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Abstract

A theoretical framework is presented to analyze how solvent water contributes to the X-ray scattering profile of
protein solution. Molecular dynamics simulations were carried out on pure water and an aqueous solution of
myoglobin to determine the spatial distribution of water molecules in each of them. Their solution X-ray scattering
(SXS) profiles were numerically evaluated with obtained atomic-coordinate data. It is shown that two kinds of
contributions from solvent water must be considered to predict the SXS profile of a solution accurately. One is the
excluded solvent scattering originating in exclusion of water molecules from the space occupied by solutes. The other
is the hydration effect resulting from formation of a specific distribution of water around solutes. Explicit consideration
of only two molecular layers of water is practically enough to incorporate the hydration effect. Care should be given
to using an approximation in which an averaged electron density distribution is assumed for the structure factor
because it may predict profiles considerably deviating from the correct profile at k&ar@e 2002 Elsevier Science
B.V. All rights reserved.

Keywords: Solution X-ray scattering; Scattering profile; Partial molecular scattering; Hydration structure; Hydration effect;
Myoglobin

1. Introduction mately for most water-soluble proteins that the
crystal structure is basically maintained in aqueous
A natural protein forms a unique native structure Ssolution. However, the thermodynamic stability of
under the physiological condition to carry out its their native structure is as marginal as approxi-
specific biological function. It is beyond discussion mately 10 kcafmol [1]. As a result of it, most of
that 3D atomic-coordinate data of a protein are the proteins may undergo a structural transition
essential for considering the molecular mechanism into some non-native state due to a small change
of its function and structural stabilization. It is in solution conditions. Hence, to study the design
because the assumption holds at least approxi-principle of protein structure, it is essential to get
information on the native structure under the phys-
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under non-physiological conditioig—-14, as well
as the crystal structure.

Many experimental methods have been used to

investigate the solution structure of proteins. Spec-
troscopic probes as circular dichroism, fluores-
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structure as well as the 3D structure of proteins in
solution from analysis of PMS profiles.

For reproducing experimental profiles, several
methods have been reported to calculate the PMS
profile of proteins with the contribution of solvent

cence and nuclear magnetic resonance yield water included in various ways. The cube method

information mainly on the local structure of pro-
teins. Complementary to them, solution X-ray
scattering(SXS) along with solution neutron scat-
tering yields information on the molecular size and
shape of solute moleculd47,14. (Though SXS
has conventionally been called small angle X-ray
scattering, it will be called here as above to
contrast with X-ray crystallographyThis charac-
teristic of the SXS method has successfully been
employed for the structural analysis of not only
small proteins but also many biological structures
such as ribosome and viruses. With the recent
prevalence of the strong X-ray source of synchro-
tron radiation, the SXS method is expected to play
an important role for studying the solution struc-
ture of proteins more precisely.

Dependence on scattering-angle of the intensity
of X-ray scattered from a medium has been called
the scattering profile. Experimentally, the contri-
bution of a solute molecule to the scattering profile
of a solution is determined from the difference
between the scattering profiles of solution and
solvent divided by solute concentration and extrap-
olated to infinite dilution. This increment of the
scattering profile of a solution due to introducing
a solute molecule into solution will be hereafter
called the partial molecular scatteritBMS) pro-
file after the terminology of the partial molecular
guantities. X-Ray scattering from a solution arises
from the spatial inhomogeneity of electron density
in it. In an aqueous protein solution, not only the
atoms in protein molecules but also water mole-
cules surrounding them contribute to the inhomo-
geneity. Various atomic groups on the surface of a
protein make specific interactions with nearby
water molecules[19,20. They have a spatial
distribution different from that of bulk water,
which is generally called the hydration structure
[21,23. This implies that hydration water can also
contribute to the PMS profile. Hence, it will be
possible to extract information on the hydration

[23,24, the improved cube methofP5,26d and
the surface integration methd@7] were devised
to incorporate the contrast effect of solvent. A
method for rapidly calculating the PMS profile
from atomic-coordinate data on solute and solvent
was described by Lattmd28]. Svergun et al[29]
developed a computer prograarysol, for eval-
uating the SXS profile of biomacromlecules
approximately taking into account the hydration
contribution with a simple hydration shell model.
Experimental observations of protein hydration by
SXS have also been report¢80,31. In spite of
these works, it has not yet been fully examined,
theoretically as well as experimentally, how the
hydration structure of a protein is reflected on its
PMS profile.

The purpose of this study is to clarify the
contribution of solvent water to the PMS profile
of a solute protein by reproducing the actual
experimental process as closely as possible in the
computer. To solve the problem, a theoretical
framework is first presented for decomposing an
SXS profile into six different contributions. Molec-
ular dynamics(MD) simulations were made on
pure water and an aqueous solution of myoglobin
containing a protein molecule and water. Average
contributions of the respective scattering compo-
nents to the PMS profile were evaluated numeri-
cally with applying the presented formulas to
atomic-coordinate data. It is confirmed from SXS
measurements of myogobin that the calculated
profile coincides well with the experimental one.
Based on the results, it is discussed how solvent
water contributes to the PMS profile of protein.

