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Abstract 

In order  to investigate the response of dynamic  structure to removal of a disulfide bond,  the dynamic structure 
of human lysozyme has been compared to its C77A/C95A mutant. The  dynamic  structures of the wild type and 
mutant are determined by normal mode refinement of 1.5-A-resolution X-ray data. The C77AK95A mutant shows 
an increase in apparent fluctuations at most residues. However, most of the change  originates from  an increase 
in the  external  fluctuations, reflecting the effect of the mutation on the  quality of crystals. The effects of disul- 
fide bond removal on  the internal  fluctuations are almost exclusively limited to  the  mutation site at residue 77. 
No significant change in the correlation  of the internal  fluctuations is found  in either the overall or local dynam- 
ics. This indicates that  the disulfide bond  does not have any  substantial role to play in the dynamic structure.  A 
comparison of the wild-type and  mutant coordinates suggests that  the disulfide  bond  does not prevent the 2 do- 
mains from parting from each other.  Instead, the structural changes are characteristic of a cavity-creating muta- 
tion, where atoms surrounding the mutation site move cooperatively toward the space created by the smaller alanine 
side chain. Although this produces tighter packing, more than half of the cavity volume remains unoccupied, thus 
destabilizing the native state. 

Keywords: cavity-creating mutation; disulfide mutant; dynamic structure; human lysozyme; norma1 mode 
refinement 

Crystallographic  studies on genetically  engineered mutant 
proteins  have  shown how amino acid substitution  affects 
3-dimensional structure. In particular,  numerous  mutant struc- 
tures of bacteriophage T4  lysozyme  have  been  solved to high  res- 
olution by Matthews and his colleagues (Matthews, 1987). 

However, X-ray data  do not necessarily provide a clear-cut 
picture  of mutation effects on the dynamic structure. The dy- 
namic structure is usually determined in the form of the isotro- 
pic temperature  factors for non-hydrogen atoms (B-factors), 
which inevitably contain  contributions from the external terms, 
such as lattice  disorder, as well as  the internal atomic fluctua- 
tions (Frauenfelder et al., 1979; Finzel& Salemme, 1985; Sher- 
iff & Hendrickson, 1987; Diamond, 1990). Usually, a  mutation 
has an influence not only on  the internal  fluctuations but also 
on the  quality of the crystal, which in turn affects the external 
terms. Therefore, it  is difficult to decide whether changes in 
B-factors are caused by the mutation effects on  the internal fluc- 
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tuations, or are merely due  to  the difference in crystal quality 
(Weber et al., 1985; Soman et al., 1991). 

For the purpose of solving this  problem, we introduced  a 
method of dynamic structure refinement, which we call normal 
mode refinement (Kidera&GG, 1990, 1992; Kidera et al., 1992). 
In this method,  the structure factor, F,,,,, is  given  by 

F,,,,fq) = C f,(q)exp(iq-r,) 
J 

M+6  

x exp(--l 5: q k q /  c +,/Xrn+,/nomn (1) 

where q ( = [ qk )) is a reciprocal lattice vector and fi (q) is the 
atomic structure factor for atomj, with r, being the average CO- 

ordinates.  In  this formula,  the Debye-Waller factor describing 
the dynamic structure of a  protein is expanded in terms of nor- 
mal modes. +,k,,, is the component  of the  mth normal  mode 
given theoretically by normal mode analysis, and a,,,, is covari- 
ance for the internal or external normal modes. The summation 
is over the M lowest frequency  internal  normal  modes as well 

2 k , l = l  m,n=l  ) 
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as  the 6  external  normal modes of the  TLS (translation, libra- 
tion,  and screw) model (Schomaker & Trueblood, 1968). Here, 
M is determined by considering the balance between the num- 
ber of experimental data and  that of adjustable parameters. This 
formula of the structure factor is based on the theoretical model 
of protein dynamics, which states that conformational  fluctu- 
ations occur mostly in the  important conformational subspace 
spanned by a small number (Min Equation 1) of low frequency 
normal modes (Kidera & GO, 1992). 

This refinement proceeds as follows. First, for a given set of 
coordinates, normal mode vectors, djk,,,. are calculated as a ba- 
sis  set for describing the  conformational fluctuations. Then, the 
coefficients for this basis set, a,,,,,, are determined in the course 
of the crystallographic refinement to give the best fit to  the ob- 
served diffraction data. Because the normal modes reflect the 
detailed covalent and 3D structure of the molecule, atomic fluc- 
tuations are treated  as being correlated and anisotropic, unlike 
in the conventional isotropic  B-factor model. 

In this model, the  Minternal normal modes and  the 6 exter- 
nal  normal  modes recognize the internal and external  fluctua- 
tions, respectively. Therefore, we can investigate the effects of 
mutations on  the internal protein dynamics without  any  ambi- 
guity of the external terms. 

