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渡邉 信久

第3回

3回目です．
前回は「球状蛋白質の構造」の議論の歴史ということ
で，シクロールの話をしました．

(2回目をやってみた感じで，時間がありそうなら，ラボク
イップモデルで実際にヘリックスを組んでみる．学部2年
生の授業では丁寧に説明しているが，修士1年生の講義だ
とすると，一度「放置」して各自に組ませてみるか?)
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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
Space-filling model of the alpha-helix. 1951.

http://osulibrary.oregonstate.edu/

で，今回はαヘリックスの構造の解明の話です．
初回にアストベリーが，繊維写真を「解釈」して解明し
たのは何ですか?
βシート構造の方ですよね．アストベリーはαパターンの
構造も提案していますが，それは間違っていて，それが
きっかけになって，シクロール説が出てしまったのは，
先週見ました．
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構造解析への期待
Astbury：

Pauling：

1860 LINUS PAULING AND CARL NIEMANN Vol. 61 

[CONTRIBUTION FROM THE GATES AND CRELLIN LABORATORIES 6~ CHEMISTRY, CALIFORNIA INSTITUTE OF TECHNOLOGY, 
No. 7081 

The Structure of Proteins 
BY LINUS PAULING AND CARL NIEMANN 

1. Introduction 
It is our opinion that the polypeptide chain 

structure of proteins,l with hydrogen bonds and 
other interatomic forces (weaker than those corre- 
sponding to covalent bond formation) acting be- 
tween polypeptide chains, parts of chains, and 
side-chains, is compatible not only with the chemi- 
cal and physical properties of proteins but also 
with the detailed information about molecular 
structure in general which has been provided by 
the experimental and theoretical researches of the 
last decade. Some of the evidence substantiat- 
ing this opinion is mentioned in Section 6 of this 
paper. 

Some time ago the alternative suggestion was 
made by Frank2 that hexagonal rings occur in pro- 
teins, resulting from the transfer of hydrogen 
atoms from secondary amino to carbonyl groups 
with the formation of carbon-nitrogen single 
bonds. This cyclol hyfiothesis has been de- 
veloped extensively by W r i n ~ h , ~  who has con- 
sidered the geometry of cyclol molecules and has 
given discussions of the qualitative correlations 
of the hypothesis and the known properties of 
proteins. 

It has been recognized by workers in the field 
of modern structural chemistry that the lack of 
conformity of the cyclol structures with the rules 
found to hold for simple molecules makes i t  very 
improbable that any protein molecules contain 
structural elements of the cyclol type. Until re- 
cently no evidence worthy of consideration had 
been adduced in favor of the cyclol hypothesis. 
Now, however, there has been published4 an inter- 
pretation of Crowfoot’s valuable X-ray data on 
crystalline insulin5 which is considered by the 
(1) E. Fiacher, “Untersuchungen tiber Aminosauren, Polypeptide 

und Protein,” J. Springer, Berlin, 1906 and 1923. 
(2) F. C. Frank, Nafurc, 188, 242 (1936); this idea was first pro- 

posed by Frank in 1933: see w. T. Astbury, J. Textile Inst . ,  31, 282 
(1936). 
(3) D. M. Wrinch, (a) Nafuw,  137, 411 (1936); (b) 188, 241 

(1936); (c) 189, 651, 972 (1937); (d) R o c .  Roy. SOC. (London), 
8160, 59 (1937); (e) A161, 505 (1937); (f)  Trans. Faraday SOC., 83, 
1368 (1937): (g) Phil.  Mag., 26, 313 (1938); (h) Nafurc,  143, 482 
(1939); etc. 
(4) (a) D. M. Wrinch, Science, 88, 148 (1938); (b) THIS JOURNAL, 

60, 2005 (1938); (c) D. M. Wrinch and I .  Langmuir, ibid., 60, 
2247 (1938); (d) I. Langmuir and D. M. Wrinch, Nafurc, 142, 581 
(1938). 

