
生体分子構造解析学特論
シンクロトロン光研究センター

渡邉 信久

第5回の2

1

講義スケジュール
• 1：混沌の時代から繊維写真の時代

• 2：サイクロール説

• 3：二次構造の解明

• 4：DNAの構造

• 5：結晶構造解析法の発展

• 6：高分解能構造解析の始まり

2

for example

Hg

molecular weight: 17,184

more than 9,000 electrons

1,200 non-hydrogen atoms only 80 electrons

myoglobin

3

R

i

R

i

4



how multiple 
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replacement works

MIR method

Perutzがhemoglobinで先行させたが，
実際の解析はmyoglobinが先に…
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位相が決まるということ…
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key paper

Proc. Roy. Soc. London (1947) A191, 83-132

An X-ray study of horse methaemoglobin. I 
BY Joy BOYES-WATSON, EDNA DAVIDSON AND M. F. PERUTZ 

Cavendish Laboratory and ]olteno Institute, University of Cambridge 
(Communicated by Sir Lawrence Bragg, F.R.S.-Received 3 February 1947) 

[Plates 5 and 6] 

The paper describes a detailed study of horse methaemoglobin by single crystal X-ray 
diffraction methods. The results give information on the arrangement of the molecules in 
the crystal, their shape and dimensions, and certain features of their internal structure. 

Horse methaemoglobin crystallizes in the monoclinic space group 02 with two molecules 
of weight 66,700 per unit cell. In addition, the wet crystals contain liquid of crystallization 
which fills 524% of the unit cell volume. Deliberate variations in the amount and com- 
position of the liquid of crystallization, and the study of the effects of such variations on the 
X-ray diffraction pattern, form the basis of the entire analysis. 

The composition of the liquid of crystallization can be varied by allowing heavy ions to 
diffuse into the crystals. This increases the scattering contribution of the liquid relative to 
that of the protein molecules and renders it possible to distinguish the one from the other. 
The method is analogous to that of isomorphous replacement commonly used in X-ray 
analysis. It yielded valuable information on the shape and character of the haemoglobin 
molecules and also led to the determination of the phase angles of certain reflexions. 

The amount of liquid of crystallization was varied by swelling and shrinkage of the 
crystals. This involves stepwise, reversible transitions between different well-defined lattices, 
each being stable in a particular environment of the crystal. The lattice changes were 
utilized in two different ways: the first involved comparison of Patterson projections at 
different stages of swelling and shrinkage, and the second an attempt to trace the molecular 
scattering curve as a function of the diffraction angle. 

The results of the analysis can be summarized as follows. The methaemoglobin molecules 
resemble cylinders of an average height of 34 A and a diameter of 57A. In the crystal these 
cylinders form close-packed layers which alternate with layers of liquid of crystallization. 
The layers of haemoglobin molecules themselves do not swell or shrink, either in thickness or 
in area, except on complete drying, and lattice changes merely involve a shearing of the 
haemoglobin layers relative to each other, combined with changes in the thickness of the 
liquid layer. Thus the molecules do not seem to be penetrated by the liquid of crystallization, 
and their structure is unaffected by swelling and shrinkage of the crystal. 

Space-group symmetry requires that each molecule consists of two chemically and struc 
turally identical halves. Evidence concerning the internal structure of the molecules comes 
both from two-dimensional Patterson projections and one-dimensional Fourier projections. 
The former indicate that interatomic vectors of 9 to 11 A occur frequently in many directions, 
and the latter show four prominent concentrations of scattering matter just under 9 A apart 
along a line normal to the layers of haemoglobin molecules. No structural interpretation of 
these features is as yet attempted. 

The liquid of crystallization consists of two distinct components: water 'bound' to the 
protein and not available as solvent to diffusing ions, and 'free' water in dynamic equilibrium 
with the suspension medium. An estimate of the 'frictional ratio' based on the molecular 
shape and hydration found in this analysis is in good agreement with the frictional ratio 
calculated from the sedimentation constant. 