In this  paper, we describe the normal  mode refinement of a 
human lysozyme mutant, C77A/C95A, in which a  disulfide 
bond is removed by mutations of Cys 77 and Cys 95 to alanine 
(Taniyama et al., 1988).  In comparison to the wild type, we dis- 
cuss how the removal of this disulfide bond  affects the internal 
atomic  fluctuations.  It  has been suggested that lysozyme has  a 
function-related hinge-bending motion, which causes a cooper- 
ative fluctuation between the  2  structural domains (McCammon 
et al., 1976; Faber & Matthews, 1990; Gibrat & GG, 1990). As 
shown in Figure 1 and Kinemage 1, the disulfide bond is situ- 
ated at the hinge  region connecting the  2 structural domains. The 
results of normal mode refinement should describe a possible 
role of the disulfide bond in the hinge-bending motion. 

the flrst domain 

the a 

W cleft Y 
Fig. 1. Ribbon  representation of the  main  chain  trace of human  lysozyme. 
The mutation site of the disulfide bond between Cys 77 and Cys 95 is 
explicitly shown. The disulfide bond connects 2 structural domains; the 
first domain is  the  right lobe in  the  figure containing Cys 95 (residues 
1-39 and 89-129) and the second domain is  the  right lobe containing 
C y s  77 (residues 40-88). The assignment of the domains is after Brooks 
and Karplus (1985).  A cooperative  fluctuation  between 2 domains causes 
the hinge-bending motion resulting  in opening and closing the cleft. It 
is noted that  the mutation site is  at the hinge region. 

Various disulfide mutants have been investigated for their 
effect on  the thermal stability of proteins (Sauer et al., 1986; 
Villafranca et al., 1987; Matsumura  et al., 1989; Mitchinson & 
Wells,  1989). Calorimetric experiments on  the wild type and 
C77A/C95A showed that  the removal of the disulfide bond 
reduces the  thermal stability (AT,,, = -14.5  "C and AAG = 
4.6 kcal/mol at 57 "C; Kuroki et al., 1992). It is  beyond the scope 
of the present study to discuss the stability based on  the ther- 
modynamic difference between the native and denatured states. 
However, detailed analyses of structural changes in the native 
state, not only static but also dynamic, would give an insight into 
the  structural role of the disulfide  bond. 

Refinements of the wild-type and C77A/C95A structures were 
performed on  1.5-hesolution  data obtained from isomorphous 
crystals, sufficient for the analysis of small changes in the co- 
ordinates and  the dynamic  structure. 

Results and  discussion 

Results of normal  mode  refinements 

Normal mode refinements were performed on X-ray data  from 
the  isomorphous crystals of the wild type and the C77AK95A 
mutant.  Data concerning the crystals used are summarized in 
Table 1. Superposition of the corresponding main !hain atoms 
results in a  translation by  (0.01,  -0.08,  -0.19) A along the 
(a,  b, c) axes without rotation. The isomorphous  ,condition 
eliminates the possible effects of lattice-induced shifts in the 
molecules. 

Table 2 summarizes the results of normal  mode refinements. 
As shown previously (Kidera et al., 19!22), the normal mode 
refinement does  not cause a significant shift relative to  the co- 
ordinates given  by the isotropic B-factor refinement. The RMS 
displacements of all atoms  are 0.06 and 0.07 A for  the wild 
type and C77A/C95A, respectively. This means that  the exten- 
sion of the thermal  factor  from the isotropic to  the anisotropic 
model has little influence on the average coordinates. The final 
R-factor for C77A/C95A stays about 2% higher than  that of 
the wild type. This is because of the smaller number of reflec- 

Table 1. Data on crystals and X-ray 
diffraction measurements 

Wild type C77A/C95A 

Crystals 
Space gr?up P212121 p212121 
a, b, c (A) 56.53,  60.83,  33.89 56.54.60.67, 33.60 
Crystal size (mm) 0.7 x 0.4 x 0.2 0.5 x 0.3 x 0.3 

Number of crystals used 1 1 
Incident  beam M o K a   M o K a  
Resolution range (A) 03 to 1 . 4 6  09 to 1 . 4 6  
Number of independent 

Ratio to possible 

Diffraction measurements 

reflections 16,902  (>317) 15,732 (>20) 

reflections 0.805 0.765 
Rmcrgca (TO) 4.19 5.18 

8Rmerge = CIf - <I>I/C<I>.  
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Table 2. Results of the normal mode refinements 

Wild type C77A/C95A 

Number of reflections used 

Number of internal modesa 
M 
rn 

Number of external modesb 
Number of solvent molecules 
Total number of variables for thermal 

R-factord (VO) 
Intramolecular interaction energies 

factorsC 

(kcal/mol)‘ 
Bond (A) 
Angle (degrees) 
Torsion (degrees) 
Improper torsion (degrees) 
Lennard-Jones 
Electrostatic 
Hydrogen bond 

(kcal/mol)e 
Lennard-Jones 
Electrostatic 
Hydrogen bond 

Thermal factor restraints‘ 
NM-restraint R (A4) 

NM-restraint C 

Intermolecular interaction energies 

15,310 
(6.0-1.5 A) 

100 
43 
6 
148 

1,320 
15.19 

53 (0.012) 
112 (1.9) 
157 (17) 
25 (2.6) 
-1,114 
-4,030 
-130 

- 165 
- 1 1  
-14 

0.031 
0.020 

14,435 
(6.0-1.5 A) 

100 
43 
6 
1 1 1  

1,246 
17.11 

46 (0.01 1) 
125 (2.0) 
163 (18) 
25 (2.6) 
-1,114 
-3,980 
-113 

- 147 
43 
-13 

0.044 
0.021 

- 
~ 

a The  model  comprises  the Mlowest frequency  normal modes out of 
the 629 modes. For the rn lowest  frequency modes among the Mmodes, 
we consider the mode coupling. 

bThe external modes are those of the  TLS model (Schomaker & 
Trueblood, 1968). 

CThe total number of the variables  describing  thermal factors is 
M +  m(rn - 1)/2 + 21 + 2(number of solvents). The third  term  is for 
the external modes. The last  term  is of B-factors and occupancies for 
solvents. 

d C I I F o b s I  - I ~ , , I , I I / C I ~ O b S I  x 1 0 0 .  
e The energy values are those of AMBER for united atoms (Weiner 

et al., 1984), and those in  parentheses  are  the  average deviations from 
the ideal values. The electrostatic energy  is calculated with the dielec- 
tric constant t = 2. 

