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Abstract

X-ray diffuse scattering from protein crystals is, at
the moment, the only available experimental process
to be directly sensitive to long-range correlations
between protein-atom displacements. It is shown
here that calculations based on independent rigid-
body displacements of individual molecules yield a
description in good agreement with the experimental
diffuse-scattering pattern displayed by tetragonal crystals
of hen egg-white lysozyme (HEWL) In particular, it
appears that molecular rigid-body translations and rigid-
body rotations appear roughly in the same proportion as
the average atomic mean-square positional fluctuations.
The crystallographic temperature-factor analysis by
TLS (translation/libration/screw) refinement, performed
by Sternberg, Grace & Phillips [Sternberg, Grace,
& Phillips (1979). J. Mol. Biol. 130, 231-253],
is then confirmed and completed by a quantitative
estimation of the molecular rigid-body translation
contributions. The major contribution of molecular rigid-
body displacements to the average atomic mean-square
positional fluctuations, contradicts a previous analysis of
the tetragonal HEWL diffuse-scattering data by Clarage,
Clarage, Phillips, Sweet & Caspar [Clarage, Clarage,
Phillips, Sweet & Caspar (1992). Proteins Struct. Funct.
Genet. 12, 145-157] which concluded that short-range
correlations dominate. The origin of these opposite
conclusions mostly lies in the different hypotheses made
to model diffuse scattering, underlying the limits of the
‘homogeneous disorder’ model.

1. Introduction

X-ray crystallography has proved to be a very efficient
tool in the determination of three-dimensional protein
structures. For some structures, this extends to atomic
resolution, where anisotropic atomic mean-square fluc-
tuations can be revealed, through anisotropically refined
temperature factors (B factors) (Yamano & Teeter, 1994;
Teeter, Roe & Heo, 1993). Knowing the importance of
dynamics in protein biological mechanisms (Janin &
Wodak, 1983), it is a matter of interest to see to what
extent an X-ray scattering experiment may also con-
tribute to the analysis of the spatial correlations between
the atomic displacements. Strictly speaking, temperature
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factors do not give information about correlations be-
tween the atomic displacements, but for those residues
where the anisotropy of the atomic fluctuations is clearly
defined, it is possible to infer the global character of
the residue displacement. However, the analysis of the
anisotropic B factors provides little information about
the correlations between the displacements of different
residues, so that the range of correlations which can be
investigated in this way is strongly limited. Moreover,
for most protein structures, only isotropically averaged
values of the B factors are available.

The TL model (translation/libration) developed
for molecular crystals in the 1950’s (Cruickshank,
1956a,b) extended to the full TLS model (transla-
tion/libration/screw) by Schomaker & Trueblood (1968),
was later generalized to protein crystals as a first attempt
to carry out an interpretation of the thermal factors
in terms of correlated displacements (Artymiuk et al.,
1979; Howlin, Moss & Harris, 1989; Kuriyan & Weis,
1991; Harris, Pickersgill, Howlin & Moss, 1992). More
sophisticated molecular-dynamics computer calculations
were used later with this objective (for a critical
approach, see Hiinenberger, Mark & van Gunsteren,
1995). Yet, interesting as these models may be, they
can only remain a likely hypothesis, as long as direct
measurements of the displacement correlations are not
made.

Contrasting with Bragg crystallography, X-ray dif-
fuse scattering is directly sensitive to these correlations
(Amor6s & Amor6s, 1968). Experimental difficulties
because of its weak intensity seriously hampered the
development of this technique, but the availability of
modern detectors, such as imaging plates, coupled with
the high flux from a synchrotron source, has made
measurements of diffuse scattering intensities in protein
crystals feasible. Two review papers on X-ray diffuse
scattering from proteins crystals have been recently pub-
lished (Benoit & Doucet, 1995; Moss & Harris, 1995).
Three different X-ray diffuse-scattering features may be
distinguished, thermal diffuse scattering (TDS), diffuse
streaks, and cloudy diffuse scattering (Glover, Harris,
Helliwell & Moss, 1991). TDS is essentially situated
around Bragg peaks, and arises from correlations over
many cells in the crystal. TDS can always be detected
in a protein diffraction pattern, and the precise analysis
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3.1. Can intramolecular displacements be revealed?