2. Method of analysis
2.1. Theoretical basis
Let us consider a dilute agueous solution where

a protein molecule is dissolved in a large amount
of water. If the protein concentration is sufficiently
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low, the average electron density of the solution
can be assumed equal to that of pure water denoted
as p . Denoting the electron density at position

in a scattering medium, solution or solvent, as
p(r), we have the structure factdf(K) of the
medium for scattering vectdt as follows:

protein
4 atom

simulation
L&
box

F(K) =f p(r)exp(iK-r)dr

water

=f (p(r)—p)eXpiK r)dr
+(2m)%pd(K) (1)

Let us introduce the spatial fluctuation of elec-
tron densitydp(r) by

dp(n=p(r)—p 2

By the definition ofp , the average @p(r) must
be zero. The structure factéi(K) of the medium
is expressed as

| water
¥ molecule

F(K)=f dp(r)expiK-r)dr, (K+0) (3

We will divide the total volume of the solution . . L . )
. . Fig. 1. lllustration of dividing(a) the solution volume into the
(u) and pure solventv) into the following three e regions of ‘p'(protein, b (hydration water and ‘b’
regions, respectivelyFig. 1): (bulk watep, and(b) the solvent volume into the correspond-

ing regions of p’, ‘N’ and ‘b’. The circle and the square rep-
resent the scattering sphere and the simulation box,
respectively.

u=puhub, v=pUhub (4)

where ‘p’, ‘h’ and ‘b’ stand for the ‘protein’, the
‘hydration’ water and the ‘bulk’ water regions,

respectively. The ‘h’ region will be taken large region\. Corresponding to this decomposition, the
enough for the statistical properties of water in the strycture factors of solution and solverit,(K)
‘b’ region to be assumed practically the same as and F,(k), consist of the three contributions,
those of bulk water. Similarly, we will define the respectively, described as

regionsp ,h andb in pure solvent that have the

same shape as p, h and b, respectively. Division Fy(K)=F oK)+ F(K)+FdK) )
of pure solvent into the three regions is made only F(K)=F5K)+FiK)+ F {K) (8)
conceptually and there is no difference among the

properties of water in these regions. The fluctua- i

tions of electron densitypp,(r) and dp,(r), in FA(K)=J dpA(r)exp(iK «r)dr,

solution and solvent are expressed as v

8pu(r) = Bpylr)+ Bpr(r) + 8p 1) (5) (x=p. 0 b . B ©
Spy(r)=5 +5 +5 (6) Denoting the atomic structure factor of tli

pv(r)=28pp(r) + 8pi(r) pf’(_r) o atom at positior, ; in the region\ as f, (K) and
where 8p,(r) (A\=p, h, b,p,h,b) can have a making use of Eq(2) and Eq.(3), we have the
non-zero value only when the positionis in the structure factor of the regioN as
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F\(K)= Zf)\ (K)-expliK-r, ;)

—pJ’ expiiK -r)dr (10)

VA

The values off, ,(K)’s are obtained from literature
[32]. The volume integral in the second term of
the right hand side of Eq(10) represents the
contrast effect between solute and solvent. It can
be readily evaluated with a surface integral over
the interface between the regianand the contig-
uous region using Gauss's theore[@7]. The
solution scattering profild (K) and the solvent
scattering profilel,(K) are given by

1K) =|FUK)[’= ¥ FAK)-FiK), (11
N p=p,hb

LEK)=[F(K)f= ¥ FAK)-FiK),  (12)
N, w=p, h,b

respectively. Let us define functiong,(K) and
1,,.(K) by the following expressions as

LK) =|F\(K)|*=F\(K)F%(K), (13)
1, (K) = F\(K)-F¥(K) + F¥(K)*F ,(K)
=I1,,(K), (A#p). (14

The functionsl,, (K) and1,, (K) represent contri-
butions from the interference effect of X-ray scat-
tered from the atoms within the region and that
from the atoms in two regiond and ., respec-
tively. Thus, each off,(K) and I(K) is decom-
posed into six scattering components as

(15
(16)

where the variabl& is abbreviated in both equa-
tions. In our case, the partial molecular scattering
(PMY) profile, I,ndK), is simply given by
IomdK)=1(K)—1 (K)
=Alpp+ (Al pn+ ALy
+ (Al pp+ A+ Al ) 7

The function Al (K) defined by the following
equation:

Algn(K)Elgn(K)—Igﬁ(K),
(& m=p, h, b & m=p, h, b),

Iu:Ipp+Ihh+Ibb+I ph+1 pBi_I hb
I,=I55tInat oot ] gt ] bl np ~

(18)
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represents the difference between the interference
effects of X-ray scattered from the regiogsand
m in solution and those from the corresponding

regionsé andy in pure solvent.

As seen from Eq.(17), the PMS profile is
decomposed into six contributions coming from
the different combinations of two regions taken
out of the three different ones. Grouping these
contributions into three as shown in Ed.7), we
will briefly describe their characteristics:

(a) Al

This is the major part of,{K) and is the
difference between the intensity of X-ray scattered
from the protein atoms in the ‘p’ regior,, and
that from the water molecules in the corresponding
‘P region, I;5 The latter will be called the
excluded solvent scattering as it corresponds to the
scattering contribution from solvent molecules in
solution excluded with introduction of a solute
molecule. This contribution will vanish under the
approximation that solvent is a continuous medium
with uniform electron density. In fact, it has been
neglected in many of the conventional analyses of
SXS profiles. When the molecular nature of sol-
vent is considered explicitly, however, it should
have a non-zero contribution. Evaluation of its
magnitude described in Section 3.2 will show that
it can never be neglected and is more significant
at largerk.

(b) Alp+ Al

These are contributions containing the interfer-
ence effect of the atoms in the regions ‘p’ and ‘h’,
and that within the region ‘h’, respectively. Gen-
erally, the electron density of a protein molecule
is higher than that of bulk water. Besides it, there
are various atomic groups with different polarities
on the surface of a protein. Water molecules
interact specifically with protein surface groups
and have in general a spatial distribution different
from that of bulk water. It will be naturally
expected that botlA/,, and Al,, have a signifi-
cantly non-zero value. Hence, these contributions
will reflect the net hydration effect of the solute
protein.

