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• 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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TECHNOLOGY 

Communicated December 31, 1952 

The nucleic acids, as constituents of living organisms, are comparable in 
importance to the proteins. There is evidence that they are involved in 
the processes of cell division and growth, that they participate in the trans- 
mission of hereditary characters, and that they are important constituents 
of viruses. An understanding of the molecular structure of the nucleic 
acids should be of value in the effort to understand the fundamental phe- 
nomena of life. 

We have now formulated a promising structure for the nucleic acids, by 
making use of the general principles of molecular structure and the avail- 
able information about the nucleic acids themselves. The structure is not 
a vague one, but is precisely predicted; atomic coordinates for the principal 
atoms are given in table 1. This is the first precisely described structure for 
the nucleic acids that has been suggested by any investigator. The struc- 
ture accounts for some of the features of the x-ray photographs; but de- 
tailed intensity calculations have not yet been made, and the structure can- 
not be considered to have been proved to be correct. 

The Formulation of the Structure.-Only recently has reasonably complete 
information been gathered about the chemical nature of the nucleic acids. 
The nucleic acids are giant molecules, composed of complex units. Each 
unit consists of a phosphate ion, HP04--, a sugar (ribose in the ribonucleic 
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光(波)の重ね合わせと位相の関係

+ + +

= = =

in phase 180° shift 360° shift
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回折

光が強め合う位置

2つ穴のスリット

a と r は反比例
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2次元の場合
穴の開いた
格子の回折

a
b
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1/b
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2次元の場合の「例」

60μmメッシュ

ピンホール
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間隔
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逆空間の概念
“reciprocal space”

13

Perutzの検証実験

5.4 Å

1.5 Å
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回折パターン(Fourier変換)

Scattering Object
A

Diffraction Pattern
T(A)

step function central peak flanked by 
dying ripples
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 ら旋の回折パターン(Fourier変換)

1/T
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 ら旋の回折パターン(Fourier変換)
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 ら旋の回折パターン(Fourier変換)

δ = β
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Convolution Product
畳み込み積 A ＊ B

A ＊ B

1 1 12

一次元

A ＊ B=
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Convolution Product
畳み込み積 A ＊ B
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Convolution Product
畳み込み積 A ＊ B

「結晶」

A ＊ B =

＊ =

分子 格子

A ＊ B

結晶
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ConvolutionのFourier変換

T(A ＊ B) = T(A) ! T(B)

T(A ! B) = T(A) ＊ T(B)
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T(A ＊ B) = T(A) ! T(B)

A ＊ BA B

a

T(A) T(A) ! T(B)

1/a

T(B) 
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T(A ! B) = T(A) ＊ T(B)

T(A) ＊ T(B)T(A) T(B)

1/a

A ! BA B

a

DNA

discontinuous 
helix
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 ら旋の回折パターン(Fourier変換)

δ = β
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 DNAら旋
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 helixの回折パターン(Fourier変換)

pitch of 
the helix

rise per base
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 helixの回折パターン
@1953 @1981

P = 34 Å, h = 3.4 Å 
⇒ 10 base pairs / turn

34 Å

3.4 Å
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The Long Road

35

pre-histroy
1860’s F Miesher 膿(うみ)とサケ精子から核酸を単離

リンを含むことを発見(蛋白質の一種と考えていた…)

1900’s A Kossel リン酸，糖，塩基から成ることを決定
1920’s DNAとRNAの2種類ある

DNA(動物)，RNA(植物)との説
tetranucleotide仮説 -(ATCG)-(ATCG)-(ATCG)-

1944 O Avery DNA injection (transform) 実験
DNAが遺伝情報を含む

1950 E Chargaff A & T, G & C の「比が1」を発見 “Chargaff ’s ratio”

“Pairing”については言及していない…(「理由」も…)

1952 Hershey & Chase bactriophage infect E coli (only the DNA goes inside)
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Triple Helix

37

triple helix
• 1951: Watson & Crick

- 外向きtriple helixのモデル

- Wilkinsらに笑われ，Braggが怒る…

• 1951: Fraser @ Wilkins’s lab

- 内向きのtriple helixモデル (not published)

- base間の水素結合を提唱

• 1953: Pauling & Corey

38

Watson & Crick

Pauling & Corey
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3つの問題点

•  外向きhelix

• triple helix

•  8 fold

(内向き)

(double helix)

(10 fold)
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triple helix ?