( 5 )  D .  Crowfoot, Proc. Roy. SOC. (London), A164, 580 (1938). 

authors to provide proofs that the insulin mole- 
cule actually has the structure of the space-en- 
closing cyclol CZ. Because of the great and wide- 
spread interest in the question of the structure of 
proteins, i t  is important that this claim that insu- 
lin has been proved to have the cyclol structure 
be investigated thoroughly. We have carefully 
examined the X-ray arguments and other argu- 
ments which have been advanced in support of 
the cyclol hypothesis, and have reached the con- 
clusions that there exists no evidence whatever in 
support of this hypothesis and that instead strong 
evidence can be advanced in support of the con- 
tention that bonds of the cyclol type do not occur 
a t  all in any protein. A detailed discussion of 
the more important pro-cyclol and anti-cyclol ar- 
guments is given in the following paragraphs. 

2. X-Ray Evidence Regarding Protein Structure 
It has not yet been possible to make a complete 

determination with X-rays of the positions of the 
atoms in any protein crystal; and the great com- 
plexity of proteins makes i t  unlikely that a com- 
plete structure determination for a protein will 
ever be made by X-ray methods a10ne.~ Never- 
theless the X-ray studies of silk fibroin by Herzog 
and Jancke,8 Brill,g and Meye; and Marklo and of 
p-keratin and certain other proteins by Astbury 
and his collaboratorsll have provided strong (but 
(6) In ref. 4d, for example, the authors write “The superposability 

of these two sets of points represented the first stage in the proof of 
the correctness of the Ct structure proposed for insulin. . . . These 
investigations, showing that  i t  is possible to  deduce that  the insulin 
molecule is a polyhedral cage structure of the shape and size pre- 
dicted, give some indication of the powerful weapon which the 
geometrical method puts at our disposal.” 
(7) A protein molecule, containing hundreds of amino acid resi- 

dues, is immensely more complicated than a molecule of an amino 
acid or of diketopiperazine. Yet despite attacks by numerous in- 
vestigators no complete structure determination for any amino acid 
had been made until within the last year, when Albrecht and Corey 
succeeded, by use of the Patterson method, in accurately locating 
the atoms in crystalline glycine [G. A. Albrecht and R. B. Corey, 
THIS JOURNAL. 61, 1087 (1939)l. The only other crystal with a 
close structural relation to proteins for which a complete structure 
determination has been made is diketopiperazine [R. B. Corey, ibid.. 
60, 1598 (1938)l. The investigation of the structure of crystals of 
relatively simple substances related to proteins is being continued in 
these Laboratories. 
(8) R. 0. Herzog and W. Jancke, Bcr., 18, 2162 (1920). 
(9) R. Brill, Ann. ,  434, 204 (1923). 
(10) K. H. Meyer and H. Mark, Bey., 61,1932 (1928). 
(11) W. T. Astbury, J SOC. Chem. Ind . ,  49, 441 (1930); W. T .  

Astbury and A. Street, Phil.  Trans. Roy. SOC.,  A280, 75 (1931): 
W. T. Astbury and H. J. Woods, ibid., 8384, 333 (1933); etc. 

前回は1930年代半ばから40年代にかけての話でした．今日は1950年代にま
で飛びます．
この時代の状況の復習ですが，先週も見たように， アストベリーは，積極的
に構造解析の必要性を唱えていました．一方，今日の主役のポーリングは，
どっちかというと「そんなの出来っこない」と言っていたのです．
ようやく小さい分子のＸ線結晶構造解析が可能になって来ていた頃です．
ポーリングはタンパク質の複雑さをよく理解しており，それを考えると，タ
ンパク質のＸ線結晶構造解析はずっと無理だろうと思っていました．「そん
なの出来っこない」ですね．
(みなさんだったらどっちでしょう?)
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Bernalの決意
J.D.Bernal がタンパク質結晶構造解析の
   研究グループを組織