1. INTRODUCTION 

(a) Background and scope of research 
The molecular structure of the crystalline proteins is one of the major unsolved 
problems in biology to-day. During the last 25 years the recognition of their 
ubiquity and paramount importance in plant and animal metabolism has set in 
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4. UNIT-CELL DIMENSIONS AND SPACE GROUP 

(a) Experimental technique 

For the purpose of taking X-ray pictures, wet haemoglobin crystals are mounted 
as follows. Capillaries of either borosilicate glass or quartz are prepared, with a wall 
thickness of 0-01 to 0-02 mm., a bore of about 1 mm. and a length of about 30 mm. 
A single protein crystal is isolated on a slide with the help of a dissecting needle and 
drawn into the capillary with a drop of mother liquor. A firm cotton thread, made 
by twisting cotton-wool between the fingers, is now introduced half-way into the 
capillary and the liquid drawn off very gently through the thread, leaving the 
crystal behind. The thread is now withdrawn and the liquid re-introduced into both 

crystal 

suspension 
medium 

picein 

Mm. 

FIGURE 1. Wet protein crystal mounted for X-ray diffraction work. 

ends of the capillary, if necessary with the help of a hypodermic syringe, but leaving 
the crystal itself clear. After this operation the ends of the capillary are sealed with 
picein (figure 1). This method of mounting has the advantage of keeping the crystal 
in equilibrium with its former suspension medium and yet avoids it actually being 
suspended in liquid; without this precaution it is difficult to keep crystals stationary 
during exposures. 

The capillary is mounted on an X-ray goniometer in the usual way, and oscillation 
photographs are taken at specimen-to-film distances ranging from 5 to 10 cm. 
A typical series of oscillation photographs is shown in figures 14 to 19, plate 5. The 

hemoglobin crystal 
contains 52% liquid
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crystal packing of hemoglobin 

X-ray study of methaemoglobin. I 123 
So long as complete drying of the crystals is avoided, swelling and shrinkage 

merely alter the thickness of the liquid layers without having any effect on the area 
or thickness of the layers of haemoglobin molecules. These molecules themselves 
do not seem to be penetrated by the liquid of crystallization, and their structure is 
unaffected by swelling and shrinkage of the crystal. 

The unit-cell dimensions of dried crystals vary considerably according to the 
method of drying. In slowly dried crystals the individual layers of haemoglobin 
molecules only shrink in area by a small amount; not more, in fact, than would be 

x 

FiIGuRE 12. Diagrammatic model of haemoglobin molecule, showing its orientation with 
respect to the crystal axes. Y is the diad axis. The small disk underneath represents a haem 
group drawn on the same scale and in its correct orientation with respect to the crystal axes. 
The four lines on the cylinder surface indicate the positions of the concentrations of scattering 
matter deduced from the Fourier projections. The directions of the principal refractive indices 
are indicated by arrows. 

,~~~~~~~~~~~~~~~~~ 

IOOA /- x 
FIGURE 13. Packing of haemoglobin molecules in the crystal structure, showing layers of 
close-packed molecules separated by- liquid. One unit cell is shown in the foreground on the 
right. 
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key paper にしなかったが…

Proc. Roy. Soc. London (1949) A195, 474-499

An X-ray study of horse methaemoglobin. II 
BY M. F. PERUTZ 

Cavendish Laboratory and Molteno Institute, University of Cambridge 

(Communicated by Sir Lawrence Bragg, F.R.S.-Received 8 June 1948- 
Read 16 December 1948) 

A complete three-dimensional Patterson synthesis of haemoglobin has been calculated, 
giving the distribution of vector density in thirty-one sections through the unit cell. The 
sections show certain concentrations of vector density which can be interpreted in terms of 
polypeptide chain structure. The following are the conclusions tentatively arrived at on the 
evidence described in this paper. 