Franklin’s photo

3.4 Å

19 Å

DNA helix

3.4 Å
19 Å

ρ(density) = 1.62 g/cm3

nucleotide / disk = 2.85 = 3
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acids, deoxyribose in the deoxyribonucleic acids), and a purine or pyrimidine 
side chain (adenine, guanine, thymine, cytosine, uracil, 5-methylcytosine). 
The purine or pyrimidine group is attached to carbon atom 1' of the sugar, 
through the ring nitrogen atom 3 in the case of the pyrimidine nucleotides,1 
and the ring nitrogen atom 9 in the case of the purine nucleotides.2 Good 
evidence has recently been obtained as to the nature of the linkage between 
the sugar and the phosphate, through the investigations of Todd and his 
collaborators ;3 it seems likely that the phosphate ester links involve carbon 
atoms 3' and 5' of the ribose or deoxyribbse. New chemical evidence that 

'the natural ribonucleosides have the f-D-ribofuranose configuration has also 
been reported by Todd and his collaborators,4 and spectroscopic evi- 
dence indicating that the deoxyribonucleosides have the same configuration 
as the ribonucleosides has been obtained.5 The /.-D-ribofuranose configura- 
tion has been verified for cytidine by the determination of the structure of 

TABLE 1 

ATOMIC COORDINATES FOR NUCLEIC ACID 
ATOM p Z ATOM p 0 Z 

P 2.65A 0.0? 0.0A 0' 4.4 A 45.4? 2.65A 
O1 2.00 28.3? -0.67 021 6.1 81.0? 2.1 
Oii 2.00 -28.3? 0.67 N3 6.7 52.8? 2.8 

OnI = 05' 3.72 13.50 0.93 C4 7.85 59.3? 2.8 
OIv = 03' 3.72 -13. 5 -0.93 C5 9.1 55.2? 2.8 

C5' 3.4 35.3? 0.7 C6 9.35 46.99 2.8 
C4' 3.2 51.6? 1.9 N6 10.7 44.9? 2.8 
C3' 3.8 74.6", 1.55 N1 8.45 39.9? 2.8 
C2' 5.3 70.3? 1.75 C2 7.05 41.5? 2.8 
C1' 5.3 58.2? 2 8 02 6.35 32.4? 2.8 

Identity distance along z axis = 27.2 A. 
Twenty-four atoms of each kind, with cylindrical coordinates (right-handed axes). 
p, 0 + n .105.0 , n -3.40 + z; p, 4 + n 105.0 o + 120 , n .3.40 + z; p, f + n 105.0 + 

240 ,n .3.40 + z; n = 0, 1.,2,3,4,5,6,7. 

the crystal by x-ray diffraction; cytidine is the only nucleoside for which a 
complete x-ray structure determination has been reported.6 

X-ray photographs have been made of sodium thymonucleate and other 
preparations of the nucleic acids by Astbury and Bell.7' 8 It has recently 
been reported by Wilkins, Gosling, and Seeds9 that highly oriented fibers of 
sodium thymonucleate have been prepared, which give sharper x-ray 
photographs than those of Astbury and Bell. Our own preparations have 
given photographs somewhat inferior to those of Astbury and Bell. In the 
present work we have made use of data from our own photographs and 
from reproductions of the photographs of Astbury and Bell, especially those 
published by Astbury.10 Astbury has pointed out that some information 
about the nature of the nucleic acid structure can be obtained from the 
x-ray photographs, but it has not been found possible to derive the structure 
from x-ray data alone. 
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hydrogen-bond distance is 2.50 A, and each phosphate tetrahedron has two 
0-0 contacts at 2.50 A, with tetrahedra in the layer above. The group of 
three phosphate tetrahedra in each layer is obtained from that in the layer 
below by translation upward by 3.40 A, and rotation in the direction cor- 
responding to a left-handed screw by the azimuthal angle 15?. Thus there 
are strings of phosphate tetrahedra that are nearly superimposed, and 
execute a slow twist to the left. These strings are not connected together 
into a single polynucleotide chain, however. The sugar residues connect 
each phosphate group with the phosphate group in the layer above that is 
obtained from it by the translation by 3.40 A and rotation through the 
azimuthal angle 105?, in the direction corresponding to a right-handed 
screw, as shown in figure 2. This gives rise to a helical chain, with pitch 
11.65 A, and with 3.43 residues per turn of the helix. The chain has an 
identity distance or approximate identity distance of 81.5 A, corresponding 
to 24 nucleotide residues in seven turns, as shown in figure 3. The three 
chains of the molecule interpenetrate in such a way that the pitch of the 
triple helix is 3.88 A, and the identity distance or approximate identity 
distance is 27.2 A, corresponding to eight layers (see also Figs. 4, 5, and 6). 