NM-restraint R and  NM-restraint C are  the  RMS  values of the  nor- 
mal mode restraints given by  the  first  and the second term of Equation 
29 in the paper  by  Kidera  and G6 (1992). 

tions from the C77A/C95A crystal, even after extending the data 
collection from I >  3a to I >  217. This difference in crystal qual- 
ity affects the interpretation of dynamic structure in these pro- 
teins (see below). Statistics concerning the geometry are given 
in the  form of interaction energies and deviations from  the ideal 
values. Both the wild type and C77A/C95A are well within the 
range of known high-resolution X-ray structures in the Protein 
Data Bank (Bernstein et al., 1977). 

Except near the mutation sites and in disordered side chains, 
there are few significant shifts in the average structure. RMS  dis- 
placements between the 2 structures are 0.14 A for  the main 
chain atoms  and 0.62 A when all atoms  are considered. The 
RMS displacement for all atoms whose B-factors are less than 
20  (866 atoms  out of 1,027 atoms) is only 0.24 A. 

A .  Kidera et al. 

The  models  of solvent structures  for  the wild type  and 
C77AIC95A are  in good agreement with each other, especially 
for those where B < 20 A2. Out of the 1 1  1 solvent sites found 
in C77A/C95A, 80 (which include 2 chloride ions) are within 
1 .O A of the corresponding solvent sites in the wild type. Their 
B-values are 21.2 f 7.7 A 2 ,  whereas the other 31 solvent atoms 
have much higher B-factors of 31.0 f 9.1 A2. Average occu- 
pancies of the 1 1  1 solvent atoms in C77A/C95A (=0.85 f 0.18) 
are  on  the same order  as those of the 148 solvent atoms in the 
wild-type lysozyme (=0.83 f 0.19). 

Mutation  effects on the dynamic structure 

Table 3 gives a  summary of the dynamic structures of the wild 
type and C77A/C95A determined from normal mode refinement. 
The most characteristic  feature  found in the dynamic  structure 
is that highly anisotropic  internal  fluctuations are masked by 
large and isotropic external terms (Kidera et al., 1992). The sta- 
tistics in Table 3 for both the wild type and C77A/C95A obvi- 
ously show these features: ((Ar2)”2)internal/((Ar2)’/2)external = 
0.81 and 0.78 for  the wild type and C77A/C95A, respectively. 
This indicates that a  proper  subtraction of the external terms 
from  the  apparent thermal  factors is crucially important in the 
interpretation of mutation effects on  the dynamic structure. The 
influence of disulfide bond removal on  the dynamic  structure 
appears in the differences in the values of (Ar2)’l2 and anisot- 
ropy listed in Table 3. While the  total  apparent fluctuations in 
C77A/C95A are larger in amplitude and anisotropy than those 

and ( a n i s o t r ~ p y ) ~ ~ ~ ~ , ~ ~ ~ ,  - (anisotropy)wild = 0.042), the ma- 
jor contribution to these differences comes from  the external 
terms. The actual difference in the internal  fluctuations is very 

isotropy)C77A/C95A - (anisotropy),ild = 0.007). 
This can be  seen more clearly  in Figure 2, which  shows  residue 

profiles of (Ar2)1/2. The mutant C77A/C95A shows an increase 
in the apparent fluctuations at most residue  sites  (Fig. 2A). How- 
ever, when the  total fluctuations are decomposed into  the ex- 
ternal and internal  fluctuations,  most differences, except those 
near the  mutation sites, can be ascribed to the  external terms 
shown in Figure 2B. 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 con- 
clude that most of the differences in the  apparent thermal  fac- 
tors originate from  the difference in the external terms caused 
by the mutation effect on crystal quality. This effect can also 
be seen in the number  of  diffractions and  the final R-factors 
given  in Tables 1 and 2. 

An amino acid substitution usually  causes  only a small  change 
in the average structure localized at the mutation site (Matthews, 
1987). Localization occurs also in the response of the dynamic 
structure  to  the mutation. It can be seen in Figure 2C that  the 
effect  of  the  mutation  on  the internal  fluctuations is localized 
mostly at  one of the  mutation sites, the long loop region con- 
taining residue 77. The other mutation at residue 95, which is 
in an  a-helix, does not exhibit any change in the dynamic struc- 
ture. This difference between the 2 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 a-helix 
that requires a large concerted fluctuation to increase flexibility. 

Of the wild type (((Ar2)’/2)c,,A/c,,A - ((Ar2)1/2)wild =0.036A, 

Small ( ( ( A r 2 ) ’ / 2 ) ~ 7 7 ~ / ~ 9 5 ~  - ((&2)1/2)wild = 0.009 A, and (an- 
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Table 3.  Comparison of atomic  fluctuations 

(AY')''~ (A)" 

Aved Difd Cd RMSDd 

Total' 
Wild type 

C77A/C95A 

External' 
Wild type 

C77A/C95A 

Internal' 
Wild type 

C77A/C95A 

0.695g 
0.65 1 
0.741 
0.731 
0.686 
0.776 

0.533 
0.530 
0.537 
0.569 
0.566 
0.572 

0.433 
0.372 
0.495 
0.442 
0.379 
0.507 

0.036 
0.035 
0.035 

0.036 
0.036 
0.035 

0.009 
0.007 
0.012 

0.916 0.073 
0.898 0.061 
0.913 0.084 

0.905 0.046 
0.906 0.047 
0.904 0.046 

0.91 1 0.079 
0.870 0.062 
0.908 0.094 

~ 

~ 

a (Ar2)L'2 is the RMS fluctuation. 