The haemoglobin molecule resembles a cylinder of 57A diameter and 34A height, which 
consists of an assembly of polypeptide chains running parallel to the base of the cylinder. 
The chains show a short-range fold, with a prominent vector of 5A parallel to the chain 
direction. In addition to this the chains also contain a longer fold which may extend through 
the whole width of the molecule. This long fold may be due either to open chains folded back- 
wards and forwards through the molecule or to closed loops of polypeptide chains. The average 
distance between neighbouring chains, or neighbouring portions of the same chain folded 
back on itself, is 10i5A. The chains are arranged in four layers which are about 9A apart and 
correspond to the four layers of scattering matter described in a previous paper. The haem 
groups lie with their flat sides approximately normal to the chain direction. 

1. INTRODUCTION 

A previous paper described how the arrangement of the haemoglobin molecules in 
the crystal, their shape and dimensions and certain features of their internal struc- 
ture can be deduced from a detailed analysis of the X-ray diffraction pattern (Boyes- 
Watson, Davidson & Perutz I947, henceforth referred to as I). Of necessity only 
a small part of the total diffraction pattern was used (i.e. the reflexions from the three 
principal crystal zones), while the intensities of the vast majority of reflexions had 
to be disregarded for lack of any method of interpretation. 

At .present the three-dimensional Patterson synthesis represents the only way of 
translating the information contained in the complete diffraction pattern into a 
form which is at least potentially capable of being interpreted in terms of molecular 
structure. Such a three-dimensional synthesis gives the vector density in a series of 
sections through the unit cell and is intrinsically much more likely to lend itself to 
reasoned interpretation than the two-dimensional projections described in I, 
because the overlapping of peaks is reduced and the resolution much increased. The 
actual chances of interpretation depend largely on the kind of molecular structure 
which the protein may be supposed to possess. For instance, if the globin molecule 
consisted of a complex interlocking system of coiled polypeptide chains where inter- 
atomic vectors occur with equal frequency in all possible directions, the Patterson 
synthesis would be unlikely to provide a clue to the structure. On the other hand, 
if the polypeptide chains were arranged in layers or parallel' bundles, interatomic 
vectors within the layer plane or in the chain direction should occur particularly 
frequently and should give rise to a vector structure showing a corresponding system 
of layers or chains, which could then be interpreted without difficulty. All the more 
plausible hypotheses of globular protein structure put forward in recent years have 
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been based on systems of the latter kind (Astbury I936; Pauling 1940). Hence it 
was not unreasonable to hope that the Patterson synthesis might lead to inter- 
pretable results which would justify the great effort involved in its preparation. 

One previous effort on similar lines, though on a smaller scale, has been made by 
Crowfoot (I938), using dried crystals of insulin. From the Patterson sections of 
air-dried insulin Crowfoot concluded that the distribution of vector peaks bore no 
relation either to the cyclol structure which was then under debate or to the various 
chain structures put forward for the globular proteins. No reflexions from spacings 
smaller than 7 A were, however, included in the Fourier series, and hence the 
resolution of the Patterson sections was limited. More recently a complete Patterson 
synthesis of wet insulin was calculated by Wrinch (in collaboration with a com- 
puting firm in the U.S.A.) from intensity data supplied by Crowfoot (private com- 
munication). The results have not yet been published. 

2. EXPERIMENTAL 

(a) Preparation of relative intensity data 
The diffraction pattern of wet haemoglobin crystals extends to a spacing of 2 5 A, 

but indexing was not carried beyond 2 8 A spacing, since only isolated weak reflex- 
ions occurred beyond this range. Even so the limiting sphere contained 62,700 
reciprocal lattice points which symmetry reduces to 7840 reflexions relevant for 
analysis. The photographing, indexing, measuring, correcting and correlating of 
some 7000 reflexions was a task whose length and tediousness it will be better not 
to describe. In the -indexing and measuring the writer was helped by Miss Joy Boyes- 
Watson and Dr Edna Davidson, who each did one-third of the work. 

Since no moving-film camera of suitable design was available the intensities had 
to be recorded on three sets of forty-five oscillation photographs taken respectively 
about the [100], [001] and [102] zone axes. The range of oscillation was 30, with 10 
overlap between successive photographs. Exposures varied between 1 and- 2 hr., 
depending on the size of the crystal. Different crystals had to be used for the three 
series, since it was found that irradiation of a haemoglobin crystal with X-rays 
for more than about 70 hr. had a serious weakening effect on the intensity of the whole 
diffraction pattern. 