1933年：D.C.Hodgikin

ペプシン，インシュリン

1936年：M. Perutz

ヘモグロビン

ちょっと，今日の内容からすると余談ですが，「時代背景」を
少しだけ見ておくと…

ポーリングが「できっこない」と考えていた時代に，「結晶に
なるなら解析することが出来る」という強い信念で，バナール
がＸ線結晶構造解析を決意し，イギリスのケンブリッジに研究
室を作りました．1933年にドロシーが，1936年にペルーツが
加わります．
「タンパク質はコロイドかも」という時代は終っています．
ドロシーが解析したのはペプシンやインシュリン，ペルーツは
ヘモグロビンです．
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タンパク質の「結晶」の登場

ヘモグロビンの結晶のＸ線回折写真
(1937年 ペルーツらが撮影)

Ｘ線

これは，1937年にペルーツ，ファンクーヘン，バナール
が撮影したヘモグロビンの結晶のＸ線回折写真です．
「結晶化することが出来る」，ということは「原理的に
は」構造を解析することが出来る，ということを意味し
ます．
ヘモグロビンの「構造」が発表されたのはいつですか?
でも，ヘモグロビンの5.5Åの構造がNatureに発表された
のは1960年ですから，20年以上かかっています．
どうです．すごいですね…
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残されていた課題
Astburyの繊維写真に

話を戻しましょう．
蛋白質分子全体の構造の解明に継がる，結晶構造解析の
話は，ちょっと置いておきます．

今日は，アストベリーの繊維写真の2つのパターンの一
方，α型の構造の解釈の話です．
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α pattern

ケラチン繊維

一回目の復習です．
アストベリーのβケラチンの「伸びた鎖」の構造は一般的
に認められていましたが，折り畳まれたα構造は，まだ謎
です．この繊維軸方向の5.18Åの周期性を説明すること
が出来る，もっと良い解釈が求められていました．
実は，この5.18Åには，ちょっとだけ落とし穴があった
のですが，それはまた後で話します．
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key paper

Nature (1951) 167, 1053-1054

Studies in copolymerization 321 
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Polypeptide chain configurations in crystalline proteins 
BY SIR LAWRENCE BRAGG, F.R.S., J. C. KENDREW AND M. F. PERUTZ 

Cavendish Laboratory, University of Cambridge 

(Received 31 March 1950) 

Astbury's studies of a-keratin, and X-ray studies of crystalline haemoglobin and myoglobin 
by Perutz and Kendrew, agree in indicating some form of folded polypeptide chain which has 
a repeat distance of about 5-1 A, with three amino-acid residues per repeat. In this paper 
a systematic survey has been made of chain models which conform to established bond 
lengths and angles, and which are held in a folded form by N-H-O bonds. After excluding 
the models which depart widely from the observed repeat distance and number of residues 
per repeat, an attempt is made to reduce the number of possibilities still further by comparing 
vector diagrams of the models with Pattersona projections based on the X-ray data. When 
this comparison is made for two-dimensional Patterson projections on a plane at right angles 
to the chain, the evidence favours chains of the general type proposed for ac-keratin 
by Astbury. These chains have a dyad axis with six residues in a repeat distance of 10-2 A, 
and are composed of approximately coplanar folds. As a further test, these chains are 
placed in the myoglobin structure, and a comparison is made between calculated and 
observed F values for a zone parallel to the chains; the agreement is remarkably close taking 
into account the omission from the calculations of the unknown effect of the side-chains. On 
the other hand, a study of the three-dimensional Patterson of haemoglobin shows how 
cautious one must be in accepting this agreement as significant. Successive portions of the rod 
of high vector density which has been supposed to represent the chains give widely different 
projections and show no evidence of a dyad axis. 

The evidence is still too slender for definite conclusions to be drawn, but it indicates that 
a further intensive study of these proteins, and in particular of myoglobin which has 
promising features of simplicity, may lead to a determiriation of the chain structure. 

