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A comparative analysis of the sperm-whale myoglobin structure in the crystal and in solution has been carried out 
with the technique previously formulated by the authors which uses the large-angle X-ray diffuse scattering for 
investigating the protein structure in solution. A 'modified cube method', correctly taking into account the cavities 
within the protein molecule accessible to the solvent, is proposed for an accurate estimate of the solvent influence and for 
calculation of the scattering intensities. A comparison of the theoretical myoglobin scattering curves with the experi- 
mental scattering curve of this protein obtained by Stuhrmann shows rather noticeable quantitative divergences, which 
can be eliminated by a small increase in the distance between the 'hairpin' GH and the other part of the protein molecule. 
It is also shown that several other physically reasonable shifts of helices (or groups of helices) do not lead to an agreement 
between the experimental and theoretical scattering indicatrices. 

Introduction 

Considerable broadening of the experimental possibilities 
of X-ray and neutron scattering has greatly stimulated the 
further development of the theory of diffuse scattering by 
biopolymer solutions at all experimentally accessible angles. 
This is also true for the so-called 'large-angle' scattering 
region - that is, for angles from several degrees to ,~ 25 °C. 
When it turned out that indicatrices of large-angle scatlering 
from globular proteins with tertiary and quaternary struc- 
ture have a high sensitivity to the type of polypeptide chain 
packing involved (Fedorov, Kr6ber, Damaschun & Ruck- 
paul, 1976) the question arose: how can this be used for 
investigating the internal structure of globular proteins? 
From this point of view we have analyzed in detail the 
structural possibilities of the large-angle scattering for a 
number of proteins (Fedorov & Denesyuk, 1977) and it has 
been shown that the method is sensitive to small local as 
well as large-block rearrangements in the protein structure. 
As a result, the most efficient approach in application of this 
method has been formulated. It suggests that the large-angle 
scattering should analyze not the protein structure itself, but 
the change (or lack of change) which can take place either in 
the molecule at the transition from crystal to solution or 
during the functioning of the protein. The investigation 
should be based on (a) the known protein structure in the 
crystal; (b) the scattering indicatrix calculated from this 
structure; (c) the experimental scattering curve for the pro- 
tein in solution. In the case of a divergence between the cal- 
culated and measured curves the protein structure should be 
modified according to physical and functional considera- 
tions in order to obtain the best agreemcnt between the 
experimental curve and that calculated anew. 

In the present paper this method is applied to a comparison 
of the sperm-whale myoglobin structure (Mb-SW) in the 
crystal and in solution. This protein has been already studied 
in solution in different states (see, for example, Kirste & 
Stuhrmann, 1967; Stuhrmann, 1970; Beeman, 1967; Ibel & 
Stuhrmann, 1975) by small-angle and large-angle X-ray and 
neutron scattering, and reliable X-ray scattering curves have 
been obtained over a wide range of scattering angles. In 
1972, for the first time a reasonable agreement between the 
theory and experiment was demonstrated by comparison of 
the Mb-SW experimental scattering curves with those cal- 
culated by the 'cube method' (Fedorov, Ptitsyn & Voronin, 

1972). This gave evidence in favour of the similarity between 
the Mb-SW structure in the crystal and in solution. At the 
same time in the re~ion of angles corresponding to Bragg 
distances of 12-40 A there was a quantitative divergence 
between these curves, and the question remained unsettled 
whether this was connected with experimental errors and 
(or) incorrectness of the theory or whether this was due to a 
real rather small difference between the Mb-SW structures 
in the crystal and in solution. 

To answer this question with the help of large-angle dif- 
fuse scattering, which is a differential method when used as 
described, it is necessary to have the most reliable experi- 
mental and theoretical scattering indicatrices. The scattering 
indicatrix of Mb-SW in an aqueous solvent, obtained by 
Stuhrmann (1975) and corrected for collimation, was used 
as the experimental curve. To obtain the most reliable theo- 
retical scattering curve of Mb-SW a new 'modified cube 
method' was developed using the main principles of the 
earlier 'cube method' (Fedorov, Ptitsyn & Voronin, 1974a, b) 
and taking into account its shortcomings of the 'second 
order', which are important for a strict quantitative com- 
parison of experimental and theoretical scattering indica- 
trices. 