The crystals used were the monoclinic variety of wet horse methaemoglobin with 
unit cell no. 5 and suspension medium B (see I, tables 1 and 2, p. 93). The shape of 
the crystals was such that errors due to absorption effects could be neglected. In- 
dexing was done with a Bernal chart specially made for the purpose, with lines of 
equal g drawn at intervals corresponding to the actual layer lines on the photographs. 
The small range of oscillation ensured that all reflexions could be indexed unam- 
biguously, despite the large unit-cell dimensions. Intensities were estimated visually 
by a method since described by Beevers & Cochran (I947). The occurrence of equi- 
valent reflexions on different photographs, due to the symmetry properties of the 
reciprocal lattice, provided a check against possible mistakes. After correction by 
the usual factors the set of relative intensities-about 7000 in number was used 
for the calculation of the three-dimensional Fourier series. 
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intervals along the length of the central rod. The rods of high vector density marked 
A and B at 10 5 A from the central rod should correspond to the most prominent 
interchain vectors. 

We may now consider the general arrangement of such chains within the haemo- 
globin molecule whose general shape and dimensions were described in I. The chains 
must fill a cylinder of about 57 A diameter and 34 A height (see I, figure 12, p. 123); 
they must run parallel to the base of the cylinder which lies in the X Y plane, and their 
arrangement must be such as to give rise mainly to a set of interchain vectors of the 
type A and B shown in figure 21. The latter condition makes it necessary to arrange 
the chains in layers parallel to the X Y plane and spaced approximately 9 A apart, 
to conform with the layered arrangement of the vector peaks in figure 21. No more 
than four such layers can be packed into the molecule of 34 A thickness. 

So far we have discussed only X-ray evidence from haemoglobin itself. If this is 
combined with certain known facts about the stereochemistry of polypeptide chains 
and with analytical data concerning the number of independent chains in haemo- 
globin the interpretation can be carried one step further. In a fully extended poly- 
peptide chain the amino-acids repeat at intervals of 34 A, and the closest distance 
of approach of neighbouring chains is 45 A. In haemoglobin the most prominent 
vector along the length of the chains is not 3-4 but 5 A, and the closest approach of 
neighbouring chains 10 5 A. These facts seem to indicate that the chains are folded 
and that the 5 A vector represents the distance between atoms which are spaced two 
or more amino-acid residues apart. The equal length of the two interchain vectors 
A and B suggests that the shape of the folded chains is roughly cylindrical with an 
average diameter of 10-5 A. 

Arguing purely from considerations of packing there should be twenty such chains 
in the haemoglobin molecule. Porter & Sanger (I948), on the other hand, have shown 
the horse haemoglobin molecule to contain only six terminal c-amino groups. Hence 
the twenty chains cannot be independent, but must be combined into six bigger 
chains folded backwards and forwards through the molecule in long zigzags. 
Alternatively, there might be six open chains together with a number of closed rings. 

The foregoing conclusions are summarized in figure 23 which is an idealized 
drawing showing the type of chain configuration and packing which is compatible 
with the Patterson synthesis. (a) shows a polypeptide chain with a pattern repeating 
at intervals of 5 A in the chain direction and a long-range zigzag leading to vectors 
of 105 A between neighbouring portions of the same chain folded back on itself. 
In (b) an arrangement of the chains has been chosen in which the two prominent 
interchain vectors A and B are the most frequent. The details in the two pictures 
are, of course, purely imaginative, but the general lay-out which they indicate follows 
from the vector structure. 