21-2 

Proc. Roy. Soc. London (1950) A203, 321-357

Proc. Natl. Acad. Sci. USA (1951) 37, 205-211

© 1951 Nature Publishing Group

© 1951 Nature Publishing Group

α-helix の提案

「紙」と手による論考

α-helix の実験的検証

ヘリカルモデルの提案

今日の key paper はこれです．
1報目は，ブラッグ，ケンドリュー & ペルーツ，2報目が
ポーリングらの，そして3報目がペルーツの論文です．
1950年から51年にかけての議論です．
今日は，だいたいこの順番を追って見ていきます．
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@ Cambridge

Perutz Kendrew

Braggのチーム

最初はイギリスのケンブリッジですが，バナールはロン
ドンへ移り，ドロシーも学位を取ってオックスフォード
に行きます．バナールの後にはブラッグ(息子の方：ロー
レンス)がやって来ます．第二次世界大戦中にインドでケ
ンドリューがバナールに逢い，ブラッグの研究室に行く
ことを勧められます．兵役の後ですから，ケンドリュー
がブラッグの研究室に入ったのは27，8歳のころです．

こうしてケンブリッジの構造解析のチームは，ブラッグ，
ペルーツ，ケンドリュー体制になりました．
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Bragg, Kendrew & Perutz, Proc. Roy. Soc. London (1950) 
A203, 321-357

Studies in copolymerization 321 
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Astbury's studies of a-keratin, and X-ray studies of crystalline haemoglobin and myoglobin 
by Perutz and Kendrew, agree in indicating some form of folded polypeptide chain which has 
a repeat distance of about 5-1 A, with three amino-acid residues per repeat. In this paper 
a systematic survey has been made of chain models which conform to established bond 
lengths and angles, and which are held in a folded form by N-H-O bonds. After excluding 
the models which depart widely from the observed repeat distance and number of residues 
per repeat, an attempt is made to reduce the number of possibilities still further by comparing 
vector diagrams of the models with Pattersona projections based on the X-ray data. When 
this comparison is made for two-dimensional Patterson projections on a plane at right angles 
to the chain, the evidence favours chains of the general type proposed for ac-keratin 
by Astbury. These chains have a dyad axis with six residues in a repeat distance of 10-2 A, 
and are composed of approximately coplanar folds. As a further test, these chains are 
placed in the myoglobin structure, and a comparison is made between calculated and 
observed F values for a zone parallel to the chains; the agreement is remarkably close taking 
into account the omission from the calculations of the unknown effect of the side-chains. On 
the other hand, a study of the three-dimensional Patterson of haemoglobin shows how 
cautious one must be in accepting this agreement as significant. Successive portions of the rod 
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The evidence is still too slender for definite conclusions to be drawn, but it indicates that 
a further intensive study of these proteins, and in particular of myoglobin which has 
promising features of simplicity, may lead to a determiriation of the chain structure. 

21-2 

結晶学者の論文…

key paper

最初のkey-paperは，ブラッグ，ペルーツ，ケンドリュー
体制で書かれた論文です．
「結晶学者の論文」という意味は後で触れます．
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5X1 A repeat along the fibre axis which is shown prominently by X-ray photographs 
of ac-keratin and its analogues corresponds to an element of folded chain con- 
taining three amino-acid residues. Briefly, Astbury (private communication, 1949) 
summarizes the evidence as follows: 

(a) The fi-keratin X-ray diagram with its strong meridional 3-4 A reflexion 
represents a system of extended polypeptide chains as in figure 2(b), for which the 
average length per residue must be about 3 4A to correspond to the accepted bond 
lengths and angles. 

(b) Thefl configuration is approximately twice as long as the folded a configuration, 
since the reversible extensibility of wool and hair is approximately to twice the 
normal length. The average length per residue in the z chain is therefore 1*7 A, giving 
three residues per repeat of 5- 1 A. 