Aved 

1.312 
1.254 
1.371 
1.354 
1.300 
1.409 

1.263 
1.255 
1.272 
1.337 
1.330 
1.344 

1.763 
1.680 
1.849 
1.770 
1.682 
1.862 

Anisotropyb c, (A2)C 

Difd cd R M S D ~  (Ices 81)' cd R M S D ~  

0.042 
0.046 
0.038 

0.074 
0.075 
0.072 

0.007 
0.002 
0.013 

0.757 
0.732 
0.743 

0.847 
0.854 
0.839 

0.554 
0.501 
0.549 

0.150 0.860 
0.114 0.874 
0.180 0.845 

0.131 
0.128 
0.133 

0.867 
0.864 
0.871 

0.387 0.820 0.772  0.023 
0.322  0.821 
0.444 0.818 

Anisotropy is the measure of anisotropy of the atomic fluctuation defined by [2hI/(X2 + h3)]  where h , ,  h2,  and h3 are  the variances along 

Cjj is the covariance ( A r j . A r j )  for a pair of Ca atoms. 
Comparison between the wild type and C77A/C95A is done in terms of Ave, Dif, C, and RMSD, which are  the average, the difference be- 

tween 2 average values, the correlation coefficient, and the RMS difference, respectively, calculated over all the 1,027 corresponding non-hydrogen 
atoms for (Ar2)1'2 and anisotropy, and all the 8,385 C a  pairs for Cjj .  

the  first,  second, and third principal axes of the  thermal ellipsoid, respectively. 

( 1  cos 0 1 )  is the average value of absolute cosine of the angle between 2 principal axes. 
Total means fluctuation involving both external and internal fluctuations. External is fluctuation that is determined by the external terms. In- 

There  are 3 entries  for each term: top  for all  atoms, middle for main chain atoms, and bottom  for side chain  atoms. 
ternal is internal  fluctuation  after external terms are removed from  Total. 

Figure 3 shows the ORTEP drawings (Johnson, 1976) of ther- 
mal ellipsoids for C a  atoms  that express the internal  fluctua- 
tions. Comparing  the sizes and directions of thermal ellipsoids 
of the wild type and C77A/C95A, we notice that  the atomic fluc- 
tuations with large amplitude and large anisotropy are only af- 
fected between residues 60 and 80. In particular, we observe the 
conservation of fluctuations representing the hinge-bending mo- 
tion,  an opening and closing fluctuation between the  2 domains. 
Thermal ellipsoids around the cleft region do  not show any sig- 
nificant change in amplitude and direction. These similarities in 
the dynamic structure imply that  the disulfide bond connecting 
the 2 domains  at  the hinge region does not play an  important 
role in the hinge-bending motion.  This  finding may have some 
relevance to  the experimental result showing that C77A/C95A 
has the same lytic activity as  the wild type (Taniyama et al., 
1988). 

More detailed pictures of the dynamic  structures at  the  mu- 
tation sites are given in Figure 4. They are  the  ORTEP draw- 
ings of the internal  fluctuations of the main chain atoms of 
residues 62-65,  70-80, and 90-98. In  C77A/C95A, residues 
70-80 show amplified fluctuations with anisotropy almost iden- 
tical to those in the wild type; the average value of absolute  co- 

sine between the principal axes of the corresponding  thermal 
ellipsoids ((I  cos 01)) is 0.95 for residues 71-77. For C77A/C95A, 
the  atoms of residues 62-65 appear to move in concert with res- 
idues 70-80. On  the other hand,  the a-helix that includes the 
other mutation site (residue  95) has essentially the same dynamic 
structure, with small and rather  isotropic  fluctuations. 

Another piece  of valuable information  from normal  mode 
refinement is correlation in the interatomic fluctuations. In Fig- 
ure 5 ,  the covariance, Cjj ( =(Arj.Ar,)), for a pair of C a  atoms 
is plotted, where Arj represents the internal  fluctuation vector 
of atom i around  the average position. This shows how the fluc- 
tuations of 2 residues are correlated. Positive and negative cor- 
relation is for a  pair of residues moving simultaneously in the 
same and opposite  directions, respectively. The  pattern of cor- 
relation in the residue fluctuations of C77A/C95A is essentially 
identical to that of the wild type. The covariance map shows that 
positive covariances for  atoms covalently connected are  at  the 
diagonal region of the  map,  and negative covariances suggest- 
ing the hinge-bending motion are between pairs of residues, 
40-80 and 100-130, located in different lobes. This map also 
suggests that  the disulfide bond between residues 77 and 95 does 
not play a  substantial  role in the hinge-bending motion. The 
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Fig. 2. Comparisons of RMS fluctuations ( A Y ~ ) " ~  of  main chain 
atoms between the wild-type  human  lysozyme (thin curves)  and the 
C77A/C95A mutant (thick  curves).  The  values of ( A r 2 ) ' / 2  are de- 
termined by normal mode  refinement  and  averaged  within  each  resi- 
due. A: Total apparent fluctuations. B: External terms. C: Internal 
fluctuations. These  values are related by (Ar2)total = (Ar2)external + 
(Ar2)in,ernal. The horizontal lines  in C indicate the residues  near  the 
mutation  site; a residue is considered  close to the  mutation  site when  any 
atom in the residue  is  within 8 A from the midpoint between Sy77  and 
sy95. 

difference  in  the  map  can  be  found  mainly  around  residues 
70-80. The  increase  in  the  fluctuations  at residues 70-80 of 
C77A/C95A is reflected  in  the  increase  of  covariances  involv- 
ing  these residues. 