(©) Alp+ ALyt Al
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It has been suggested from many works that the
spatial correlation length of bulk water is shorter
than 1 nm. As the regions ‘p’ and ‘b’ are separated
by the hydration region ‘h’, the interference effect

between the regiong' ’ andb* * will be small or
I55=0. Therefore Al,, will be contributed mainly
from I, As the magnitude ofAl,, depends on
how much the spatial correlation of hydration
water and bulk water differs from that within bulk
water, it will reflect the structural difference
between water in the two regions. According to
similar consideration, the difference in statistical

properties of water in the regions ‘b’ ant * * will
be small by the definition of ‘b’. Therefore, we
can safely assume thatf,,,=0 and its contribution
to I,mdK) is negligible. It is readily expected that
the more dilute solution has the larger relative
magnitude off,, in I, The purpose of subtracting
the solvent scattering,(K) from the solution
scattering,(K) in the analysis of experimental
SXS data is to cancdl,, with I55and realize the
situation ofAl,,=0.

2.2. Molecular dynamics (MD) simulation

To estimate solvent contribution to the SXS
profile of an aqueous protein solution, it is neces-
sary to evaluate magnitudes of the respective terms
in Eq. (17). For this purpose, molecular dynamics
(MD) calculations have been made on pure water
and an aqueous solution of myoglobin. The ROAR
ver. 2.0 of AMBER ver. 6.0 and AMBER96 were
used for the MD simulation program and the force
field, respectively[33,34. Non-bonded interac-
tions are evaluated with a cut-off length of 0.8
nm, where all the atoms in water molecules and
amino acid residues are taken into account when
any of the atoms in them is located within the cut-
off distance. To avoid a possible increase in the
amount of numerical calculation due to incorpo-
rating long range Coulomb interactions and the
effect of large errors due to inadequate approxi-
mations, all ionic groups of myoglobin are neu-
tralized to have no net charge. The internal water
molecules found in the crystal structure are incor-
porated also in the solution structure taken for MD
simulation.
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The MD simulation of pure water was made as
follows: An isothermal—isobaric MD calculation
was done for 16,100 TIP3P-model water molecules
in a cube under the periodic boundary condition.
The temperature and the pressure were set to
298.15 K (25 °C) and 1.0132%10° Pa(l atm,
respectively. The time stefir was taken to be 1
fs. After an equilibrating simulation of 20 ps, a
regular MD calculation was made for 80 ps, from
which result the average volume of the simulation
box was determined. The edge length of the cube
having a volume equal to the average volume was
found to be 7.867 nm. With the edge length of the
cube holding to this value, an isothermal—isochoric
MD calculation was performed for 500 ps. The
above cube size corresponds to the water density
of 0.98916 gml, which is 0.79% lower than the
value of real water at 28C, 0.99704 gml. The
average pressure of water was found 2.888 MPa
(28.50 atm. The difference between this value
and the expected value of 1 atm will be caused by
a small difference between the fixed volume and
the true average volume at 1 atm. It is well known
that accurate determination of the average pressure
is very difficult for liquid simulation, and deviation
of this magnitude of the average pressure will not
affect significantly the statistical properties of
water molecules needed for the calculation of its
SXS profile. Atomic coordinates of the 16,100
water molecules were stored every 1 ps and 500
sets of coordinate data were obtained.

Next, an aqueous solution of myoglobin was
‘prepared’ in computer. It consists of one protein
molecule and 15,629 TIP3P-model water mole-
cules. All atoms in myoglobin are fixed to their
position in crystal structure provided by PDB
(Protein Data Bank A myoglobin molecule is
placed so that its center of gravity coincides with
the center of the simulation box. In a similar
manner to the case of pure water, the edge length
of the box was determined as 7.900 nm. With the
fixed box size, an isothermal—isochoric MD sim-
ulation was done for 500 ps. The average pressure
of the solution was found to be-5.833 MPa(—
57.57 atm). The partial specific volume of myo-
globin determined using the density of bulk water
estimated from the MD simulation of pure water
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Table 1
Atomic radii taken for the calculation of SXS profil¢37]

Atom type Radiug'nm
sp® Carbon 0.187

sp? Carbon 0.176
Sulfur 0.185

sp? Nitrogen 0.165
Oxygen 0.140

sp® Charged nitrogen 0.150

sp? Charged nitrogen 0.165
Charged oxygen 0.140

is 0.7474 mfg, which agrees well with its exper-
imental value.

2.3. Numerical calculation of SXS profiles

Calculation of SXS profiles using the result of
MD simulations was performed based on the
formulas described in Section 2.1. Details of the
procedure will be reported elsewhere. Here, only
the method of dividing a protein solution into the
three regions, ‘p’, ‘h’ and ‘b’, will be described.
If the regions ‘p’, ‘h’ and ‘b’ are determined, then
dividing pure water solvent into the three regions

‘P ‘hand "’ b can be made straightforward. We
will call the boundary between the regions ‘p’ and

‘h” in solution ‘the ph boundary’ and the boundary

between the regiond1* ' and* ' in solvent ‘theb
boundary’, and so on.

Here, each atom of a myoglobin molecule is
assumed to be modeled by a hard sphere with an
intrinsic radius and a water molecule by a sphere
with radius r,,=0.14 nm. With this assumption,
the molecular volume of a protein is definitely
determined as the volume of the region inaccessi-
ble to any part of the probe water sphdf&5).
The molecular surface is defined as the boundary

between the accessible and inaccessible regions.

Similarly, the excluded volume and the accessible
surface can also be defined if the above ‘any part’
is replaced with ‘the centerf36]. The values of
atomic radii are taken from Chothia et dB7]
(Table 1.

In the calculation of SXS profiles, only X-rays
scattered from the molecules located inside the
sphere of radiug®,=3.80 nm were explicitly taken
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into account, where the center of the sphere coin-
cides with the center of gravity of the protein.
This sphere will be, hereafter, called the scattering
sphere. The region outside the scattering sphere is
approximately replaced with a continuous medium
having the same uniform electron density as that
of bulk water. This approximation is made consid-
ering that behavior of the water molecules near
the corner of the simulation box tend to be affected
by water molecules in the neighboring boxes and
their statistical properties might slightly deviate
from those of bulk water.