Method for calculating scattering indicatrices 

It is known that the main difficulty in calculating indicatrices 
of large-angle scattering is to take correctly into account the 
solvent influence, and this requires the description of the 
macromolecule volume inaccessible to the solvent. In the 
'cube method' the macromolecule is mentally placed in a 
parallelepiped, which is subdivided into several small cubes 
(with edges of 1-1.5 A) and each cube is examined in order to 
decide whether it pertains to the macromolecule or to the 
solvent. When all the cubes have been considered, it is 
possible to represent the outline and the volume of the dis- 
solved particle with good accuracy. The mathematical 
background of this method is described in detail by Fedorov, 
Ptitsyn & Voronin (1974a, b). 

The main shortcoming of the 'cube method' consists in a 
rather rough account of the internal cavities accessible to 
the solvent. In the majority of cases these cavities are 
automatically taken into account in evaluating whether a 
given cube pertains to the molecule or to the solvent, but in a 
number of cases the method overestimates the number of 
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cavities accessible to the solvent. In fact, let us presume that 
in the molecule there is a long narrow cleft (say 2 A wide) 
along which the number of cubes increases. According to our 
method all the cubes entering the cleft will be attributed to the 
solvent since the edge length is 1-1.5 A, while no water 
molecule can enter this cleft owing to its insufficient width. 
As a result of this shortcoming the profile of large-angle 
scattering indicatrices is slightly dependent on the mutual 
orientation of the molecule and the superposed network of 
cubes. Thus, Fig. l(a) represents the scattering curves of 
lysozyme (hen egg) calculated by the 'cube method' in the 
initial coordinate system and in a coordinate system con- 
siderably 'turned' relative to the initial one. Coordinates of 
lysozyme non-hydrogen atoms were taken from the paper by 
Imoto, Johnson, North, Phillips & Rupley (1972). 

To overcome this shortcoming the 'modified cube method' 
uses another way to evaluate whether each cube belongs to 
the molecule or to the solvent. The macromolecule is also 
inscribed in a parallelepiped which is subdivided into se- 
parate cubes of edge R (we used R = 1.3 A). The modified 
procedure consists in choosing cubes not belonging to the 
macromolecule and the choice is made not for separate 
cubes but for the whole group roughly modelling the water 
molecule. The proposed algorithm is as follows: if the dis- 
tance from the centre of the considered cube to the nearest 
atom of the particle is greater than the value R + B (B is the 
parameter regulating the overall molecule volume), such a 
cube is considered as a potential centre of the water molecule 
and not only this cube but also all the neighbouring cubes 
along the three coordinate axes (7 cubes altogether) are 
excluded from the macromolecule volume. Thus all the 
narrow clefts and cavities inaccessible to the solvent auto- 
matically belong to the macromolecule. Then the adjacent 
cubes are joined in parallelepipeds and the intensity of 
scattering is calculated in the same way as in the case of the 
usual 'cube method': scattering amplitudes of the macro- 
molecule and the solvent displaced are calculated proceeding 
from the system of cubes and then the squared difference of 
these amplitudes - the intensity of scattering at a fixed point 
of the reciprocal space - is averaged over all the points of the 
reciprocal space equidistant from the origin of coordinates 
of this space. Like the earlier one (Fedorov, Ptitsyn & 
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Fig. 1. Theoretical scattering indicatrices of hen-egg lysozyme; co- 
ordinates of atoms are written in the initial coordinate system 
( - - )  and in a system of coordinates considerably turned relative 
to the initial one (---). Calculation was done by the 'cube method' 
(a) and by the 'modified cube method' (b). 

Voronin, 1974a, b), the present method is based on the non- 
specific account of the solvent influence, i.e. we replace the 
real solvent by a uniform structureless continuum. Such a 
replacement is justified by theoretical investigations (Fed- 
orov, 1967) as well as by direct calculations showing that 
taking account of the oxygen atoms of the 'bound" water [in 
particular, of the three 'bound buried' molecules in lysozyme 
(Imoto et al., 1972)] does not lead to noticeable deformations 
of the scattering curve (Timchenko, 1978). 