From HEWL orthorhombic crystals, diffuse streaks,
as well as cloudy diffuse scattering are observed. Diffuse
streaks arise from translations of rows of molecules
(Doucet & Benoit, 1987), correlated over many cells,
while the very diffuse scattering, in particular observed
between these planes, is mostly due to intramolecular
correlations, and can be analysed using normal mode
calculations (Faure et al., 1994). On the other hand, there
are no diffuse streaks in the diffuse-scattering pattern
of tetragonal crystals. Here, the displacements of the
whole molecules are not correlated from cell to cell,
and contribute to the cloudy diffuse scattering, not to
restrained diffuse streaks. Therefore, the intramolecular
displacements, which in any case result in cloudy diffuse
scattering, produce here a contribution which is masked,
in great part, by the more intense cloudy TL contribution.
For this reason, it is difficult to collect information
about the intramolecular displacement correlations in
tetragonal crystals of HEWL. Moreover, because of
the high number of protein molecules per unit cell
(eight), the diffuse scattering arising from intramolecular
displacements is considerably smoothed (normal-mode
simulations, not shown). It would then be quite difficult
to correctly fit their contribution to the experimental
data. A possible way to access to the intramolecular
correlations, would be to take several neighbouring
molecules into account in a normal mode analysis.
In this way, the relationship between molecular and
intramolecular displacements could be calculated.

3.2. Comparison with previous results on tetragonal
HEWL

At odds with our results, Clarage et al. (1992) under-
line the predominance of short-range correlated homoge-
neous disorder in tetragonal HEWL crystals (correlation
length of about 6 A). Their conclusions were also de-
rived from X-ray diffuse-scattering experiments, and the
closeness between their patterns and ours immediately
dismisses possible experimental differences. To see how
interpretations of the same diffuse-scattering data may
lead to so different diagnostics, a short review is neces-
sary about the method used by Clarage et al. to analyse
the experimental data, method based on a ‘homogeneous
correlation’ model.

Within the harmonic approximation, the diffuse inten-
sity is given by the following formula,

Ip(S) = 32 3" fu(S) expl—W,(S))f, (S) exp[—W,.(S)]

>; expli2nS.(t, — t,)]exp[i2nS.(r, — r,)]
x {exp[d47*((S.u,,)(S.u, )] — 1}, 3)

where exp(-W,) is the atomic Debye-Waller factor
and W,=27%((S.u,,)?). As was clearly pointed out
by Mizuguchi er al. (1994) the information concerning
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the correlations between the atomic displacements is
concentrated in the terms ((S.u,,)S.u, ,)), which are
directly related to the (3 x 3) covariance matrices
(uu.nuz;’,n’> by ((S'uain)(s‘uaﬂn‘)) = ST(“a,nuZ’.n’>S‘
In the ‘homogeneous correlation’ model, (u, ,u’,

a.n a’,n’> 18
a priori reduced to,

- O O

1 0
WAHT(|Ie, el x {01
00

where ['(r) = exp(-r/v), and ~y is the relaxation distance
of the correlation function. In other words, whereas,
in our structural approach, the simulated diffuse scat-
tering is derived from peculiar models of concerted
displacements, Clarage ef al. in a kind of statistical
approach, make use of an a priori positive correlation
function, 1'(r), decreasing with the interatomic distance
and with few parameters to be refined (essentially the
‘correlation length’, ). Two fundamental consequences
derive from this approach. First, as the off-diagonal
terms of the cross-correlated matrices are virtually ze-
roed, non-colinear correlated displacements (occuring
in rotations, for example, or in any normal mode of
vibration) are a priori excluded. Secondly, since the I'(r)
function is taken positive, it is supposed that shearing-
type correlations, with two atoms moving in the same
direction but in opposite ways, are not considered either.
For these two reasons, the patterns simulated from the
I'-function approach always reproduce smeared versions
of the rigid translation pattern (where all displacements
are colinear and of the same amplitude), the degree of
smearing depending on how stiff I'(r) decreases with r.
Precisely, the lower the relaxation length, v, the more
the pattern is smeared (Mizuguchi et al., 1994).