Role of the disurfde bond in the 
structure of human lysozyme 

Substitution  of Cys 77 and Cys 95 by 2 alanines is  expected to  
affect  protein  conformation  and  dynamics  through 2 possible 
mechanisms: cleavage of a disulfide bond connecting 2 domains, 
and cavity formation  due  to  replacement  of 2 bulky  sulfur  at- 
oms  by 2 small  hydrogen  atoms.  The  response of the  protein 
structure t o  accommodate  these  changes is  discussed below. 

Role in the dynamic structure 
How  does  the cleavage of  the  disulfide  bond between Cys 77 

and Cys 95 contribute  to  increasing  fluctuations  of  the  loop re- 

gion  at  residues 70-80? A possible mechanism is the  following. 
In  the wild type,  the  disulfide  bridge  restricts  the  fluctuations 
around  the  loop  region by connecting  the  loop  to a less flexible 
a-helix.  In C77A/C95A, the cleavage of  the  disulfide crosslink 
frees  the  loop  from  the  a-helix, so increasing its  flexibility. To 
examine  this possibility, we evaluated the correlation  coefficient, 
CC, of  the  fluctuations between Ca77 and Ca95, 

before  and  after cleavage  of the  disulfide  bond.  Normal  mode 
refinement gives the CC values 0.35 and 0.26 for  the wild type 
and C77A/C95A, respectively. 

The values of CC for Ca atom  pairs  that  are  sequentially 
more  than 10 residues apart  but  located  within 6 A are  found 
to  be 0.25 f 0.18, whereas  the CC values  for Ca atoms  located 
over 10 residues  apart  and  over 6 A apart  are -0.05 k 0.14. 
These values mean  that a pair  of  spatially  neighboring Ca at- 
oms have a positive correlation coefficient for their fluctuations. 
Therefore,  the CC value  of 0.35 in  the wild type  would  ap- 
pear  to  be merely due  to  the  spatial  proximity  of  these 2 atoms 
(the  distance between Ca77 and Ca95 is 5.34 and 5.37 A in  the 
wild type  and C77A/C95A, respectively). The CC values for 
2 Ca  atoms  separated by 1 ,  2, 3 ,  and 4 residues  sequentially are 
0.73 f 0.12, 0.53 k 0.16,  0.42 -t 0.21, and 0.32 k 0.22, respec- 
tively. The  correlation CC = 0.35 is as weak as  the  correlation 
between the Ca atoms 4 residues  apart  or 12 atoms  apart.  This 
weak correlation was obtained  also in the  molecular  dynamics 
simulation  of wild-type human lysozyme in  water (M. Saito, 
pers.  comm.),  where  the  correlation  coefficient  for  the  motion 
between Ca77 and Ca95 is 0.31 for  the OPLS parameter (Jor- 
gensen & Tirado-Rives, 1988). 

This small value for CC in the wild type indicates that  the  loop 
containing  residue 77 is not  affected by the restriction of  the di- 
sulfide  bond  and  fluctuates  almost  independently of the  a-helix 
even in the wild type. Therefore,  the mechanism proposed above 
is not  correct  in  the  present  case,  and  the cleavage of the  disul- 
fide  bond is not  the  main  cause  of  the increase  in fluctuations 
of  the  loop  region. 

Instead  of  removing a disulfide  bond,  proteins with artificial 
crosslinks  have been used to  investigate  the  structural  role 
of  crosslinks  in  proteins.  These  include chemically crosslinked 
ribonuclease A (Weber et  al., 1985), disulfide  mutants  of  dihy- 
drofolate reductase  (Villafranca  et  al., 1987), and phage T4 lyso- 
zyme (Pjura et al., 1990). Comparisons of thermal  factors before 
and  after  crosslinking  showed  that  the  engineered  crosslinks 
actually  increase  B-factors  of  the  crosslinked residues in  these 
proteins.  These  observations  agree  with  our  conclusion  that 
crosslinking does  not  impose a  restriction on  the  fluctuations of 
the  crosslinked residues. 

In  total,  there  are 4 disulfide  bonds  in lysozyme (Kinemage 
1). The  other 3 disulfide  bonds give similar  but slightly larger 
values for  the correlation coefficients: CC = 0.43,0.38, and 0.41 
for Cat6-Ca  128, Ca3O-Ca116, and Ca65-Ca81, respectively. 
These values  remain unaffected by the  mutation  of C77NC95A. 
The CC value  for Ca77-Ca95 (0.35 in  the wild type) is the 
smallest of  the  four because  this connects 2 structural  domains, 
each  of which fluctuates  independently.  The  other 3 disulfide 
bonds  are  within  the  domains. 
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A 

B 

Fig. 3. Stereo ORTEP drawings of thermal ellipsoids (at  a 3u level) for the internal fluctuations of C a .  A: Wild type. B: 
C77A/C95A.  Ca77 and Ca95 are indicated by the shaded atoms. 

Role in the static average structure 
The implication of replacing Cys 77 and Cys 95 with 2 ala- 

nines can be explained by the coordinate  shifts  (the change in 
the average static  structure) caused by the  mutation. Figure 6 
and Kinemage 1 show the coordinate  shift of the main chain 
atoms  after  the superposition of the 2 structures. The changes 
in the coordinates are localized around  the mutation sites. Un- 
like the change in the dynamic structure, the coordinates of the 
a-helix, including Cys 95, are also influenced by the  mutation. 
The main chain trace in Figure 6B shows the direction and mag- 
nitude  of the changes. The chain appears  to shift cooperatively 
in order  to fill a void caused by the replacement of 2 bulky sul- 
fur  atoms by 2 small hydrogen atoms. 

