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Simulations of Neutron Solvent Contrast Variation of Proteins and

Intramolecular Structures
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We calculated theoretical neutron scattering curves of human lysozyme and its 27 mutants,
including other 30 proteins, with varying the contrasts. From the theoretical scattering curves,
we derived the three basic scattering functions corresponding to the molecular shape, the in
tramolecular structure and the cross term between them. We found that the basic scattering
function corresponding to the intramolecular structure well reflects the packing geometry of
polypeptide chains and that the difference between the intramolecular scattering functions of
the wild-type protein and the mutant can be used as an index of stability of the protein. The
present simulations suggest a high potentiality of a wide-angle neutron scattering method using
high-intensity pulsed-neutron source in future researches of protein structures.
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§1. Introduction

X-ray and neutron scattering methods for solutions
are well recognized to provide insights of biological
macromolecular structures and functions in spite of the
low-resolution structural information on solute particles.
These methods are usually used to determine the struc
tures of the solute particles, such as overall shapes, radii
of gyration, or some large-scale heterogeneity of the par
ticles, mainly by using data sets in small-angle scattering
regions.^' Recently, hy using small- and medium-angle
X-ray and neutron scattering data, we successfully re
vealed that the structural transition multiplicity of a
globular protein strongly depends on the protein struc
ture hierarchy.^"®' Our previous reports indicate that the
solution scattering methods provide us fruitful informa
tion on tertiary and interdomain-correlation structures

of proteins, suggesting that these methods have an im
portant role for the studies of a mechanism of folding-
and-unfolding of proteins as well as other methods.®'
On the other hand, various types of neutron contrast

variation methods have been developed and shown their
high potentialities especially for structural studies of

supermacromolecules.'^' The most popular and conven
tional method is the solvent contrast variation (SCV)
method. This method is able to separate an experi
mental scattering curve loiq) of a solute particle into
three basic scattering functions and to provide an in
formation of the internal structure of the solute parti
cle, where q, the magnitude of scattering vector defined
hy q = (47r/A) sin(^/2); 6 and A are the scattering an
gle and the wavelength.®"^^' However, qualitative mean
ings of the intramolecular structures revealed by the SCV
method seem to be somewhat ambiguous. Then, to ex
amine a further availability of the neutron SCV method,
we have carried out the SCV simulations for about 60

proteins based on the atomic coordinates from the Pro

tein Data Bank (PDB).

§2. Simulation Method and Selection of Pro

teins

According to the scheme of the SCV method, the Io{q)
of a particle in a solution is given as follows.^®'

loiq) = ̂p^lviq) + ̂plvfiq) + Ifiq) (2.1)

where Ap is the excess average scattering density, so-
called contrast, of the solute particle in comparison with
that of the solvent; /„(?), Ifiq), and Ivfiq) are the bcisic
scattering functions corresponding to the particle shape,
the intraparticle structure and the cross term between

Iviq) and Ifiq), respectively. These basic scattering
functions can be separated from the scattering curves
at least with three different contrasts. We calculated the

theoretical neutron scattering curves Iq iq) of a protein at
three different contrasts (in 100 %, 80%, 60% v/v D2O)
by using the program called CRYSON.^^' This program
can well explain experimental scattering curves of pro
teins in solutions, especially for the q region below ~0.6
A  . The concept of "contrast" stands on the physi
cal basis that solvent molecules are regarded to give ho
mogeneous back-ground scattering, therefore, this con
cept no longer holds in a high-angle scattering limit due
to the finite volumes of solvent molecules. Then, after

the calculations of loiq) of ̂  protein below q = 1 A
at three different contrasts, we solved three simultane
ous equations in the unknown basic scattering functions

ilviq), Ifiq), 3i.nd lyfiq)) according to the equation (2.1).
The proteins treated were selected from the database
of Structure Classification Of Proteins called SCOP.^®'
This database groups protein folds into four classes de
pending on the type and organization of secondary struc
ture elements: all-a, all-,5, a//?, and a-^-/3. In the present
study we selected 30 proteins classified in all-a, human
lysozyme (classified in a-\-/3) and its 27 mutants whose
thermal characteristics have been studied in detail.
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Tablel. PDB file codes of all-a proteins used for the theoretical
scattering curve calculations.

PDB codes

lABV IFHA ILBU IPRB 2END

lADT IFPS ILIS ISIG 2TRT

lAEP IGRJ ILPE ISZT 3ADK

lAKO IHRC INKD ITNS 3ICB

ICOO I HYP INRE IVIN 4TNC

ICUK ILBD IPAX 2ASR 5CPV

Fig. 1. Theoretical neutron scattering curve loig) of horse myo-
globin in 100 % D2O and basic scattering functions {IvM, If{Q)\
and Ivf(q)).

