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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
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蛋白質結晶学の胎動
 urease の結晶

JB Sumner

1926

 消化酵素群 の結晶
J Northrop

1930’s

JD Bernal の決断
@ Cavendish

“Ｘ線で結晶中の
蛋白質を観察する”

3人の若手
D. Crowfoot (Hodgkin)
Max Perutz
Isidor Fankuchen

ブレークスルー
蛋白質結晶の
キャピラリー封入

Bernal, Fankuchen & Perutz, 
Nature (1938) 141, 523

ヘモグロビンの結晶の回折写真
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How to solve a protein 
structure

history of the MIR phasing method
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key paper

Nature (1958) 181, 662-666

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

hemoglobin sagaの
一報目

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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myoglobin の
3次元構造速報

© 1958 Nature Publishing Group

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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myoglobin の
3次元構造解析
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Perutz and Kendrew
～1938 M. Perutz

hemoglobin

～1947 JC Kendrew

myoglobin@1957

@1959
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the diffraction pattern of a 
crystal is its 

Fourier transform
three-dimensional image of the crystal has been broken 

down into component sinusoidal waves
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crystal & diffraction pattern

unit cell: a, b and c
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crystal & diffraction pattern

unit cell: a, b and c

diffraction pattern: 1/a, 1/b and 1/c
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diffraction spots & waves in the 
Fourier synthesis

phase shift of the wave

vector to the spot

distance to the spot

intensity of the spot

direction of the wave

wavelength of the wave

amplitude of the wave

no information...
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(direction of the wave)
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amplitude of the wave

phase shift of the wave

diffraction spots & waves in the 
Fourier synthesis
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Fourier synthesis & 
resolution
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Fourier synthesis & 
resolution
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Fourier synthesis & 
resolution
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Fourier synthesis & 
resolution
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Fourier synthesis & 
resolution
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Fourier synthesis & 
resolution

resolution
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Fourier synthesis
amplitude & phases
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diffraction pattern & Fourier component
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diffraction pattern & Fourier component
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結晶の単位格子

diffraction pattern & Fourier component
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diffraction pattern & Fourier component
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diffraction pattern & Fourier component
電子密度
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b

結晶の単位格子
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+ =

Fourier synthesis
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+ =

電子密度分布の周期成分の足し算

Fourier synthesis
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+ =

Fourier synthesis
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Fourier synthesis

+ += …
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Fourier synthesis

30

Fourier synthesis
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resolution & electron density map

d > 2.20Å d > 1.54Å

d > 1.19Å d > 0.77Å

4,5-diamino-2-chloropyrimidine
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phase problem
the phase angle of each Fourier wave is lost in the 

diffraction pattern
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electron density

phase angle
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phase problem

38

phase problem

: the scattering power of atom j

depends on the positions of atoms
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for smaller molecules

(a) Guess & trial-and-error

(b) heavy atom phasing

how to solve...
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example: C3Br molecule
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example: C3Br molecule

1

2

3C1～3

42

R
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C3Br

example: C3Br molecule
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but... our target is 
a protein molecule
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for example

Hg

molecular weight: 17,184

more than 9,000 electrons

1,200 non-hydrogen atoms only 80 electrons

myoglobin
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key paper

Nature (1960) 185, 422-427

myoglobin の
2Åの構造解析

© 1960 Nature Publishing Group

Nature (1956) 177, 476-477

© 1956 Nature Publishing Group

© 1956 Nature Publishing Group

Virus の構造予測
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ここで時間切れ…
MIR法の説明以降は次週
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