More  quantitative analyses are given in Table 4, where C77A/ 
C95A is compared with “Model,” which is a model mutant 
having the same  coordinates as  the wild type  but with the same 
amino acid sequence as C77A/C95A. To avoid an ambiguity in 
the comparison of superposed structures and  to see if atoms re- 
ally move toward the mutation  site, we calculated the distance 
between the 2 domains, ddomain, by the average distance defined 
as: 

where the summation is for N distances dij ,  and  atoms i and j 
are  both within spheres given in Table 4 and in the first and  the 
second domain, respectively (see Fig. 1). The  domain distance 
has decreased by about 0.2 A after  the  mutation. Because the 
difference of the average distances within each domain is 1 order 
smaller, -0.03 A, this shift appears to result from the 2 domains 

approaching each other cooperatively without changing their in- 
dividual structures  appreciably. This can also be observed by 
looking at  the radius of gyration, ( S 2 ) 1 / 2 ,  of the atoms sur- 
rounding the mutation site: 

( s2 )1 /2  - - [ N-2 d;] (4) 
i <  j 

The value of (S2)1/2 for C77A/C95A decreases by 0.06-0.09 A. 
A similar decrease was observed as  the response to  the removal 
of a disulfide bond in a  mutant of bovine pancreatic trypsin in- 
hibitor in  which  Cys 30 and Cys 5 1 were  replaced  by Ala (Eigen- 
brot et al., 1990). This  contraction produces  tighter atom 
packing in C77A/C95A, which can be  seen  in the van der Waals 
interaction energy, EvdW. We find that Evdw(C77A/C95A) < 
Evdw(model). It should be remarked that Evdw(Wild type) takes 
an even  lower value than EVdw(C77A/C95A) (- 155.4 kcal/mol 
for a 10-A sphere). However, it  is not meaningful to compare 
the energy values of the wild type and its mutant unless the  en- 
ergy value of a reference state (e.g., the  denatured  state)  could 
be evaluated correctly. 

The  atom packing should be reflected in the cavity volume. 
The cavity inside a protein is defined here by grid cubes (a 0.2-A 
grid) that  are located  outside the van der Waals spheres of con- 
stituent atoms  but  are  not accessible to solvent. As  seen in Ta- 
ble 4, the removal of the 2 sulfur atoms creates a  hole of 20 A 3  

inside lysozyme (the difference between the wild type and 
Model). Comparison between Model and  C77AK95A clearly 
shows that  the  atoms of C77A/C95A move toward the  muta- 
tion site to fill the vacated hole and produce a tighter atom pack- 
ing. The decrease in the cavity exceeds 20 A3 (-8 A3 difference 
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A 

B 

Fig. 4. Stereo ORTEP drawings of thermal  ellipsoids  (at  a 1.80 level) for the  internal  fluctuations of N, C a ,  and C for resi- 
dues 62-65,  70-80, and 90-98. A: Wild type. B: C77AIC95A.  Ca77 and Ca95 are  indicated  by  the  shaded  atoms. 

from the wild type for  the 9- and 10-A spheres). However, when static average structure and in the dynamic  structure, we find 
we look at  the mutation site carefully, we notice that  more than  no evidence that  the disulfide bond plays a role in preventing 
half of this volume still remains at the  mutation site (13 A3). the 2  domains  from  parting from each other. 
The tighter packing of the surrounding atoms cannot fill the cav- 
ity created by the  mutation. 

These coordinate shifts caused by the Cys to Ala  mutations 
Materials and methods 

coincide with those of the “cavity-creating mutation” (Eriksson 
et al., 1992). Mutations that involve the replacement of bulky 
side chains with smaller side chains are characterized by: (1) the 
surrounding atoms moving toward the vacated space, (2) a cav- 
ity  always remaining, and (3) the native state being destabilized. 
This coincidence with our observations, as well as the destabi- 
lization of the native state, leads us to conclude that  the removal 
of the disulfide bond should be regarded as a cavity-creating mu- 
tation.  The  tighter atom packing in C77A/C95A may not be 
sufficient to compensate for  the energy loss caused by the cav- 
ity remaining at  the mutation site. Furthermore,  both in the 

Crystallization and X-ray diffraction  data collection 

The mutant C77A/C95A was prepared by the yeast expression 
system described by Taniyama et al. (1988). Wild-type human 
lysozyme was purchased from  the Green Cross Corporation 
(Osaka, Japan). Crystals were grown in a  solution  containing 
20 mg/mL protein, 2.5 M NaCl as a precipitant, and 30 mM so- 
dium  phosphate  buffer, pH 6.0, at 13.0 “C. The data  for crys- 
tals used in the experiments are summarized in Table 1. The 
crystals are in the  orthorhombic space group P212121 and  are 
isomorphous with each  other.  X-ray  diffraction intensity data 
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Fig. 5. Covariances in the  atomic  fluctuations (Ari.Arj> between a-pair of Ca atoms  obtained by normal  mode  refinement. 
x, Positive  covariance > 0.04 A’; 0, negative covariance < -0.04 A’. The  mutation sites, Ca77  and  Ca95,  are indicated by 
a filled circle. A: Wild type. B: C77AK95A. 
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Fig. 6.  Coordinate  shift between the 
wild type  and  C77AK95A.  The  main 
chain  atoms  of  the residues 1-60 and 
100-130 are  superposed.  The  atoms of 
the residues 61-99 having large shifts 
are excluded from  the  superposition. 
A: RMS displacements are averaged 
within each residue. The thick horizon- 
tal lines indicate  the residues near the 
mutation site (same as those in Fig.  2C). 
B: Vector representation of the  atomic 
displacement  of C77AK95A  from  the 
wild type. All displacements of N, Ca ,  
and  C larger than 0.2 A  are given  by ar- 
rows. Arrows  are  drawn 5 times larger 
than  the  actual displacements. 
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Table 4. Comparison of the coordinates around the mutation sites 
~" 