Fig. l(b) represents lysozyme scattering curves calculated 
by the 'modified cube method' in the same initial and the 
same 'turned' system of coordinates as in Fig. l(a). It is seen 
that the divergence between the scattering indicatrices is 
considerably smaller. To attain a practically complete 
coincidence of the scattering curves at different turns of the 
macromolecule it is necessary to average, in addition, the 
scattering intensities at different shifts (along coordinate 
axes) of the cube network relative to the macromolecule. It 
should be noted that this method of evaluating the macro- 
molecule shape and volume in solution is physically similar 
to Lee & Richards's method (1971). In order to test our 
method we calculated several cuts of sperm-whale myo- 
globin and it turned out that the internal cavities determined 
by our method are similar to those determined by Lee & 
Richards. Thus, for example, the sperm-whale myoglobin 
cut at x = 18 A leads to two cavities coinciding with cavities 
D and J in Lee & Richards's nomenclature. 

Analysis of structural changes in sperm-whale myoglobin in 
solution in comparison with the crystal 

On the basis of the 'modified cube method' the scattering 
indicatrix of Mb-SW was calculated in an aqueous medium 
and averaged in addition for five scattering curves with the 
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Fig. 2. Experimental scattering curve of Mb-SW obtained by Stuhr- 
mann (1975) (OOO) and the theoretical scattering indicatrix of the 
same protein calculated by the 'modified cube method" (--) .  The 
curves pertain to the aqueous solvent. 
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shift of the cube network relative to the protein molecule 
taken into account (the first curve is the main one, the next 
three curves were obtained by independent shifts of the cube 
network by ½R along the three coordinate axes and the fifth 
was obtained by a simultaneous shift of the cube network by 
½R along three coordinate axes). The parameter B was 
chosen to be equal to 1.17 A and with R = 1-3 ,~ the Mb-SW 
volume V was obtained as ~,22200 A 3, which agrees well 
with the data from neutron scattering. Coordinates of non- 
hydrogen atoms were taken from the paper by Watson (1969). 

Fig. 2 represents a comparison of the Mb-SW scattering 
indicatrix calculated in this way with the experimental curve 
obtained by Stuhrmann (1975). It is seen that divergences 
between the calculated and measured curves not only re- 
main but are even somewhat increased in comparison with 
the Mb-SW scattering curves obtained under the same 
conditions by the 'cube method' (Fedorov, Ptitsyn & 
Voronin, 1974). 

The next important stage consists of determination of 
specific structural changes occurring in Mb-SW in con- 
formity with the experimental scattering curve of this pro- 
tein. If we assume that the protein structure somewhat 
'loosens' at transition from crystal to solution, it is possible, 
proceeding from the number of hydrophobic contacts be- 
tween single helices and groups of helices, to evaluate, from 
the location of these groups in the protein globule and their 
steric possibilities what regions of the polypeptide chain are 
the most susceptible of a certain mobility relative to the main 
bulk of the protein globule. An analysis of the Mb-SW struc- 
ture has shown that these can be terminal helices A and H, 
'hairpin' GH, the group of helices CD, D and the group of 
helices F, G, H, though in the latter case there must be a 
certain additional stabilization of this group owing to the 
contact of the helix F through the haem with the other part 
of the protein. 

To localize structural changes in Mb-SW and to prove 
their correlation with the changes of the scattering indicatrix 
we largely used the method of large-angle diffuse scattering 
described above. First of all we analyzed the possibility of the 
terminal helices A and H shifting relative to the main bulk of 
the molecule. With the help of the rotation matrix these 
helices were turned by 10 ° (helix A) and by 5 ° (helix H) 
around axes indicated in Fig. 3.* For each modified protein 
structure the diffuse-scattering indicatrix was calculated by 
the 'modified cube method' and then compared with the 
experimental scattering curve of Mb-SW. The results of this 
comparison are given in Fig. 3. It is seen that none of the cal- 
culated curves agrees with the experimental one though these 
indicatrices are closer to the experimental curve than is the 
original one. Then the shifts of the groups of helices FGH and 
of the groups CD, D were analyzed. Fig. 4 represents the rota- 
tion axes of these groups and the results of the calculation of 
the large-angle scattering indicatrix for each protein struc- 
tural modification obtained. As follows from the same figure, 
in these cases the calculated curves are rather different from 
the experimental one. However it should be noted that the 
modification by the shift of groups CD, D leads to noticeable 
changes of the initial theoretical curve only in a narrow inter- 
val of scattering angles (/~ = 0-30-0.45 A-1) and thus can be 
'invisible' against the background of other structural changes 
in the protein. 