(b)T 

FIGuaRE 2. Chain configurations proposed by Astbury (I949a) for (a) oc-keratin, 
(b) fi-keratin. 

The model of the folded chain in figure 2 (a) is proposed for a-keratin by Astbury 
as that which at present seems to fit the facts best, other indications in favour of 
this structure being obtained from considerations of side chain packing. The 
complete repeat is at distances of 10.2 A, each loop occupying 5.1 A and containing 
three residues as indicated in the diagram. It will be referred to again below. 

Huggins (I943) has made an extensive review of possible types of polypeptide 
chains. He gives numerous examples of chains in both extended and shrunk forms, 
and of ways in which these may be linked together, showing how many the possibilities 
are until further evidence is obtained which restricts them. 

Recently a type of chain has been proposed by Ambrose & Hanby (I949; see also 
Ambrose, Elliott & Temple 1949) based on measurements of the dichroism of 

Astburyのα-keratin

β-keratin
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322 Sir Lawrence Bragg, J. C. Kendrew and M. F. Perutz 

1. INTRODUCTION 

Proteins are built of long chains of amino-acid residues. Amino-acids unite to form 
a chain (figure 1) in which the R groups are of some twenty-three different kinds, 
varying from a hydrogen atom in glycine to moderately complex groups (e.g. the 
linked five- and six-membered rings of tryptophan). As examples, insulin of molecular 
weight 12,000 has, according to Chibnall (I945), 106 residues, in four chains linked 
by six disulphide bridges of cystine (Sanger I948). Myoglobin, 17,000, has about 
146 residues; haemoglobin, 67,000, has about 580 residues. 

R. U 

LH N CO 
co CH ~~t~\ A CHINH CO CHI ^- -^ 

II~~~~~~~~~~~~~~~~~~~~~~~~~ 
FIGURE 1. Polypeptide chain. 

In this paper an attempt is made to glean as much information as possible about 
the nature of the chains from X-ray studies of crystalline proteins, and to survey 
the possible types of chain which are consistent with such evidence as is available. 
The configuration and arrangement of the R groups is not discussed; we are merely 

I 
concerned with the configuration of the -CO-CH-NH- chain to which they are 
attached. 

Certain features of all protein structures deserve special mention. 
R 

(a) The mean molecular weight of the residue H is much the same in 
NH Co 

most proteins, ranging between 110 and 120 (e.g. haenmoglobin 112.5). Since the 

molecular weight of the chain element -CO-CH-NH- is 56, one-half the weight 
of the protein is in the chain and one-half in the side groups, excluding associated 
water. To put this in another way, the average side-chain contains about four atoms 
other than hydrogen. 

(b) All the amino-acids occurring in proteins (except glycine which is non- 
enantiomorphous, and a very few amino-acids found in primitive organisms such as 
bacteria) have the steric configuration about the central carbon atom conventionally 
termed 'laevo'. 

(c) X-ray determinations of the structures of simple amino-acids or dipeptides 
yield consistent information about the interatomic distances and bond angles in 
their crystals, and presumably these angles and distances will not be very different 
in a long polypeptide chain. 

2. PREVIOUS SPECULATIONS ABOUT THE CONFIGURATION OF THE 
POLYPEPTIDE CHAIN 

Astbury and his co-workers in their pioneer investigations have made an ex- 
haustive study of the fibrous proteins such as the keratin of hair and wool. Their 
most important result, in the present connexion, is their inference that the marked 

5.1Å

さて，繰り返しになりますが，この論文の主題は，アス
トベリーらの繊維写真にある5.1Åの周期構造を説明でき
る蛋白質の「構造」はどういうものか，ということで
す．
この論文の図2に，アストベリーの提案したαケラチンと
βケラチンのモデルが載っています．
今迄(この論文以前)は，この程度だった，という意味で
す．
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4. CLASSIFICATION OF CHAIN STRUCTURES 

In this and the following sections we attempt to survey systematically all those 
types of folded polypeptide chain configurations which satisfy certain conditions, 
established by experiment or plausible on general grounds. 