We now come to some features of the vector structure whose meaning is more 
difficult to assess. It has often been argued that the sterical configuration of folded 
polypeptide chains should be determined by the van der Waals forces between the 
side-chains, which should be oriented in parallel and hence force the main chains 
to be folded in one plane. This raises the question whether the vector structure 
indicates the existence of a planar fold. The great lateral spread of the strong 5 A 
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peak in the XZ plane (see figure 20) and the comparative feebleness of much of the 
S shell in the X Y plane suggests that the chains are folded in the XZ plane. The 
greater thickness of the central rod in the XZ plane (figure 2) compared to that in 
the XY plane (figure 15) points to the same conclusion. In that case the system of 
subsidiary vector rods of the type b running parallel to Y at 10 A from the Y-axis 

y 

diad 
A/A axis 

Y. 0 

0 5 IOA 
b 

FIGURT-E 23. Idealized pictuLre of type of haemoglobin structure compatible with the Patterson 
synthesis. (a) shows a basal section through the cylindrical molecule with one poly- 
peptide chain folded in a plane and a pattern repeating at intervals of 5A along the 
chain direction. As nothing is known about the geometry of this pattern its existence 
is indicated merely by a series of lines normal to the chain length. (b), represents a vertical 
section through the cylinder normal to X with the chains seen end-on. 
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FIC,-URE 19. -Photographs of the three-dimensional Fourier synthesis of myoglobin, con- 
strulete(d fiom the sections illtustrated in figure 18. 
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The crystal structure of myoglobin 
V. A low-resolution three-dimensional Fourier synthesis 

of sperm-whale myoglobin crystals 

By G. BODO, H. M. DINTZIS, J. C. KENDREW AND H. W. WYCKOFF 

Medical Research Council Unit for Molecular Biology, Cavendish Laboratory, 
University of Cambridge 

(Communicated by Sir Lawrence Bragg, F.R.S.-Received 22 April 1959) 

[Plate 8] 

The study of type A crystals of sperm-whale has now been extended to three dimensions by 
using the method of isomorphous replacement to determine the phases of all the general 
X-ray reflexions having d > 6 A, and a three-dimensional Fourier synthesis of the electron 
density in the unit cell has been computed. Data were obtained from the same derivatives 
which had been used in the previous two-dimensional study (Bluhm, Bodo, Dintzis & Kendrew 
1958), in the course of which the x and z co-ordinates of the heavy atoms had been determined. 
Several methods were used to determine the y co-ordinates from the three-dimensional data; 
with a knowledge of all three co-ordinates of each heavy atom it was possible to establish the 
phases of nearly all the reflexions by a graphical method. The three-dimensional Fourier 
synthesis was evaluated on a high-speed computer from these phases and from the observed 
amplitudes of the reflexions. 

A resolution of 6 A was chosen because it should clearly reveal polypeptide chains having a 
compact configuration such as a helix. The electron-density map was in fact found to contain 
a large number of dense rod-like features which are considered to be polypeptide chains, 
probably helically coiled. In addition, a very dense flattened disk is believed to be the haem 
group with its central iron atom. Finally it was possible to identify the boundaries of the 
protein molecules by locating the intermolecular regionis containing salt solution. 

An isolated myoglobin molecule has dimensions about 45 x 35 x 25 A and within it the 
polypeptide chain is folded in a complex and irregular manner. For the most part the course of 
the chain can be followed, but there are some doubtful stretches, presumably where the 
helical configuration breaks down; a crude measurement of the total visible length of chain 
suggests that about 70 % of it may be in a helical or some similarly compact configuration. 
The haem group is near the surface of the molecule. 

1. INTRODUCTION 

In the previous paper of this series (Bluhm, Bodo, Dintzis & Kendrew I958; here- 
after referred to as IV) it was shown how the method of isomorphous replacement 
could be used to determine the signs of the hOl reflexions from monoclinic type A 
crystals of sperm-whale myoglobin. A Fourier projection was computed from all 
such reflexions having spacings greater than 4 A, but this was found to be uninter- 
pretable owing to the large degree of overlapping, the axis of projection being 31 A, 
or some twenty atomic diameters. It was concluded that the analysis should be 
extended to three dimensions, which would involve the determination of the general 
phases of the hkl reflexions. For this purpose the method of isomiorphous replacement 
would again be used, the ambiguities inherent in the determination of the phase of 
general reflexions being resolved by using several different heavy-atom derivatives. 
As a preliminary to this three-dimensional analysis it is necessary to determine as 
accurately as possible the x and z co-ordinates of the heavy atoms, already known 
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5. THE COLLECTION OF T:HREE-DIMENSIONAL DATA 

