameteriza-
tion of solute-water potentials, if necessary, will also be

beneficial for those who simulate proteins in water using
tion between the solutes is induced, because the (more)
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Finally, we envision that the derived potentials of mean
force would represent "implicit" hydration potentials that
would be interfaced with empirical protein force fields (or
even ab initio calculations) to be broadly used in computa-
tional studies of protein structure prediction and folding
(Daggett and Levitt, 1992, 1993; Caflisch and Karplus,
1994; Li and Daggett, 1996). Using the hydration potentials
of mean force alone will clearly make exhaustive searches
more feasible than would fully explicit models, and their
greater complexity in comparison to lattice models might
make it possible to address important questions regarding
the requirements for folding. During later stages of these
simulated pathways, we could usefully introduce the more
detailed protein force fields to provide a tertiary structure
prediction with atomic resolution.
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