* Deflection angles were chosen so that the maximum shifts of 
atoms did not surpass 2 A. 

In the third group of structural changes a shift of the hair- 
pin GH was considered. We turned this group of helices 'from 
both sides' (Fig. 5): in one case the rotation axis was chosen 
in the region of connection of this 'hairpin' to the helix F 
and in the other in the region of its contact with the helix A. 
It turned out that in both cases the scattering curves of struc- 
tures modified in this way give virtually complete agreement 
between the theory and experiment over a wide range of 
scattering angles. The latter fact is, of course, essential for 
evaluation of the curve coincidence and therefore we cannot 
prefer modification I to modification II. In fact, both theo- 
retical curves describe well enough the experimental curve, 
and deviations of the curve at modification II have only a 
local character, which seems unimportant when the possible 
error of the experimental curve is taken into account. 

Discussion 

The above consideration suggests that the divergence be- 
tween large-angle scattering indicatrices of Mb-SW in the 
crystal and in solution can be explained by a structural 
change (occurring when the protein passes from crystal to 
solution) resulting in a small (up to 2 A) increase of the dis- 
tance between the 'hairpin' GH, and the other part of the 
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Fig. 3. Theoretical scattering curves of Mb-SW and its structural 
modifications. The Mb-SW structure in crystal . . . . .  ; • ..... the 
helix A rotated around the indicated axis by lff" (modification I); 
--- the helix tt rotated around the indicated axis by 5 ~ (modifica- 
tion II); m experimental scattering curve of Mb-SW (Stuhrmann, 
1975). Here and in Figs. 4 and 5 numbers are given for the amino 
acids through which passes the rotation axis of the hatched part 
of the molecule. 
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protein molecule. This 'detachment' can proceed from the 
helix F side and (or) from the helix A side. Changes connected 
with the modification of the region CD and helix D affect the 
scattering indicatrix little, and therefore mobility of the re- 
gions CD and D can be neither assumed nor rejected. 

It has been already suggested [in particular, proceeding 
from the data of X-ray diffuse scattering (Stuhrmann, 1973)] 
that the Mb-SW structure slightly changes ('loosens') at the 
protein transition from crystal into solution. However, only 
in this paper have these changes been structurally inter- 
preted. It is important to note that these changes are rather 
small (up to 2 A) and it seems that they cannot be localized 
by any other physical method. In fact, such investigations 
require a method which gives direct structural information, 
which 'sees' changes over a rather wide range of distances 
- from a few 5,ngstroms up to ten ~mgstroms, and which is 
sensitive to small structural rearrangements. No physical 
method except X-ray diffuse scattering satisfies all these 
requirements. For example, optical methods are rather 
sensitive to small-scale distances and give important informa- 
tion on the protein secondary structure, but they do not 'see' 
large-scale rearrangements. Our large-angle technique satis- 
fies all the requirements mentioned and therefore is unique 
for solving these problems. This method can play an impor- 
tant role in the determination and testing of the structural 
principles of protein functioning in solution and therefore is 
quite promising for further studies of protein structure. 