§3. Theoretical Scattering Functions and In
tramolecular Structures

Figure 1 shows the theoretical scattering curve of horse
myoglobin (PDB file code: IWLA) in 100 % D2O and the
three basic scattering functions. Stuhrmann et al. sep
arated experimentally the observed scattering curves of
whale myoglobin into the basic scattering functions, and
showed that those experimental basic scattering func
tions agree with the theoretical ones calculated from a
method using spherical harmonics.®'®' It should be men
tioned that the //(g) of myoglobin has a broad peak

around q = 0.6-0.8 A . As myoglobin is classified in
all-a protein in the SCOP database, we chose other all-
a proteins registered in PDB, and separated the scat
tering curves of these proteins into three basic scatter
ing functions. Table I shows the PDB file codes of the
all-a proteins used for the present calculations. Figure
2(a) shows several //(g) functions of those proteins. The
bars in the theoretical //(g) function of IWLA show
the expected magnitudes of the statistical errors when
we use a WINK type scattering spectrometer (WINK is
a wide-angle neutron diffractometer at the pulsed neu
tron source KENS of KEK) that will be constructed at a
future high-intensity pulsed-neutron source of the joint
project between JAERI and KEK on high-intensity pro
ton accelerators. Whereupon we simply assumed that

the pulsed-neutron intensity at the joint project will be
ca. 100 times stronger than that at KENS, and we used
the g dependence of the relative error obtained experi
mentally from myoglobin at KENS. One of the prominent
characteristics of a time-of-flight (TOF) scattering spec
trometer at a pulsed-neutron source would be that the g
dependence of the relative error does not simply increase
with increasing g value since neutrons with a wide-band
wavelength can be used. Figure 2(b) shows the num
ber of the positions of the maximum values (//(g)mai)
in the //(g) functions at the defined g regions with the
interval of 0.02 A . Most of //(g)mai values are in the
range of g = 0.55-0.75 A , corresponding to ca. d =
8.4-11.4 A in real-space distance. Previously, Chothia
et al. analyzed the packing geometry of pair of helices
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Fig. 2. Comparison of the basic scattering functions //(g) of sev
eral proteins classified as all-a proteins at SCOP, (a). Distribu
tion of the maximum values (//(g)mox) in //(g) at the defined
g ranges, (b)

for about 10 proteins. They showed that the average
distance of helix-to-helix packing is distributed from 6.8
A to 12 A and that the maximum probability of the dis
tance is in the range from 9 A to 11 A.^®' Their results
agree with our present results in Figure 2(b), suggesting
that the basic scattering functions //(g) at g = 0.3-0.8

A  well reflect the intramolecular correlation in protein
structures as pointed elsewhere.^'

§4. Intramolecular Structure and Gibbs Free
Energy of Protein Mutant

Mutation techniques of proteins have been used for
many studies on a mechanism of folding-and-unfolding
of proteins since some mutations greatly change stability
of proteins under various conditions.®' The thermal sta
bility and the tertiary structures of human lysozyme and
its mutants have been studied intensively in detail. For
considering a further use of the neutron SCV method in
protein structure studies, it is very interesting to exam-

Table II. PDB file codes a of human lysozyme used for the theo

retical scattering curve calculations.

PDB codes

ILZl ILHL lOUF IWQN lYAN

IHNL lOUA lOUG IWQO lYAO

ILHH lOUB lOUH IWQP lYAP

ILHI lOUC lOUI IWQQ lYAQ
ILHJ lOUD lOUJ IWQR
ILHK lOUE IWQM lYAM
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Fig.3. Theoretical scattering curve Io{g) at 100 % D2O and basic
scattering functions of human lysozyme (PDB file code: ILZl)
compared with those of the mutant (PDB file code: IHNL). (a),
(b), (c) and (d) correspond to Iv{g), hfig), ty(g), and Io{g),
respectively.
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Fig. 4. Relation between the deviation factor A and the Gibbs free
energy |AAG| of the wild-type and mutant of human lysozyme.

ine an effect of mutation on a intramolecular structure of
protein. Then, we treated the wild-type human lysozyme
(PDB file code: ILZl) and its mutants, and compared
those basic scattering functions. Table II shows the PDB
file codes of the mutants. We calculated the deviation
factors A which means the difference between the scat
tering functions (loiq), Iv{q) or //(g)) of the wild-type
and the mutant as defined by

92 / 92

Ai = 5; \lf'\q) - /™"^-'(g)l / Y, (4.1)

A,for I
O -

A., for I

A - ■ A„ for I

CO

AA^ ̂
A- -

- rr

Q=Qi Q=Qi

A  . The largest A values are obtained 0.076 in //(g)
for IHNL, 0.019 in Iv{q) for IHNL, and 0.024 in /o(g)
for IQUA, respectively. For every mutant, the A/ value
in //(g) is much larger than those in /t,(g) and /o(g).
Figure 3 shows the basic scattering functions and /o(g)
of ILZl and IHNL. The difference between the scatter
ing functions of the wild-type and the mutant is much
larger in //(g) compared with those in /o(g) and /^(g).
Figure 4 shows the A value dependence of |AAG| which
is defined by the difference in Gibbs free energy between
the wild-type and mutant proteins. We got the |AAG|
values of the human lysozyme and the mutants from the
ProTherm database.^®' In Figure 4 the A values tend
to become larger with increasing |AAG|, which is more
evidently seen in A/. Thus, the degradation of ther
mal stability of the protein in the mutation appears as
the deviation of the intramolecular scattering function
//(g) of the mutant from that of the wild type. In other
words, the A value in //(g) determined by the neutron
SCV method would be used as an index of intramolecular
structural change and stability of proteins in solutions.

In the case of X-ray scattering, it is essentially difficult
to obtain basic scattering functions of proteins. In addi
tion, the covered g range in one measurement is rather
limited due to the use of monochromatized X-ray beam.
On the other hand, a pulsed-neutron scattering method
using the TOF technique can cover a very wide g range.
Therefore, a wide-angle neutron scattering using both
the SCV and TOF methods at a high intensity pulsed-
neutron source would be a very promising technique to
study the structural hierarchy of globular proteins.
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