First, we will consider the hb boundary. The
hydration region ‘h’ needs to be defined as the
region whose contribution to the SXS profile
differs significantly from that of bulk water. It is
expected to be a narrow region near the molecular
surface. For candidates of the hb boundary, we
have generated many surfaces each of which is
equally ¢ distant from the molecular surface of
myoglobin (Fig. 2). The position of the true hb
boundary at=1, was estimated from the depend-
ence ory of the contribution from the assumed ‘h’
region to/,,{K). Details for generating the equi-
distant surfaces are described in the Appendix.

Next, we will consider the ph boundarFig.

2). A simplest definition of the ph boundary may
be the molecular surface. However, the molecular
volume or the volume inside the molecular surface

probe water

molecular surface

Fig. 2. Surfaces enclosing the solute protein molecule, each of
which is generated equidistant from the molecular surface of
the protein. Details of the method for generating the surfaces
are described in the Appendix.
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of a protein is in general smaller than its partial profiles, only the X-ray scattering from the solute
molecular voluméV,,. As V,, of a protein is directly ~ protein and water molecules in the scattering
related to the forward scattering intensity, the ph sphere of radiu®, is taken into account explicitly.
boundary should be chosen so that the volume In other word, only the contrast effect is considered
inside the boundary is equal t¥, Therefore, for the contribution from the region outside the
similarly to the case of the pb boundary, we have sphere by assuming it as a continuous medium
taken the ph boundary so that it is separated, with the same electron density as bulk water. Most
from the molecular surface and it encloses the of the MD calculations have been made assuming
volume equal tov, of myoglobin. as R;=3.80 nm. With this size of the scattering
The value ofV, was determined from the result sphere, even the protein atom most distant from
of MD simulation as follows: First, we evaluated the protein center is separated from the surface of

the volumeV,, of the region with a distance the scattering sphere by a distance of three water
between 0.8 and 1.2 nm from the accessible surfacelayers. To examine effects of the finite size of the
of protein and the average numbﬁroo of water scattering sphere, calculations were made also for

molecules in the region. Water molecules in the 1ree values ok,=3.95, 3.50 and 3.00 nm.

region are expected to have a spatial distribution | tS(cj:atter:n_g profllest. of splvgnt tyvat(ezr gfvterzocglcut-
similar to that of bulk water. The partial molecular ated applying eéquations In Section 2.2 10 SUY Sets
volume i, of bulk water is estimated as of coordinate data for the water molecules in the

scattering sphere. Six scattering contributions from
260=V bo/ N 1o (19) solvent were evaluated dividing formally the scat-

. . tering sphere into the three regions of ‘ph, * * and
The partial molecular volumé’, of a protein is = gsp g M

defined by the increase in solution volume when
a protein molecule is introduced into solution. The
value of V, is obtained from the volume of the 2.4. Solution X-ray scattering experiment
scattering spheré/.=(4mw/3)R3 , and the average
number of water moleculeg),, in the sphere as To examine validity of our SXS calculations,
_ — SXS measurements were made on aqueous solu-
Ve=Vs=Nuwbo (20 tions of myoglobin. Freeze-dried samples of horse
As seen from the definition of the ph boundary, heart myoglobin for biochemical study were pur-
the region inside the boundary can be regarded aschased from Nakarai Co. in Japan. Weighed protein
the region that the protein molecule occupies was first dissolved in, and dialyzed against, Hepes
virtually or the ‘p’ region. The ph boundary surface buffer of pH 6.0. After concentration with ultra
may, therefore, be called the effective molecular filtration, the protein solution was gel-filtrated with
surface. The value oft, for myoglobin was  Sephadex G10 and diluted with Hepes buffer of
obtained as 0.0325 nm. It was confirmed that the pH 6.0 to serve for the SXS sample. SXS meas-
partial molecular volume thus determined agrees urements were done using the beam line BL-10C
nearly with the experimental value. of Photon Factory at Tsukuba in Japan. To see
With the above definition of two boundaries, concentration dependence of scattering profiles,
the ‘h’ region is a shell-like region bound inward measurements were made for eight different con-
by the ph boundary or the effective molecular centrations: 2, 3, 5, 7.5, 10, 15, 20 and 40 /mmg
surface, and bound outward by the pb boundary. of myoglobin. A flow cell was used to make the
Any point inside the ‘h’ region is at a distance actual irradiation time less than a second for
betweenrs, and ¢, from the molecular surface. minimizing the effect of X-ray radiation damage
Thus, determination of the real hydration region is on protein molecules. Measurements on solution
reduced to the problem of determining the distance and solvent were made every 30 min in turn and
t, of the hb boundary surface. X-ray scattering data were accumulated. Raw data
As described above, in the calculation of SXS were corrected for the effect of the change in time
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of the incident X-ray intensity by monitoring it.
The PMS profile of myoglobin was obtained from
the difference between the accumulated SXS pro-
files of solution and solvent.

3. Results and discussion
3.1. Accuracy of the prediction for PMS profiles

Our simulation box has a micro volume that is
only approximately 10 times the molecular volume
of solute protein. It will be necessary to examine
whether or not the calculated SXS profile for such
a small system can correctly reproduce that for a
real experimental system.