" - ~~ ~~ 

" 
~~ ~~ 

~ 

Spherea 
(A) 
~. 

5 
6 
7 
8 
9 

10 
~- 

Spherea 
(A) 
"" 

5 
6 
7 
8 
9 

10 

Number 
of atomsb 

(united 
atom) 

27 
54 
93 

131 
184 
24 1 

Number 
of  atomsh 

(all 
atom) 

59 
100 
157 
224 
298 
380 

Domain  distance' 
(A) 

Radius of gyration' 
(A) 

" __~  ~~ ~ 

Modeld C77A/C95A Dif e Modeld C77A/C95A Dif' 
~- ~ 

6.77  6.54 
7.92  7.70  -0.22  4.96  4.87  -0.09 
9.17  8.99  -0.18  5.67  5.60  -0.07 

10.04  9.85  -0.19  6.26  6.20  -0.06 
10.99 10.80 -0.19  6.95  6.87  -0.08 
11.89 11.73 -0.16 7.60 7.53  -0.07 

~ -~ . ~. 

-0.23  4.19  4.10  -0.09 

- ~__________ ~~ ~ ~~~ " 

Cavity  volume' 
( A 3 )  

~- .~ 

Wild  type  Modeld C77A/C95A DifJ 

~~ ______ 

~ ." 

I90 210 203 -7 (13) 
350 370 358 - 12 (8) 
514 534 518 -16 (4) 
746 766 747 -19 (1) 

1,035 1,055 1,027 -28 (-8) 
1,356 1,376 1,348 -28 (-8) 

~ ~ ~ _ _ _ _  

van  der  Waals  energyg 
(kcal/mol) 

Modeld C77A/C95A Dif' 

-5.5 -6.0 -0.5 
-19.2 -20.4 -1.2 
-46.0 -47.3 - 1 . 3  
-71.7 -74.1 -2.4 

-110.6 -114.3 -3.7 
-147.7 -151.8  -4.1 

_ _ _ _ ~ ~ ~  -~ ~- ~ 

____" ~ ~~ 

~~ ~~~ 

- .. 
" 

.. ~~ 

a Comparison is done  for  the  atoms within a  sphere of a specified radius whose center is at  the  midpoint between Sy77 and Sy95 of the wild type. 
Number  of  atoms is the  number of corresponding  atoms  (including  polar  hydrogen  atoms)  within  a  specified  sphere.  The  coordinates of po- 

Domain  distance &,,,,ai" is defined by Equation 3. 
Model  has  the  same  coordinates  as  the wild type,  but Sy77 and Sy95 are  each  replaced by a  hydrogen  atom. 

lar hydrogen  atoms  were  those  determined  in  the  refinement. 

e Dif is the  difference C77A/C95A - Model. 
'The  radius  of  gyration (S*)'" for  atoms  located  within  a  specified  sphere is defined by Equation 4. 

van  der  Waals  energy is calculated  by  counting  all  interactions  within  a  specified  sphere  with  the  AMBER  parameter  for  polar  hydrogen  at- 
oms (Weiner  et  al., 1984). 

Number  of  atoms is the  number of corresponding  atoms  (including  all  hydrogen  atoms)  within  a  specified  sphere.  The  coordinates  of  nonpo- 
lar  hydrogen  atoms  were  generated by the  molecular  simulation  program  PRESTO  (Morikami  et  al., 1992) with  the "all atom"  AMBER  param- 
eter  set  (Weiner  et  al., 1986) and followed  by an energy  minimization  with  the  coordinates  of  all  the  other  atoms  fixed. 

'Cavity  volume is the  volume  occupied  by  grid  cubes  that  are  recognized  as  cavity  cubes  inside  the  protein. A cavity  cube  inside a protein is de- 
fined  by  a  grid  cube  (a 0.2-A grid size is used) that is located  entirely  outside the  van  der  Waals  radii  of  any  atom,  including  hydrogen  atoms,  and 
has,no solvent  accessibility  (i.e., no  room  for a  water  molecule).  Solvent  accessibility is evaluated by the  method of Shrake  and  Rupley (1973). 

The  quantity in  parentheses is the  difference C77A/C95A - Wild  type. 

were collected using only 1 crystal for each molecule up  to 1.46 A 
resolution by an automated oscillation camera system equipped 
with an imaging plate (DIP100, MAC Science, Japan; Miyahara 
et  al., 1986; Amemiya et al., 1988) on a  rotating anode genera- 
tor with MoKa radiation ( h  = 0.7106 A). 

