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Abstract 

X-ray crystallography provides a wealth of information about the dynamic as well as static protein structure. A 
new method of dynamic structure refinement of protein X-ray crystallography, normal mode refinement, is 
proposed. In this method, the Debye-Wailer factor is expanded in terms of the low-frequency internal normal 
modes and external normal modes, whose amplitudes and couplings are optimized in the process of crystallographic 
refinement. The internal and external contributions to the atomic fluctuations can be separated. Also, anisotropic 
atomic fluctuations and their inter-atomic correlations can be determined experimentally even with a relatively small 
number of adjustable parameters. The method is applied to the analyses of experimental data of human lysozyme 
and its mutant, C77A/C95A, to reveal its dynamic structure. 
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1. Introduction 

X-ray crystallography provides information 
about the dynamic structure in the form of crys- 
tallographic temperature factors [ll. However, 
there remain two problems in the determination 
of the protein dynamics from temperature fac- 
tors. 

(1) The isotropic B-factors, conventionally used 
in protein crystallography, give only the magni- 
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tude of fluctuations but lose information of its 
direction and correlation. 

(2) Various factors, such as static disorder 121 
and rigid body external motion of a protein [3], 
which we call external terms, mix up with the real 
internal dynamics in temperature factors. 

For the purpose of solving these problems, we 
introduced a method of dynamic structure refine- 
ment, normal mode refinement [4-61. First, we 
will explain the principle of normal mode refine- 
ment focusing on how the two problems are 
solved. Then, two examples of normal mode re- 
Fmement are presented: human lysozyme and its 
mutant (C77A/C95A). We will see the real inter- 
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Fig. 1. A schematic explanation of normal mode refinement of the protein dynamic structure. Fluctuations are described by a sum 
of internal modes, mode coupling terms and external modes. Arrow representations of eigenvectors, 4jkikm, are given for the lowest, 
10th lowest and 50th lowest internal modes. During the course of the refinement, amplitudes for these terms are optimized so as to 
give the best fit to the experimental data. 

nal dynamics of the protein derived from X-ray 
diffraction data. The comparison with the mutant 
lysozyme will show the response of dynamic struc- 
ture to the mutation. 

2. Theory 

In normal mode refinement [4,51, the structure 
factor, FcalC, is given by 

Fed, = Cfj(l) w(iq ’ rj> 

where q (= (qkN is a reciprocal lattice vector, 
and f&q) is the atomic structure factor for atom 
j, with rj being the average coordinates. In this 
formula, the Debye-Waller factor describing the 
dynamic structure of a protein is expanded in 
terms of normal modes. qSjik,,, is the component of 
the mth normal mode given theoretically by nor- 
mal mode analysis [7] and umrnn is covariance for 

Table 1 
Results of the normal mode refinements 

Wild-type C77A/C95A 

number of reflections used a 15310 14435 

resolution range (&I 6.0-1.5 6.0-1.5 
number of internal modes b 
M 100 100 
rn 43 43 
number of external modes ’ 6 6 
number of solvent molecules 148 111 
total number of variables 
for thermal factors d 1320 1246 
R-factor e (%) 15.19 17.11 
deviation from the ideal values * 
bond (A) 0.012 0.011 
angle (deg) 1.9 2.0 
torsion (deg) 17 18 
improper torsion (deg) 2.6 2.6 

a The details of the diffraction experiments are described in 
ref. 1101. 
b The model comprises the M lowest frequency normal modes 
out of the 629 modes. For the m lowest frequency modes 
among the M modes, we consider the mode coupling. 
’ The external modes are those of the TLS model [8]. 
d The total number of the variables describing thermal factors 
is M + im(m - l)+ 21+ 2 X(number of solvents). The third 
term is for the external modes. The last term is of B-factors 
and occupancies for solvents. 
e c 1 1 F&s 1 - 1 Fe& / I/c I Fobs x 18fr. 
f The ideal values are those of AMBER for united atoms [ill. 
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the internal or external normal modes. The sum- 
mation is taken over the M lowest frequency 
internal normal modes as well as the 6 external 
normal modes of the TLS model [8]. Here, M is 
determined by considering the balance between 
the number of experimental data and that of 
adjustable parameters. This formula of the struc- 
ture factor is based on the theoretical model of 

protein dynamics, which states that conforma- 
tional fluctuations occur mostly in the important 
conformational subspace spanned by a small 
number (M in Eq. (1)) of low frequency normal 
modes. 