The authors express their sincere gratitude to Professor 
H. B. Stuhrmann for supplying the experimental X-ray 
scattering curve of sperm-whale myoglobin. 
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Fig. 4. Theoretical scattering curves of Mb-SW and of its structural 
modifications. The Mb-SW structure in crystal . . . . .  ; --- the 
group of helices FGH is turned by 5 :: around the indicated axis 
(modification I); .... the region CD and the helix G are turned 
by 10 ° around the indicated axis (modification If); m the experi- 
mental scattering curve of Mb-SW (Stuhrmann, 1975). 
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Fig. 5. Theoretical scattering curves of Mb-SW and of its structural 
modifications. The Mb-SW structure in crystal • - : the 'hair- 
pin' GF is turned by 5" around the indicated axes; modifica- 
tion I : --- modification II ; m the experimental scattering curve 
of Mb-SW (Stuhrmann, 1975). 
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The conformations of different IgG antibodies were studied 
before and after interaction with antigen (hapten). In every 
case a strong change of the conformation was observed. 
Binding of hapten caused a decrease of the radius of gyration 
by 2 to 8~ and a decrease of the volume by 3 to 10%, 
depending on the degree of saturation with hapten. Two 
IgG antibodies (anti-poly-D-alanyl) were split by enzymes 
into fragments which contain one binding site (Fab') and 
two binding sites (Fab')2, respectively, for hapten. No changes 
of conformation were observed with these fragments upon 
the interaction with hapten. These findings lead to the con- 
clusion that the conformation change does not take place 
within the area of the combining site but relatively far 
away, at the area of the hinge region and/or the Fc-fragment. 

To prove this assumption the hinge region was modified 
by splitting disulfide bonds by reduction and alkylation. 
Small-angle X-ray measurements were performed on the 
free antibody, the antibody saturated with hapten, the 
reduced, alkylated antibody and the reduced, alkylated 
antibody after saturation with hapten. The free antibody 
showed the usual change in conformation upon interaction 

* Research sponsored by the Osterreichischen Forschungsfonds. 

with hapten indicated by a decrease of the radius of gyration 
by 7% (from 6.50 nm to 6.10 nm) and a decrease of the 
maximum diameter by 1-5 nm. This effect was clearly 
diminished when the antibody was reduced and alkylated 
before saturation with hapten. The decrease of the radius 
of gyration was only 2.5%, that of the maximum diameter 
about 0.5 nm. 

These findings confirm the conclusion that the conforma- 
tion change takes place within the area of the hinge region 
and/or the Fc fragment. 

Besides the IgG antibodies, an IgM antibody was also 
studied both in the absence and in the presence of the corre- 
sponding hapten. This molecule could be best described by 
the model of a flat star (molecular weight 8 x 10", radius of 
gyration 12.1 nm, maximum diameter 36 nm, thickness 
4-5 nm, volume 1800 nm3). No comparable change in con- 
formation upon interaction with hapten could be observed. 
Only a shift of the subsidiary maxima indicates a change of 
the substructure. 

The work about the IgM antibodies has been submitted 
for publication in the European Journal of Biochemistry; the 
studies on the intact and modified IgG antibodies in the 
presence and absence of hapten will be published in Bio- 
chemistry. 
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S m a l l - A n g l e  X - r a y  S c a t t e r i n g  S t u d y  on a t -Crys ta l l in  of  C a l f  E y e  Lens  

(Extended Abstract only) By J. BERGER, Department of Structure Biology, Biocenter Basel, Switzerland and R. J. SIEZEN,* 
Department of Biochemistry, University of Nijmegen, The Netherlands 

(Received 3 November 1977; accepted 25 April 1978) 

e-Crystallin is one of the main structural proteins of the 
mammalian eye lens. The biochemistry of structural proteins 
of the mammalian eye lens has been reviewed by, for ex- 
ample, Harding & Dilley (1976). This work reports X-ray 
scattering studies on the native ~-crystallin from calf eye 

* Present address: Australian National University, PO Box 334, 
Canberra, ACT 2601, Australia. 

lens. e-Crystallin was prepared according to Hoenders & 
van Kamp (1972). It was concentrated by dissolving an ultra- 
centrifuge pellet. Two different types of camera were used: 
a Kratky camera operated at a Philips PW 1130 generator, 
copper tube, and a laboratory-constructed double-focusing 
camera (Elliott generator GX 6). 

Nine different concentrations of solutions were measured 
with the Kratky camera (concentration range from 4 to 