It cannot be assumed as certain that the polypeptide chain has the same configura- 
tion in all crystalline proteins, or that a similar configuration occurs in fibrous 
proteins such as a-keratin. It is, however, not unreasonable to expect that haemo- 
globin and myoglobin contain chains of the same type, because these proteins appear 
to be closely related in several ways; and furthermore, the repeat distance, the inter- 
chain distance, and the number of residues per repeat, are similar in these two 
proteins to the corresponding features of a-keratin. It will therefore be assumed as 
a working hypothesis that the chain configurations in large classes of proteins 
resemble one another closely, while bearing in mind that this hypothesis is based on 
slender evidence and may have to be abandoned when further experimental data are 
available. 

In our survey of chain configurations we have adopted the following conditions: 

(a) Interatomic distances and bond angles 

Some relevant data have been obtained by X-ray analysis of the structures of 
amino-acids and small peptides. Glycine has been analyzed by Albrecht & Corey 
(I939), DL-alanine by Levy & Corey (I941) and ,-glycylglycine by Hughes & Moore 
(I949). An addition compound of cysteyl-glycine has recently been analyzed in the 
Cavendish Laboratory by Dyer, and progress has been made with the analysis of 
tripeptides and tetrapeptides. 

In an earlier paper Huggins (I943) has given the following summary of the 
H O 

I I I distances and angles to be expected in the chain unit -N -CC'-: 

H R 
(A) (0) 

N-C 141 NCC' 112 

C-C' 152 CC'N 118 

C'-O 1*25 C'NC 118 

C'-N 133 

The experimental results, including the most recent, agree generally with these 
figures, though with some individual variations (for summary see Corey I948). For 

example, in cysteyl-glycine Dyer has found C'NC considerably greater than the 
figure given. All the structures contain hydrogen bonds N-H.. .0 which vary in 
length between 2-6 and 2-85A. 

For the construction of models we have adopted the following values, which agree 
with those given by Huggins or with generally recognized standards: 

p.328

蛋白質が全部同じ「二次構造」を
持つことはあたりまえ?

この論文はレポート課題にしませんでしが，もしも読んで来
た人が居たら，議論にパターソン関数が出て来ます．です
が，今回の講義では説明しません．
さて今は「1950年」です．
これ，どうでしょう．結晶性(つまり球状蛋白質)は全部同じ
ようなコンフィギュレーションを持っているか，さらには，
αケラチンと似たような構造か．どうですか?
ここでは，「そうだ」ということが「作業仮説」として仮定
されています．
皆さんには「常識」なんでしょうが，これは，そういう時代
の研究です．

12
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4. CLASSIFICATION OF CHAIN STRUCTURES 

In this and the following sections we attempt to survey systematically all those 
types of folded polypeptide chain configurations which satisfy certain conditions, 
established by experiment or plausible on general grounds. 

It cannot be assumed as certain that the polypeptide chain has the same configura- 
tion in all crystalline proteins, or that a similar configuration occurs in fibrous 
proteins such as a-keratin. It is, however, not unreasonable to expect that haemo- 
globin and myoglobin contain chains of the same type, because these proteins appear 
to be closely related in several ways; and furthermore, the repeat distance, the inter- 
chain distance, and the number of residues per repeat, are similar in these two 
proteins to the corresponding features of a-keratin. It will therefore be assumed as 
a working hypothesis that the chain configurations in large classes of proteins 
resemble one another closely, while bearing in mind that this hypothesis is based on 
slender evidence and may have to be abandoned when further experimental data are 
available. 