To investigate effects of the finite scattering
volume in simulation, PMS profiles were calculat-
ed for three scattering spheres different in radius,
R.=3.95, 3.50, 3.00 nn(Fig. 3). For brevity's
sake, we will conveniently divide the whol&
region into three ask=0~2 nm™!, K=2~6
nm-* and K>6 nm !, and call the respective
regions the small, medium and largeregion. As
shown in Fig. 3, differences among the PMS
profiles for the three values d@®; are very small.
This result shows that, if one of the three systems
is a good approximation of the real solution, all
the systems, including the smallest one Ry=
3.00 nm, serve for sufficiently good approxima-
tions. The scattering intensity of each solution is
much higher than that of solvent in the smaéll
region, but they are comparable to each other in
the medium to larg& regions. It means that, to
analyze SXS profiles in the medium to large
region precisely, experimental data with high accu-
racy are needed on solvent as well as solution.

To illustrate that calculation reproduces the
experiment fairly well, the calculated profile for
the scattering sphere witR;=3.80 nm and the
experimental profile are compared in Fig. 4 for
myoglobin by Kratky plot. We can see that the
calculated profile agrees well with the experimen-
tal one within the limitedk range experimentally
available to us. The mean square radRig is
estimated 1.720 nm from Guinier analysis of the
calculated profile in the range of ¥K?<0.4
nm~2. The values oRR,, estimated for the three
values of Ry, coincide with each other within

Y. Seki et al. / Biophysical Chemistry 95 (2002) 235-252
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Fig. 3. Calculated PMS profiles of myoglobin for the three
scattering spheres with different radii 8f=3.00, 3.50, 3.95
nm. (a) Semi-logarithmic plot andb) Kratky plot.

+0.95%. Similar analysis of the experimental
profile in the range of 0.18K2<0.55 nnt?
yields an estimate oRs,=1.727 nm. This result
clearly shows that the experimental and calculated
values ofRgq agree very well with each other. We
conclude from those described above that, in spite
of the difference in the systems dealt in calculation
and experiment, calculation takes into account the
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Fig. 4. Comparison of the experimenta) and calculated—

) PMS profiles of myoglobin in aqueous solutionZat 298.15

K. Calculation: R,.=3.80 nm; The number of TIP-3P water
molecules are 15,629 and 16,100 for solution and solvent,
respectively; The broken line - -) is an approximate profile
calculated with the program CRYSOL developed by Svergun
et al. [29]. Experiment: data in the smalk region of
0<K<1.5 nmr* were obtained from extrapolation of those
for C=2, 3, 5, 7.5, 10, 20 and 40 rjgl. Data atk>1.5
nm~* are those foC=40 mg/ml. In the largerk region, the
experimental profile has no dependence on protein concentra-
tion detectable within experimental error.

essential aspects of the SXS experiment. The
following calculations of the SXS profiles were
made on the scattering sphere with radiis=
3.80 nm, nearly the largest one among those
accommodated in the simulation box.

3.2. Approximations and reproducibility of the
PMS profile

Divided into terms as shown in Eq17), the
PMS profile consists of six contributionAZ.}.
Since each{Arl.,} is defined by Al (K)=
1:,(K)—1Iz(K) as in Eq.(18), the PMS profile
IomdK) can also be regarded composed of 12
contributions. If only a part of them are taken into
account in the estimation df,,{K), the resultant
profile will be an approximation fof,,{K). The
PMS profile evaluated with all the contributions
included will be called the full PMS profile.
Four approximations and their accuracy of
prediction will be discussed here.

243
(1) Approximations of I,n=Ip, and[ &

Al,=1,— 145 (Fig. 5).In both approximations,

the outside of the effective molecular surface is
assumed a continuous medium with the same
electron density as that of bulk water. Therefore,
the contrast effect of solvent is incorporated but
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the hydration effect is not considered in both of region as solvent molecules are excluded from it,
them. The excluded solvent scattering is taken into 7,(K) includes solvent contribution from thep * ’
account in theA/l,, approximation, while it is not  region. Denoting the excluded solvent scattering
considered in thé,, approximation. Both approx- in I (K) asI.(K), we can see from Ed.16) that
imations predict scattering intensity significantly it is given by

higher than the full PMS profile in the smalk
region. It will be due to not taking into account Il K) =15 gK) + 1 5HK) +1 54K) (21)

the hydration effect in both of them. In the medium To remove it from the original PMS profile, we
to large K region, theAl,, approximation under-  need to suppose a hypothetical solveit v whose
estimates the scattering intensity, while the, g regjon is filled with not water but a uniform
approximation predicts a profile near to or slightly - medjum having the same electron density as bulk

higher than the full profile. This indicates that yater or 3p5(r)=0. Then, the scattering profile,
the effect of excluded solvent scattering becomes ; (k) and the PMS profile Jyms, 1K), for this

larger relatively at larger K. solvent are given by
(2) Approximations of I,ns=1I p5t+1 pit1 vy and
Toms= Al pit AT it AT o(Fig. 5). I+(K)=1,(K) = I(K)
In these approximations, the hydration effect of =I7rK)+1dK)+1,§K) (22

the solute is considered almost correctly. The hb _
boundary is taken at distaneg=0.50 nm from Toms, AK) =1 {K) —1 «(K)

the accessible surface or at distange 0.64 nm =IpmdK) +1 oK)

from the molecular surface. The outside of the =Ippt (T pnt Al )+ (I st AT 1), (23)
boundary is assumed a medium with uniform
electron density. As seen from the figure, both
approximations reproduce very well the full PMS
profile in the smallk region. Comparing this result
with those of the two approximations i(1), we
can see that hydration water has a significant effect
on the SXS profile in the smak region. In the
larger K region, the Al,,+ Al,n+Aly, profile
approximates the full profile quite well, while the 7. {K)=1 (K)—(1— &)1 (K)

respectively, whereAl,,=0 is assumed in Eq.
(23). The PMS profilel,s {K) may be called the
‘hydrated-molecule scattering’ because it stands
for the scattering from a solute molecule with its
hydration effect included. With the volume fraction
of the solute,¢, in solution known in advance,
the quantity/,,,s. {K) defined as