To analyse the cloudy diffuse scattering from HEWL
tetragonal crystals, Clarage et al. propose a model based
solely on the ['-function formalism. The simulated pat-
tern is smeared to the extent required so as to roughly
account for the various experimental diffuse patches by
decreasing the value of +. In the absence of relevant
agreement factors, it is difficult here to discuss to which
degree the simulated pattern reproduces correctly the
experimental data, and in particular, to compare it to our
simulation. Indeed, as can be seen from our simulations,
the superposition of diffuse features arising from diverse
types of displacements also leads to a decrease of the pat-
tern level of structuring, i.e. giving also the impression
of a smooth diffuse scattering. However, in our opinion,
trying to account for diffuse-scattering features solely
by smearing the pattern derived from rigid translation
correlations can lead to an arbitrary interpretation of
the experimental data. Actually, there is no reason why
non-colinear correlations should be here neglected with
regards to translational correlations. The simulated pat-
tern might, therefore, be smeared too far and artificially
include the diffuse patches due to the other kinds of
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correlations (rotations, . . . ). In consequence, the cloudy
diffuse scattering may be wrongly interpretated in terms
of correlations, because it is forced, with no further
justification (as, for example, involving a comparison
with the B-factor fluctuations), to include translation-
type correlations only.

In any case, the treatment of the cloudy diffuse-
scattering data should require the least biased models of
correlated displacements. When possible, other external
considerations, such-as the physical relevance of the
model or possible comparisons with the B-factor fluc-
tuations should be included. This is what we have tried
to do in this work, we have considered simple but still
physically acceptable kinds of displacements, namely
rigid-body displacements, and reinforced our choice by
the results of the analysis of the crystallographic B-factor
fluctuation, (i.e. as previously performed by Sternberg
et al., 1979).

4. Conclusions

We have shown here that, for the tetragonal crystal
form of lysozyme, simulations using rigid-body molec-
ular displacements provide a good interpretation of the
experimental diffuse-scattering data. We were able to
quantify the proportion of the total mean-square dis-
placement which can be attributed to rigid displacements
of independent molecules by comparing the main-chain
positional atomic fluctuations obtained by the crystal-
lographic refinement to those deduced from rigid-body
molecular rotations and translations.

The high proportion of rigid-body displacements
which is deduced, about 70% in mean-square am-
plitude of the average atomic fluctuations (global B
factor), strongly contradicts previous interpretations of
tetragonal lysozyme diffuse-scattering data in terms
of homogeneous disorder (Clarage et al., 1992). To
our understanding, this discrepancy mostly lies in
the fact that the type of correlation accounted for by
homogeneous disorder models is intrinsically limited,
which thus may lead to an erroneous interpretation
of the experimental diffuse scattering. This limitation
vanishes when diffuse scattering is directly simulated
from models of atomic displacements. Among such
models, rigid-body displacements offer a simple, but
still physically meaningful, approximation of more
complicated correlations.

An important question which cannot be answered by
a single diffuse-scattering analysis concerns the dynamic
character of the molecular displacements. Of particular
interest would be to observe the effect of the har-
monic/anharmonic transition at ca 200K, which has
been shown to occur, by experimental methods sensitive
to dynamics in crystals of myoglobin (Doster, Cusack
& Petry, 1989) and in tetragonal lysozyme (Kurinov,
Krupianskii, Suzdalev & Goldanskii, 1987). This tran-
sition should imply a sudden decrease in the slope of
the dynamic part of the overall thermal factors versus
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temperature, when the temperature is decreased through
200 K. This phenomenon has indeed been observed for
the complete (dynamic + static) overall thermal factor
in ribonuclease A crystals (Tilton, Dewan & Petsko,
1992). However, a recent examination of the behaviour
of tetragonal lysozyme crystals by Kurinov & Harrison
(1995) shows a quite small modification of the total
overall B factor with temperature. This has been inter-
preted as the appearence and the increase of a static
disorder with decreasing temperature. The evolution of
diffuse-scattering features arising from static disorder
should be striking enough to yield new information. For
this purpose, it would then be worth investigating the
temperature behaviour of the diffuse-scattering pattern
from a HEWL tetragonal crystal.
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