Refinement 

The process of normal  mode refinement consists of 3 steps: 
(1) the conventional B-factor refinement, (2) normal mode anal- 
ysis, and (3) normal mode refinement. Refinements by PROLSQ 
(Hendrickson, 1985)  were first  performed  against the diffrac- 
tion data of a 6.0-1.5-A resolution range. The initial models are 
taken from  the X-ray structures of  wild type and C77A/C95A, 
respectively, refined against 1.8-A-resolution data (Inaka et al., 
1991; the mutant structure is lLHM in the  Protein Data Bank). 
Solvent molecules were identified from  the peaks of electron 
density satisfying the criterion 

where Oi is the occupancy of the  atom i that is also refined 
during the refinement, aki and bki are  the parameters of the 
4 Gaussian-type atomic  scattering  factors for  atom i (b5;  = 0), 
and Bi is the isotropic  B-factor.  This  criterion means that  the 
peak electron density of a solvent atom should be larger than 
that of 0; = 1 and B; = 50 A'. The results of the refinement 
were then transferred to the  normal mode refinement program, 
NM-REF (Kidera & Gd, 1992), to perform  a  further  B-factor 
refinement. By this additional refinement step,  the coordinates 
of the least-squares refinement from  PROLSQ were adjusted 
to those  of the energy refinement of NM-REF, which  uses the 
AMBER parameters for united atoms (Weiner et al., 1984). 

In  the next step,  2 sets of normal modes for the wild type and 
C77A/C95A were calculated in the dihedral angle space. This 
step includes the regularization of bond lengths and  bond  an- 
gles to  the  ECEPP/2  standards (NCmethy et al., 1983) by 
DADAS (Braun & Gb, 1985), energy minimization by FEDER 
(Wako & G6, 1987), and normal mode analysis (C6 et al., 1983), 
followed by a  transformation of the  normal mode eigenvectors 
of dihedral angles to those of Cartesian  coordinates (Noguti & 
Gd, 1983). The RMS displacements of all non-hydrogen atoms 
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after  the energy minimization were 1.44 and 1.31 A for  the wild 
type and C77A/C95A, respectively. 

The results of the preceding steps, coordinates, B-factors and 
occupancies for solvent atoms,  and  normal  modes were used in 
normal mode refinement by NM-REF. The model of the dy- 
namic structure in the normal  mode refinement is the same as 
in the previous study (Kidera et al., 1992). This is described by 
the  normal modes representing the internal  fluctuations that 
comprise the 100 lowest frequency normal modes with mode 
coupling among the 43 lowest frequency modes as well as the 
6 modes for  the external  fluctuations  (the TLS model; Scho- 
maker & Trueblood, 1968). Solvent atoms  are described by the 
isotropic B-factors and the external normal modes with variable 
occupancies. The details of the method of normal mode refine- 
ment are described in Kidera and GG (1992). The results of the 
refinement are summarized in Table 2. 

Significance  test of the model of dynamic structure 

To test the significance of the dynamic structure determined by 
normal mode refinement, we calculated the free R-factor,  Rfree, 
(Brunger, 1992,  1993). Because Rfree is not subjected to overfit- 
ting the model, it should be a good measure for the significance 
test. As the  normal mode refinement does not result in a signif- 
icant shift in coordinates from the €3-factor model, we calculated 
values of Rfree only for the  dynamic  structure. 

First, we define  a test set  by randomly selecting 10% of the 
observed reflections. Refinement of the remaining 90% was made 
using either the B-factor model or the normal mode model. The 
former adjusts B-factors of all non-hydrogen protein and sol- 
vent atoms  as well as occupancies of solvent atoms. The ther- 
mal factor  restraints used  were 1.5 and 2.0 A2 for bonded and 
angle-related backbone atoms,  and 2.0 and 2.5 A2 for bonded 
and angle-related side chain atoms. The normal mode model  re- 
fines the variance-covariance of protein normal modes as well 
as B-factors and occupancies of solvent atoms.  The initial val- 
ues are set to be 15 A 2  for B-factors, 1 .O for occupancies, and 
variance-covariance given by the theoretical normal modes (all 
covariances are set to be 0). The  coordinates are fixed as those 
refined against all the diffraction data. After 50 cycles  of quasi- 
Newton minimization, we calculated both Rfree and  the conven- 
tional  A-factor for  the test set. These results are summarized in 
Table 5. 

Table 5 .  Free R-factor  for the dynamic structure 

&Feea R b  R f r e e  - R 

Wild  type 
Isotropic  B-factor  model 17.40  16.00  1.40 
Normal  mode  model 16.02 15.33 0.69 

Isotropic  B-factor  model 19.67  17.99 1.68 
Normal  mode  model 17.84 17.13 0.71 

C77A/C95A 

a Free  R-factor is calculated  for  the 10% diffraction  data  that were 

R-factor is calculated  against  the  remaining 90% diffraction  data 
not  used  in  the  refinement. 

to  which the  model  was  refined. 

Although these values are derived from only 1 test set,  it 
is clearly seen, both in the wild type and in the  mutant,  that 
the difference between the values of Rfr, and the conventional 
R-factor (Rfree - R )  is much smaller in  the normal mode model 
than in the isotropic  B-factor model. This means that  the nor- 
mal mode  model is much more resistant to overfitting than  the 
conventional  isotropic  B-factor model. In  this sense, the nor- 
mal mode refinement is a reliable method. One of the reasons 
for this reliability is that we ensured that  the number of adjust- 
able  parameters in the model do not exceed those in the isotro- 
pic B-factor model. More essentially, it should be due  to the 
basic assumption of the normal mode model that only takes into 
account  the  fluctuations  occurring in the  important conforma- 
tional  subspace defined by the low frequency normal modes 
(Kidera & G6,  1992). The remaining fluctuations are regarded 
by the model either as external  motions or as noise that raises 
the A-factor. 
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