Ipp+Ipnt Iy profile has large positive deviation = Iymd K) + &1 (K) (24)
from it. These results show that, to predict a PMS _ '
profile quantitatively over the whol& region: (a) has conventionally been used for analysis of exper-

it is necessary to take into account both scattering imental SXS profiles. We can see from comparison
contributions from excluded solvent and hydration Of Eq. (23) and Eq.(24) that the use of Eq(24)
water; but(b) the hydration effect can be incor- assumes the following relation:
porated by considering explicitly only water mol- 4.
ecules near the surface of protein. Later, we will [edK)=414K) (25
discuss again quantitative analysis of the hydration Equation 25 means that, in this analysis, the
effect. excluded solvent scattering is assumed to have the
Here, we will discuss the excluded volume same profile as bulk water. It is apparent in this
scattering. As noted in Section 2.1, the principal respect that the above relation never holds for any
purpose of usingl/,n{K)=1(K)—1(K) for the solute molecule strictly. The condition will approx-
analysis of SXS profiles is to remove the large imately be satisfied by a molecule with globular
contribution of solvent molecules from the scatter- shape so large that the surface effect in excluded
ing profile of dilute solution. Excluded solvent solvent scattering can be neglected. Conversely, it
scattering originates from the situation that where- will be a poor approximation for the molecules
asI,(K) has no solvent contribution from the ‘p’  with linear conformation as unfolded proteins.
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3.3. Decomposition of the PMS profile into six
contributions

As shown in Eq(17), the PMS profile/,,{K)
consists of the six contribution®l,,, Al Aly,
Al Aln, and Al,,, Relative magnitudes of these
contributions will be evaluated for the case where
the hb boundary is taken at distange=0.50 nm

from the accessible surface as done in Section 3.2.

Here, the X-ray scattering from water in the ‘b’
region inside the scattering sphere will also be
considered explicitly. Decomposition df,,{K)
for myoglobin into the six components is shown
in Fig. 6a,b.

The linear plot of Fig. 6a is normalized by the
forward scattering intensitj18]:

I(O)=(Nep_ FTVF)Z (26)

where p is determined as the average electron
density over the region with a distance between
0.8 and 1.2 nm from the accessible surface, and
Nep is the total number of electrons in the protein
molecule andV,, is its partial molecular volume.
Fig. 6 shows that the full profilé,,{K) is domi-
nated by the scattering from the protein molecule
with the effect of excluded solvent scattering
included,Al,,, and contribution from the *h’ region
has a non-negligible magnitude. As described in
the previous section, except at very smiillA7,,
is higher thanl,ns i.e. Al ,.>1 pmsin the smallk
region. The primary source of the difference
between them is the negative contribution from
Al On the other hand, in the medium to lare
region, the positive contribution oh/,, and the
negative contribution ol partially compensate
with each other. Since the absolute valueAdf,
is larger than that oA, the magnitude relation
is reversed asAl,,<I,ms In contrast to those
above, the contributions in which water in the ‘b’
region is involved are negligibly small in almost
all K regions. This is the reason why the approxi-
mation I pme= Al pit+ Al it 1 4 holds very well. It
will probably be due to a small error in the estimate
of V, that Al,, has a significant contribution
exceptionally in the very smak region.

To see the two hydration contributions/,, and
Al in more detail, the scattering profile for a
model solute has been calculated. The solute par-
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ticle is assumed a sphere having the same values
of V, andN, ,as those of myoglobin and a uniform
electron density ofp,=N.,/V, It is further
assumed that there is a cavity layer with thickness
0.14 nm around the particle and, outside of it, a
hydration layer with thickness 0.08 nm. The out-
side of the hydration layer is assumed a continuum
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with uniform electron densityp . The electron
density in the hydration layer is assumed to be
2.56 timesp , under the condition of which the
total number of excess electrons in the hydration
layer and that of electrons excluded from the cavity
layer just cancel with each other. Due to the
assumptions of uniform electron density and the

simple spherical shape of the solute, agreement of

calculated PMS profiles for the model and myo-
globin cannot be expected at lar§e However, if
the hydration contributions for the model solute
reproduce well the correspondindy/,, and Al
for myoglobin at smallk, it will verify the impor-
tance of taking into account contributions from the
cavity and the hydration layers for evaluatifghs
accurately.

Comparison of the hydration contributions for
myoglobin and the model solute is made in Fig.
7. We can see from Fig. 7a, that bofi,, and
Al modet have a negative peak &=1.0 nm*
and are nearly constant &>2.0 nm*. As seen
from Fig. 7b, the peak oAl mogei@t the smallest
K side nearly coincides with that okl in its
position and height. The oscillating behavior of
Alnn, modellS @ Characteristic of the SXS profile of
spherical particles. The reason why it is not
observed inm\l,,,, will be that a myoglobin molecule
is not of a spherical shape and has an uneven
surface. Thus, both hydration contributions of the
model solute reproduce qualitatively well those of
myoglobin especially at smaK. This result clearly
demonstrates that the profiles Af,, and Al in
the small K region are affected strongly by the
combined effect that there is a cavity layer around
the solute protein and the hydration water outside
the cavity has an electron density significantly
higher than that of bulk water.