This refinement proceeds as follows. First, for 
a given set of coordinates, normal mode vectors, 
&z9 are calculated as a basis set for describing 

main chain side chain 

Fig. 2. Stereo ORTEP [ill drawings of thermal ellipsoids of C, atoms (at a 30 level) for the total apparent, A, and the internal, B, 
fluctuations. The average shapes of thermal ellipsoids for main chain atoms and side-chain atoms, C, are given in two dimensional 
representation. The values of ( Ar)“’ are 0.651 (0.741) and 0.372 (0.495) for the total and internal fluctuations, respectively, for 
main chain atoms (side chain atoms). Anisotropy of the atomic distribution is defined by the axial ratio [2h,/(A, + A~)]“*, where 
A,, A, and A, are the variances along the first, second and third principal axes of a thermal ellipsoid. These values are 1.254 (1.371) 
and 1.680 (1.849) for the total and internal fluctuations, respectively. The average cosine of the angle between the directions of the 
total and internal fluctuations, {cos 0), is found to be 0.45 for both main chain atoms and side chain atoms. This value is almost 
the random level of 0.5. 
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the conformational fluctuations. Then, the coeffi- 
cients for this basis set, Up,,, are determined in 
the course of the crystallographic refinement to 
give the best fit to the observed diffraction data 
(Fig. 1). Because the normal modes reflect the 
detailed covalent and three-dimensional structure 
of the molecule, atomic fluctuations are treated 
as being correlated and anisotropic unlike in the 
conventional isotropic B-factor model. It is no- 
ticed that intensities at Bragg angles do not con- 
tain information concerning inter-atomic correla- 
tion. Nevertheless, once u,,,~ has been deter- 
mined in the refinement, the inter-atomic corre- 
lation (between atoms i and j) can be described 
by 

(Ari,Arj,) = E 4ikm4jlnummn. (2) 
tlZ,ll=l 

This means that not only the anisotropic intra- 
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atomic distribution, but also inter-atomic correla- 
tion is inferred from the diffraction intensities. 

In this model, the A4 internal normal modes 
and the 6 external normal modes recognize the 
internal and external fluctuations, respectively. 
Therefore, we can investigate the effects of muta- 
tions on the internal protein dynamics without 
any ambiguity of the external terms. 

3. Computations 

We applied Eq. (1) as an expression for the 
Debye-Wailer factor in the later stage of crystal- 
lographic refinement. In the initial stage, the 
conventional isotropic B-factor refinement was 
done by PROLSQ [9]. Then, by using the struc- 
ture thus determined, the normal mode analysis 
171 was carried out to calculate normal mode 

20 40 60 80 100 120 
residue number 

Fig. 3. Covariances in the atomic fluctuations C$= (Ari. Ar,)) behveen a pair of C, atoms i and j. (Xl, positive covariance 
> 0.04 A*; (01, negative covariance < -0.04 A . The loci of highly negative covariances a-5 correspond to the correlation 
between two segments illustrated in the figure of the main chain trace. Those of 8, y and 8 suggest the existence of the 
hinge-bending motions. Triangular areas of highly positive covariances correspond to two loops of A and B. 
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eigenvectors 4jjkm, which was further followed by 
the normal mode refinement based on Eq. (1). In 
this stage, the 100 (= M) lowest frequency nor- 
mal modes with their 903 covariances correspond- 
ing to the 43 lowest frequency modes for umn and 
21 parameters for external modes are used as 
adjustable parameters. And the sum of conforma- 
tional energy and the crystallographic residual 
was minimized. The power of this new method of 
refinement has been tested theoretically by using 
simulated diffraction data [4,51 and experimen- 
tally by free-R factor [lo]. The statistics of the 
refinement are summarized in Table 1. 

4. Dynamic structure of lysozyme 

In this section, the normal mode refinement of 
wild type human lysozyme is summarized. Fig. 2 
shows the ORTEP [12] drawing of the total ap- 
parent and the internal fluctuations of C, atoms 
together with the two-dimensional representation 
of the average shape of thermal ellipsoids. The 
internal fluctuations are much smaller than the 
apparent ones. This means that the apparent 
fluctuations, in which the internal fluctuations 
are heavily masked by the external ones, does not 
necessarily reflect the real protein dynamics. The 
internal fluctuations show very large anisotropy, 
while the apparent anisotropy, being masked by 
the external terms, is much closer to 1.0, that of 
the isotropic distributions. Directions of internal 
fluctuations are found to have no correlation with 
those of the external terms, i.e. the average co- 
sine of the angle between the two directions, 
(cos 13>, is found to be 0.45, very close to the 
random level of 0.5. The directions of the thermal 
ellipsoids of the internal fluctuations indicate the 
existence of the hinge-bending motion. The prin- 
cipal axes of the residues 40-50 and 70-80 in one 
lobe and those of the residues 105-115 in the 
other lobe appear to be aiming at the cleft region. 