(a) Choice of resolution 
The labour involved in collecting the data for a three-dimensional Fourier 

synthesis increases rapidly with the resolution desired, because the number of 
reflexions to which phases must be assigned is proportional to the cube of the radius 
of the sphere in reciprocal space over which the summation is to be carried out. 
Furthermore there are real (though slight) departures from strict isomorphism 
between the various derivatives studied, generally of the order 0 1-0 3 % of the cell 
axis, so that the accuracy of phase determination must decrease as one goes farther 
out in reciprocal space. For these reasons we decided to test the method of iso- 
morphous replacement on a small scale, by working in the first instance at the lowest 
resolution which might be expected to give usef-ul information about the structure 
of the myoglobin molecule. 

We adopted the working hypothesis that a considerable proportion of the poly- 
peptide chain has a configuration similar to the c-helix of Pauling, Corey & Branson 
(I 95 I). There is no proof that this is the case, but there is some direct evidence of it in 
haemoglobin (Perutz I95I), as well as indirect evidence in myoglobin from studies of 
optical rotation (P. M. Doty, unpublished) and of rates of deuterium exchange 
(E. E. Benson & K. Linderstr0m-Lang, unpublished). At low resolution the a-helix 
would appear as a solid rod with axial electron density about 10 electrons/A3, 
embedded in a matrix of side chains of mean electron density about 0 3 electron/A3 
(the mean overall electron density of the myoglobin molecule is about 0 4 electron/A , 
and in type A crystals the electron density of the liquid regions has about the same 
value). Neighbouring a-helices would pack together with axial separations of 
9 to 10 A. We reached the conclusion that helices, if indeed they exist in myoglobin, 
would be clearly resolved if the Fourier synthesis included all terms having d > 6A; 
they should appear in such a synthesis as solid rods, since the region of reciprocal 
space being scanned includes only the first maximum of the Fourier transform of an 
ax-helix. In fact there are about 400 reflexions having d > 6 A, of which about 100 
are hOl reflexions with real phases which had already been determined in the two- 
dimensional work. 

The choice of a 6 A limit has a further advanltage which can be appreciated from 
a study of the radial distribution of intensities plotted against reciprocal spacing 
(figure 1.). As in many other protein crystals this function has a minimum at 
about 6 A-', so pronounced that if the data are cut off sharply at this point a Fourier 
synthesis can be calculated without fear of serious series termination errors even 
though no artificial temperature factor is applied to the data. 

(b) X-ray methods 
In all we measured the IFI values of the hkl reflexions from six different types of 

myoglobin crystal, namely unsubstituted met-myoglobin, the PCMBS, HgAm2 and 
Au derivatives, and the double derivatives PCMBS/HgAm2 and PCMBS/Au. Nearly 
all these data were obtained with the Buerger precession camera and CuKa radiation 
from the rotating-anode X-ray tube developed by Mk.r D. A. G. Broad. The method 
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and gives the phase 5b of the reflexion. Further circles can be drawn for the other 
derivatives, and ideally all of them should pass through the point B. In practice, 
owing to experimental errors and also, perhaps, to slight departures from true 
isomorphism, to the presence of some heavy atoms at subsidiary sites in the cell, 
and to incorrect assignment of heavy-atom co-ordinates, the circles do not all meet 
at a point-some of them, indeed, may not meet at all-but by this graphical method 
it is very easy to choose a 'best value' for the phase angle and to make a rough 
estimate of the reliability of the determinationi in any particular case. 

(a) 

(b) 

FiGunE 17. Examples of phase determination. The heavy circle represents the amplitude of 
the reflexion from unsubstituted protein, and the light circles those from the derivatives. 
1, PCMBS; 2, HgAm2; 3, Au; 4, PCMBS/HgAm2; 5, PCMBS/Au. The short lines from 
the centres are the heavy-atom vectors; the heavy line indicates the phase angle even- 
tually selected. (a) (411), (b) (911), (c) (212). 