3.4. Estimation of the thickness of the hydration
layer

As stated in Section 3.2, if a hydration layer
with an appropriate thickness is assumed, the PMS
profile I, K) can be predicted with high accuracy
by Al +Alpnt+AlL, in which only the solute

Y. Seki et al. / Biophysical Chemistry 95 (2002) 235-252
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Fig. 7. Comparison of the hydration contributions of myoglo-
bin and a spherical model solutéa) Contributions from the
interference effect between the solute and hydration water,
ALy, and Al moaer (D) contributions from the interference
effect within the hydration regiom\l,,, and Alp,, model

Al,+Aln+AlL, of myoglobin and the squared
sum of its deviation from the full profild,s are

shown in Fig. 8a,b, where the thickness of the ‘h’
region is varied at intervals of 0.05 nm. In the

protein and hydration water are taken into account figure, the distance/ between the hb boundary
explicitly. To estimate the actual thickness of the and the accessible surface is used as a parameter
hydration layer, the approximate scattering profile, for characterizing the thickness of the hydration
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layer. It can be seen from Fig. 8 that the difference
between the approximate and the full PMS profiles
becomes negligibly small at=0.40 nm orr=0.54
nm. This result indicates that, if only the hydration
region with a thickness of two water layers is
considered explicitly in the calculation af/,,+
Aln+AlL, the PMS profile can be predicted with
high accuracy.

To see the above results in more detail, the
space around the protein molecule was divided
into shell-like regions at intervals of 0.02 nm. The
average number of water molecules in each shell
was determined using the result of MD simulation.
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Dividing the average number by the shell volume
yields the average density of water as a function
of the distance from the accessible surface of the
protein,d. The function will be conveniently called
the radial distribution function, RDF, though it has
a meaning slightly different from the usual one.
The RDF of water around the myoglobin molecule
obtained from the MD simulation is shown in Fig.
9. Similar to that of pure water, the RDF of water
for myoglobin exhibits a large maximum approxi-
mately 0.02 nm outside the accessible surface. It
shows the first minimum and the second maximum
at d=0.17 and 0.30 nm, respectively. The density
of water is nearly equal to that of bulk water in
the shell withd larger than 0.40 nm. Naturally,
this agrees well with the result of analysis of the
scattering profile. Thus, the thickness of hydration
layer can be estimated as approximately that of
two water layers, on average. It can also be seen
that both the depth of the first minimum and the
height of the second maximum are larger than
those for pure water. This may indicate that water
molecules near the surface of a protein have a
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Fig. 9. Radial distribution functiong(d)=p(d)/p, of water
around a solute myoglobin in aqueous solution, whe(e)
andp are the density of water at distantom the accessible
surface and the average density in the bulk water region,
respectively.
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tendency to be located more regularly in the Table2

direction of the normal of the molecular surface. ~ Estimates of the mean square radiig of myoglobin from
the full and three approximate PMS profiles

3.5. Approximate incorporation of hydration Hydration model Rey/NM
effects Full 1.75
EC: effective continuum 1.59
Dependence ok of the scattered X-ray inten-  RD: radial distribution 177
SD: spatial distribution 1.74

sity is determined definitely by the spatial distri-
bution of electrons in solution. The SXS profile is
given by thek dependence of intensity averaged  from a continuous medium having the electron
over the spatial distributions of electrons. The  density distribution determined by the above
average must be taken, not on the structure factor distribution function of water. It is well known

F(K), but on the scattering intensity,(K) and that a water molecule near to a charged or a
I(K). In most of the conventional methods of  neutral polar group is hydrogen-bonded to the
analysis, however, the effect of hydration water on  group to show high occupancy at the position.
the scattering profile is taken into account assum-  As a result of it, the site has a high electron
ing a pre-averaged distribution of electron density  density, which results in a non-uniform distri-

for F(K). In this section, accuracy of the approx-  bution of electron density to contribute to X-
imate method is examined for three hydration  ray scattering. The spatial distribution of
models: hydration water specific to the solute is consid-

1. Effective continuum(EC) model. This is the ered most accurately in this approximation.

most primitive model in which the outside of The forward scattering intensity of a dilute
the effective molecular surface is approximated solution is directly related to the partial molecular
by a continuous medium with uniform electron volume of the solute molecule as shown in Eq.
density. The scattering profile predicted from (21). Hence, in order for all the hydration models
this model is just the same as that of thg to predict equal forward scattering intensity, they
approximation described in Section 3.2. must yield an equal partial molecular volume. It
2. Radial distribution(RD) model. As done in the is evident from the method of constructing the
previous section, the space around the solute model that the RD model and the SD model yield
protein molecule is divided into shell-like the same partial molecular volume. As for the EC
regions and the average electron density of eachmodel the above condition is satisfied if the effec-
shell is determined. Each shell is assumed to be tive molecular surface is taken as the boundary
filled with electrons having a constant density between the ‘p’ region and the outside continuum.
equal to the average density determined above. Values ofR, for myoglobin obtained from Guinier
In this model, variation of the electron density analysis of the full PMS profile and the approxi-
in the radial direction is taken into account, but mate profiles for the three hydration models in the
it is averaged out within each shell. range of K?<0.4 nn 2 are listed in Table 2.
3. Spatial distributiod SD) model. When the coor- The SD and the RD models predict a value of
dinates of water molecules are sampled every R, nearly equal to and slightly larger than the
t, from an MD simulation off’y thenN{=T 4 exact value, respectively, while the EC model
t) sets of coordinate data are obtained. s predicts as much as a 0.16-nm smaller value. This
1 ps andls=500 ps in our case, 500 coordinate will be due to the situation that the effect of the
data are generated for each water molecule. Thenon-uniform electron distribution around the pro-
whole set of coordinate data on the water tein molecule is partially considered in both SD
molecules yields an approximate equilibrium and RD models, but it is not considered at all in
distribution of water around the protein. In this the EC model(The meaning of the word ‘partial-
model, the incident X-ray is assumed scattered ly’ will be clarified just below) This result shows
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that, to predictR., of a protein accurately, it is

249

and mediumK regions are concerned. However,
even the prediction from the SD model deviates
significantly from the full profile and the deviation
increases with increase Ki In fact, all the models
yield a remarkably high estimate in the large
region. We will discuss here the possible origin of
this discrepancy. When the center of a water
molecule is at a point in space, the probability that
the center of another water molecule is found
within a distance of 0.28 nm from the point is
very low. The effect of such spatial correlation
between water molecules is not considered at all
in the EC model and only partially considered
even in the SD model. This is a defect common
to all of these approximations. It is obvious that
the large error in the larg& region results from
this common defect in the three models. These
results show that the pre-averaging approximation
cannot fully incorporate the contribution from
hydration water or the hydration effect. Thus, care
should be taken for the accuracy of prediction
when a pre-averaged hydration model is used to
analyze experimental scattering profiles.