In addition, the correlation of inter-atomic 
fluctuations in protein can also be deduced from 
the normal mode refinement. Fig. 3 shows the 
covariance, C,,(= (Ari * Arj)), for a pair of C, 
atoms. This figure shows how fluctuations of two 
residues are correlated. Positive and negative cor- 

relations are for a pair of residues moving simul- 
taneously in the same and in the opposite direc- 
tions, respectively. The hinge-bending motion in 
lysozyme should appear as a negative correlation 
between pairs of residues located in the different 
lobes forming the cleft. The loci giving negative 
correlations at p, 8 and y in Fig. 3 suggest the 
existence of the hinge-bending motion. However, 
the fluctuation does not seem to be a simple rigid 
body motion between the two lobes. In the first 
lobe (the right side of the main chain trace), 
negatively correlated fluctuations are found in E 
and I!,. In the second lobe (the left side), there is 
negative correlation between two loops (a), each 
of which exhibits a rigid body motion appearing 
as positive correlations within each loop (A and 
B). 

By the normal mode refinement, the aniso- 
tropic and correlated picture of the internal dy- 
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Fig. 4. Comparisons of root mean square fluctuations ( Ar*)“* 
of main chain atoms between the wild-type human lysozyme 
(thin curves) and the C77A/C95A mutant (thick curves). The 
values of (Ar2)“2 are determined by normal mode refine- 
ment and averaged within each residue. (A) Tbe total appar- 
ent fluctuations. (B) The external fluctuations. (C) The inter- 
nal fluctuations. These values are related by (Ar*),,,,1= 
(A~*lexterna~+(A~*)intcma~. 
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namics is determined from diffraction data after 
removing the Muences from the external terms. 

5. Mutation effects on the dynamic structure 

In this section, we describe the normal mode 
refinement of a human lysozyrne mutant, 
C77A/C95A, in which a disulfide bond is re- 
moved by mutations of Cys77 and Cys95 to ala- 
nine [lo]. In comparison to the wild-type, we 
discuss how the removal of this disulfide bond 
affects the internal atomic fluctuations. 

Fig. 4 shows residue profiles of (Ar2)l”. The 
mutant C77A/C95A shows an increase in the 

apparent fluctuations at most residue sites (Fig. 
4A). However, when the total apparent fluctua- 
tions are decomposed into the external and inter- 
nal fluctuations, most differences, except those 
near the mutation sites, can be ascribed to the 
external terms shown in Fig. 4B. The external 
terms are determined mainly by the contributions 
that are sensitive to crystal quality, such as lattice 
disorder and diffuse scattering. Therefore, one 
can conclude that most of the differences in the 
apparent thermal factors originate from the dif- 
ference in the external terms caused by the muta- 
tion effect on crystal quality. This effect can also 
be seen in the number of diffractions and the 
final R-factors given in Table 1. 

Fig. 5. Stereo ORTEP drawing of thermal ellipsoids (at a 1.8~ level) for the internal fluctuations of N, Ca, and C for the residues 
62-65,70-80, and 90-98. (A) Wild-type. (B) C77A/C95A. Cm77 and C-95 are indicated by the shaded atoms. 
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An amino acid substitution usually causes only 
a small change in the average structure localized 
at the mutation site [13]. Localization occurs also 
in the response of the dynamic structure to the 
mutation. It can be seen in Fig. 4C that the effect 
of the mutation on the internal fluctuations is 
localized mostly at one of the mutation sites; the 
long loop region containing residue 77. The other 
mutation at residue 95, which is in an o-helix, 
does not exhibit any change in the dynamic struc- 
ture. This difference between the two sites can be 
attributed to the difference in the secondary 
structures; one is a long loop whose flexibility is 
easily affected, whereas the other is a rigid u-helix 
that requires a large concerted fluctuation to 
increase flexibility. 

Detailed pictures of the dynamic structures at 
the mutation sites are given in Fig. 5. They are 
the ORTEP drawings of the internal fluctuations 
of the main chain atoms of the residues 62-65, 
70-80, and 90-98. In C77A/C95A, residues 70- 
80 show amplified fluctuations with anisotropy 
almost identical to those in the wild-type; the 
average value of absolute cosine between the 
principal axes of the corresponding thermal ellip- 
soids (( I cos 13 I >) is 0.95 for the residues 71-77. 
For C77A/C95A, the atoms of the residues 62-65 
appear to move in concert with the residues 70- 
80. On the other hand, the u-helix that includes 
the other mutation site (residue 95) has essen- 
tially the same dynamic structure, with small and 
rather isotropic fluctuations. 

The normal mode refinement presented here 
is expected to enhance the applicability of the 

protein X-ray crystallography to detect function- 
ally important collective fluctuations and detailed 
response of dynamic structure to mutations. 
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