Some examples of actual phase determinations are given in figure 17. As an 
indication of the accuracy attained the following result may be quoted. Two 
independent sets of data were obtained for the hkO reflexions, one from the main 
set of hil data, the other from the precession pictures taken along z with ,a = 170 
which were used for determining y co-ordinates. Separate phase diagrams were 
drawn for each of these sets, and independent determinations of q5 were made from 
each of the two diagrams corresponding to a given reflexion. In all there were 
39 reflexions; in 2 the results were so ambiguous that a phase angle could not be 
assigned; in the other 37 the mean difference between the two values of the phase 
angle was only 110. Again, the phases of five OkO reflexions were determined 
separately by one of the present authors (J.C. K.) from the z projection data, and by 
Sir Lawrence Bragg from x projection data; the mean phase difference between the 
two sets of results was 10?. 
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IX. A three-dimensional Fourier synthesis at 

55 A resolution: description of the structure 
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[Plates 13 to 19] 

The electron density distribution in the unit cell is calculated at intervals of approximately 
2A and plotted in a series of sections parallel to (010). Thecontourmapsshowthat haemoglobin 
consists of four subunits in a tetrahedral array. The subunits are identicalinpairs in accordance 
with the twofold symmetry of the molecule. The two pairs are very similar in structure, and 
the members of each pair closely resemble the molecule of sperm-whale myoglobin. The four 
haem groups lie in separate pockets at the surface of the molecule. The positions of the iron 
atoms are confirmed by comparison of observed and calculated anomalous scattering effects, 
which also serve to determine the absolute configuration of the molecule. 

The four subunits found by X-ray analysis correspond to the four polypeptide chains into 
which haemoglobin can be divided by chemical methods. In horse haemoglobin the amino 
acid sequence within these chains is still partly unknown, but in human haemoglobin it has 
already been determined. Comparison of this sequence with the tertiary structure of the 
chains as now revealed in horse haemoglobin and with the atomic model of sperm-whale 
myoglobin recently obtained by Kendrew and his collaborators shows many interesting 
relations. Prolines appear to come where the chains turn corners or where their configuration 
is known to be non-helical. On the other hand, the chains also have corners which contain no 
proline. Certain residues appear to be structurally vital, because they appear in identical 
positions in myoglobin and in the two chains of haemoglobin, while in other parts of the mole- 
cule a wide variety of different side-chains appears to be allowed. 

1. INTRODUCTION 

The preceding part (VIII, Cullis et al. i96i) dealt with the heavy-atom parameters 
and the calculation of the phase angles in the limiting sphere of 5-5 A-1. Two 
alternative methods were used: one ignored anomalous scattering and determined 
the 'best F' from multiple isomorphous replacement by the centroid method of 
Blow & Crick (1959). In the second method the most probable value of the phase 
angle was found by isomorphous replacement and checked by comparison with 
anomalous scattering, and the full values of the observed structure amplitudes 
were used as coefficients of the terms. The two alternative Fourier syntheses 
calculated with these two sets of coefficients will now be described. The 'centroid 
Fourier', which gives the clearer results, will be discussed at length and the 'most 
probable Fourier' will be briefly shown for comparison. Various criteria will then 
be applied to test the reliability of the results. 
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10. Complete haemoglobin mo(lel 
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to a. 

The haern groups 
are lnlieate(1 by grey disks. 

(C1vliis et al. Proc. Roy. Soc. A, volumtc 2(i"5, plate 17 

FIGURE 18 

YiCUiE. 19 

FIGURES 17 to 19. Three views of the white chain showing the probable positions 
of various residues in human haemoglobin. 

Cullis et al. Proc. Roy. Soc. A, volume 265, plate 15 

FIGUjRE 12. Haemoglobin model viewe(1 normal to c. 
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FIGaURE 13. A view down the b axis. Note the proximity of the N- and C-terminal ends 
which could serve to form links between the two white chains. 

35

1988年…

ω-amino acid : pyruvate aminotransferase
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