At the end of this section, we will comment on
the prograncrysoL published in 1995 by Svergun
et al.[29]. It is a program to evaluate PMS profiles

essential to choose a hydration model that takes ¢ piglogical macromolecules from their atomic

into account the true characteristics of hydration ~qrdinates. Using a multipole expansion method,
structure as well as the partial molecular volume. they succeeded in calculating PMS profiles very
To see applicability of the hydration modgls at rapidly. In the following, discussion will be
larger K values, the full and the approximate focysed on its application to proteins. dRysoL,
profiles are compared by Kratky plots in Fig. 10. the scattering contribution from solvent molecules
We can see from Fig. 10 that, in the sma&ll  excluded by a protein molecule, which corresponds
region, the SD model reproduces well the full PMS g 1. - of our case, is considered by placing dummy
profile, while the EC and the RD models give a splvent atoms at the positions of the protein atoms.
higher and a lower estimate for the scattering The effect of hydration water, which corresponds
profile, respectively. It is already known from Fig. tg the hydration effect\l,,+ Al of our case, is
5 that correct incorporation of the effect of hydra- approximately considered by assuming a hydration
tion water is essential to obtaining a good approx- |ayer having an effective thickness af=0.3 nm
imation in the smallk region. The above result and a uniform electron density higher than that of
shows that both EC and RD models are imperfect bulk water by 3p around the molecular surface.
as the hydration structure model to predict the An expansion factor for the dummy atoms and a
scattering profile in the smalkk region quantita-  density incrementp are used to fit calculated
tively. In the mediumK region, the scattering profiles to experimental ones. As is apparent from

profile is slightly overestimated by the SD and the
EC models, while it is significantly underestimated
by the RD model. The SD model, on the whole,

this assumption, the hydration model taken in
CRYSOL is one of the pre-averaged hydration
models. Furthermore, the electron density distri-

is the best among the three as long as the smallbution given by the model differs considerably
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from that expected from our MD simulation. As
is well known, the packing density of liquid water
is significantly lower than that of a solid native
protein, and the latter varies with protein species.

Y. Seki et al. / Biophysical Chemistry 95 (2002) 235-252

ular nature and the spatial distribution of solvent
molecules explicitly considered; ar(d) incorpo-

rating the contribution of hydration water to scat-
tering with its structural characteristics taken into

As the dummy atoms are placed as described account precisely. It was also found that consider-
above, there must be cavities and overlaps betweening only two molecular layers of water is enough
dummy atoms, which can never occur in pure to incorporate the hydration effect. Various approx-
water. As a result of it, calculation cannot repro- imate methods in which an averaged electron
duce the forward scattering intensity, and so the density distribution is assumed for evaluating not
partial molecular volume of the solute protein the scattering intensity, but the structure factor,
correctly if the variable parameters are fixed con- have been used conventionally. However, care
stant. The two parameters are purely adjustableshould be taken for using the approximation
parameters, and their dependence on the moleculabecause calculated profiles deviate significantly

parameters is obscure. As shown in the RDF of
Fig. 8, there must be a shell-like region near the
protein surface in which the electrons of hydration
water can never exist. It is essential to take into
account correctly the contribution from this region

for predicting accurately the mean square radius

Ry, of the solute molecule. However, it is difficult
to fully take into account the characteristics of
hydration water by the model adopted in
CRYSOL.

4. Conclusions

To examine how solvent water affects the scat-
tering profile of a protein in aqueous solution, a
theoretical framework was presented for evaluating
it as the sum of interference effects of X-ray
scattered from the three regions of: solute; hydra-
tion water; and bulk water. Molecular dynamic

from the true profile over the whol& region and,
especially, the error may be larger&targer than
approximately 6 nm?* .
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Appendix A: Method for generating a surface
equidistant from the molecular surface

Let us denote the radius of th#h atom of

simulations were carried out on pure water and an Protein asrq, which is given by Chothia et al.

agueous solution of myoglobin to obtain 500 sets
of data for the spatial distribution of water in both
solvent and solution. With atomic coordinate data
thus obtained, each of the X-ray scattering profiles
of water and the aqueous protein solution was
evaluated numerically as the sum of six different
contributions. The partial molecular scattering
(PMS) calculated for myoglobin was found to
agree well with the experimental one. It was
concluded from analysis of the calculated profiles
that, to predict a PMS profile accurately, the
following two are essentiala) incorporating the
contribution of excluded solvent scattering, that is,
scattering from the solvent molecules excluded by
introduction of a solute molecule, with the molec-

[37]. We will further suppose a pair of the hypo-
thetical protein molecule having the same 3D
structure as the real protein but different atomic
radii and the corresponding probe sphere of vari-
able radiusr,. Then, the surface composed of the
points at distance from the molecular surface of
the real protein is given as follows:

1. When (xr<r,, it is defined by the molecular
surface of the hypothetical protein consisting of
the atoms with radius,=ry;+t foi=1~N,,
and the probe sphere of radins=r,,—t

2. When t>r,, it is defined by the accessible
surface of the hypothetical protein consisting of
the atoms with radius,=rg;+t—r,, foi=1~
N.p and the probe water sphere of radiys-
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Fw-
The numberN,, in (1) and (2) indicates the
total number of atoms in the protein molecule.
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