The structure requires that the sugar residues have the f-furanose con- 
figuration; steric hindrance would prevent the introduction of purine or 
pyrimidine groups in the positions corresponding to the a configuration. 
The planes of the purine and pyrimidine residues may be perpendicular or 
nearly perpendicular to the axis of the molecule. This causes these groups 
to be superimposed in layers that execute a slow left-handed turn about the 
molecule, the distance between the planes of successive groups being 3.4 A. 
The orientation of the groups is accordingly that required by the observed 
strong negative birefringence of the nucleic acid fibers. The assignment of 
the sense of the helical molecules corresponding to the right-handed screw is 
required by the nature of the structure (the packing of the atoms near the 
axis, and the absolute configuration of the sugar, as given by the recent 
experimental determination16 that absolute configurations are correctly 
given by the Fischer convention). 

The structure bears some resemblance to the structures that have been 
suggested earlier, and described in a general way, without atomic coordi- 
nates. Astbury and Bell7 suggested that the nucleic acid molecule consists 
of a column of nucleotide residues, with the purine and pyrimidine groups ar- 
ranged directly above one another, in planes 3.4 A apart. Astbury10 con- 
sidered the possibility that the nucleotides are arranged in a spiral around 
the long axis of the molecule, and rejected it, on the grounds that it does not 
lead to a sufficiently close packing of the groups, as is required by the high 
density of the substance. He pointed out that it is unlikely that adjacent 
molecules could interleave their purine and pyrimidine residues in such a 
way as to lead to the high density. Our structure solves this problem by 
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the similar a helix, in which the atoms are packed in a satisfactorily close 
manner about the axis, is an important protein structure.) There are three 
possibilities as to the composition of the core: it may consist of the purine- 
pyrimidine groups, the sugar residues, or the phosphate groups. It is 
found by trial that, because of their varied nature, the purine-pyrimidine 
groups cannot be packed along the axis of the helix in such a way that suit- 
able bonds can be formed between the sugar residues and the phosphate 
groups; this choice is accordingly eliminated. It is also unlikely that the 
sugar groups constitute the core of the molecule; the shape of the ribo- 
furanose group and the deoxyribofuranose group is such that close packing 
of these groups along a helical axis is difficult, and no satisfactory way of 
packing them has been found. An example that shows the difficulty of 
achieving close packing is provided by the polysaccharide starch, which 
forms helixes with a hole along the axis, into which iodine molecules can 
fit. We conclude that the core of the molecule is probably formed of the 
phosphate groups. 

A close-packed core of phosphoric acid residues, HP04 ~, can easily be 
constructed. At each level along the fiber axis there are three phosphate 
groups. These are packed together in the way shown in figure 1. Six 
oxygen atoms, two from each tetrahedral phosphate group, form an octahe- 
dron, the trigonal axis of which is the axis of the three-chain helical molecule. 
A similar complex of three phosphate tetrahedra can be superimposed on 
this one, with translation by 3.4 A along the fiber axis, and only a small 
change in azimuth. The neighborhood of the axis of the molecule is then 
filled with oxygen atoms, arranged in groups of three, which change their 
azimuthal orientation by about 60? from layer to layer, in such a way as to 
produce approximate closest packing of these atoms. 

The height (between two opposite edges) of a phosphate tetrahedron is 
about 1.7 A. If the same distance were preserved between the next oxygen 
layers, the basal-plane distance along the fiber axis would be 3.4 A. This 
value is the spacing observed for the principal meridional reflection. 

It is to be expected that the outer oxygen atoms of the complex of three 
phosphate groups would be attached to the ribofuranose or deoxyribo- 
furanose residues, and that the hydrogen atom of the HPO4-- residues 

FIGURE 2 

Figure 2 (left). A 24-residue 7-turn helix representing a single polynucleotide chain 
in the proposed structure for nucleic acid. The phosphate groups are represented by 
tetrahedra, and the ribofuranose groups by dashed arcs connecting them. 

FIGURE 3 

Figure 3 (right). One unit of the 3-chain nucleic acid structure. Eight nucleotide resi- 
dues of each of the three chains are included within this unit. Each chain executes 31/. 
turns in this Unit. 
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which are involved in ester linkages. This distortion of the phosphate 
group from the regular tetrahedral configuration is not supported by direct 
experimental evidence; unfortunately no precise structure determinations 
have been made of any phosphate di-esters. The distortion, which cor- 
responds to a larger amount of double bond character for the inner oxygen 
atoms than for the oxygen atoms involved in the ester linkages, is a reason- 

FIGURE 6 

Plan of the nucleic acid structure, showing several nucleotide residues. 

able one, and the assumed distances are those indicated by the observed 
values for somewhat similar substances, especially the ring compound 
S309, in which each sulfur atom is surrounded by a tetrahedron of four 
oxygen atoms, two of which are shared with adjacent tetrahedra, and two 
unshared. The 0-0 distances within the phosphate tetrahedron are 2.32 
A (between the two inner oxygen atoms), 2.46 A, 2.55 A, and 2.60 A. The 

p.91

VOL. 39, 1953 CHEMISTRY: PA ULING AND COREY 91 

the five-membered ring' 0.5 A from the plane of the other four, as reported 
by Furberg6 for cytidine) is 4.95 A. It is found that it is very difficult to 
assign atomic positions in such a way that the residues can form a bridge 
between an outer oxygen atom of one phosphate group and an outer oxygen 
atom of a phosphate group in the layer above, without bringing some atoms 
into closer contact than is normal. The atomic parameters given in Table 

f' N6 
Q^? 2.80 \ff^ 

C4 C 
..?Q 2.80 12.80 

-ci 

\ / , 

2 b.65 28 2.80 

4.027 i 2.80 2.80 

8265 2.80 

2.73 2 .63 -0.67 

2. A 0 0.93 / 0.67 0.93 

FIGURE 5 

A plan of the nucleic acid structure, showing four of the phosphate groups, one ribo- 
furanose group, and one pyrimidine group. 

1 represent the best solution of this problem that we have found; these 
parameters, however, probably are capable of further refinement. The 
structure is an extraordinarily tight one, with little opportunity for change 
in position of the atoms. 

The phosphate groups are unsymmetrical: the P-O distance is 1.45 A 
for the two inner oxygen atoms, and 1.60 A for the two outer oxygen atoms, 
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It is interesting to note that the purine and pyrimidine groups, on the 
periphery of the molecule, occupy positions such that their hydrogen-bond 
forming groups are directed radially. This would permit the nucleic acid 
molecule to interact vigorously with other molecules. Moreover, there is 
enough room in the region of each nitrogen base to permit the arbitrary 
choice of any one of the alternative groups; steric hindrance would not in- 
terfere with the arbitrary ordering of the residues. The proposed structure- 
accordingly permits the maximum number of nucleic acids to be constructed, 
providing the possibility of high specificity. As Astbury has pointed 
out, the 3.4-A x-ray reflection, indicating a similar distance along the axis of 
the molecule, is approximately the length per residue in a nearly extended 
polypeptide chain, and accordingly the nucleic acids are, with respect to 
this dimension, well suited to the ordering of amino-acid residues in a pro- 
tein. The positions of the amino-acid residues might well be at the centers 
of the parallelograms of which the corners are occupied by four nitrogen 
bases. The 256 different kinds of parallelograms (neglecting the possibility 
of two different orientations of each nitrogen base) would permit consider- 
able power of selection for each position. 

(Added in proof.) Support of the assumed phosphorus-oxygen distances 
in the phosphate di-ester group is provided by the results of the deter- 
mination of the structure of ammonium tetrametaphosphate.19, 20 In this 
crystal there are P4012 complexes, consisting of four tetrahedra each of 
which shares two oxygen atoms with other tetrahedra. The phosphorus- 
oxygen distance is 1.46 A for the oxygen atoms that are not shared, and 
1.62 A for those that are shared. These values are to be compared with 
the values that we have assumed, 1.45 A for the inner oxygen atoms 
(which are not shared), and 1.60 A for the outer ones, which have bonds to 
carbon atoms. 

This investigation was aided by grants from The National Foundation for 
Infantile Paralysis and The Rockefeller Foundation. 
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the House Un-American Activities Committee

http://paulingblog.wordpress.com/

By 1950, largely as a result of information sharing between 
the FBI, the Tenney Committee, the House Un-American 
Activities Committee (HUAC) and others, Linus Pauling’s 
name was high on the lists of congressional investigatory 
bodies harboring an interest in U.S. communist subversion. 
- snip -
His theories were also being challenged by several leading 
British scientists, forcing him to spend a great deal of his time 
addressing criticism. Indeed, he was so busy at the height of 
this work that he postponed a trip to Europe and turned down 
a visiting professorship at Harvard.

歴史の「もしも」
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hemoglobin sagaの
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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 

[83 6-2 

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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