In our survey of chain configurations we have adopted the following conditions: 

(a) Interatomic distances and bond angles 

Some relevant data have been obtained by X-ray analysis of the structures of 
amino-acids and small peptides. Glycine has been analyzed by Albrecht & Corey 
(I939), DL-alanine by Levy & Corey (I941) and ,-glycylglycine by Hughes & Moore 
(I949). An addition compound of cysteyl-glycine has recently been analyzed in the 
Cavendish Laboratory by Dyer, and progress has been made with the analysis of 
tripeptides and tetrapeptides. 

In an earlier paper Huggins (I943) has given the following summary of the 
H O 

I I I distances and angles to be expected in the chain unit -N -CC'-: 

H R 
(A) (0) 

N-C 141 NCC' 112 

C-C' 152 CC'N 118 

C'-O 1*25 C'NC 118 

C'-N 133 

The experimental results, including the most recent, agree generally with these 
figures, though with some individual variations (for summary see Corey I948). For 

example, in cysteyl-glycine Dyer has found C'NC considerably greater than the 
figure given. All the structures contain hydrogen bonds N-H.. .0 which vary in 
length between 2-6 and 2-85A. 

For the construction of models we have adopted the following values, which agree 
with those given by Huggins or with generally recognized standards: 

328 Sir Lawrence Bragg, J. C. Kendrew and M. F. Perutz 

4. CLASSIFICATION OF CHAIN STRUCTURES 

In this and the following sections we attempt to survey systematically all those 
types of folded polypeptide chain configurations which satisfy certain conditions, 
established by experiment or plausible on general grounds. 

It cannot be assumed as certain that the polypeptide chain has the same configura- 
tion in all crystalline proteins, or that a similar configuration occurs in fibrous 
proteins such as a-keratin. It is, however, not unreasonable to expect that haemo- 
globin and myoglobin contain chains of the same type, because these proteins appear 
to be closely related in several ways; and furthermore, the repeat distance, the inter- 
chain distance, and the number of residues per repeat, are similar in these two 
proteins to the corresponding features of a-keratin. It will therefore be assumed as 
a working hypothesis that the chain configurations in large classes of proteins 
resemble one another closely, while bearing in mind that this hypothesis is based on 
slender evidence and may have to be abandoned when further experimental data are 
available. 

In our survey of chain configurations we have adopted the following conditions: 

(a) Interatomic distances and bond angles 

Some relevant data have been obtained by X-ray analysis of the structures of 
amino-acids and small peptides. Glycine has been analyzed by Albrecht & Corey 
(I939), DL-alanine by Levy & Corey (I941) and ,-glycylglycine by Hughes & Moore 
(I949). An addition compound of cysteyl-glycine has recently been analyzed in the 
Cavendish Laboratory by Dyer, and progress has been made with the analysis of 
tripeptides and tetrapeptides. 

In an earlier paper Huggins (I943) has given the following summary of the 
H O 

I I I distances and angles to be expected in the chain unit -N -CC'-: 

H R 
(A) (0) 

N-C 141 NCC' 112 

C-C' 152 CC'N 118 

C'-O 1*25 C'NC 118 

C'-N 133 

The experimental results, including the most recent, agree generally with these 
figures, though with some individual variations (for summary see Corey I948). For 

example, in cysteyl-glycine Dyer has found C'NC considerably greater than the 
figure given. All the structures contain hydrogen bonds N-H.. .0 which vary in 
length between 2-6 and 2-85A. 

For the construction of models we have adopted the following values, which agree 
with those given by Huggins or with generally recognized standards: 

Polypeptide chain configurations in proteins 329 

(i) Covalent distances: C-C, 1P52A; C-N, 1.36A; C-o, 1.24A. 
(ii) Hydrogen bond distances: N-O (in N-H...0) 2 85 A. 
(iii) Bond angles: C: tetrahedral distribution. 

N: tetrahedral (interbond angle 109? 28') or 
planar (120?).* 

N-H...O_C<: we have placed no restriction 

on NHO or on HOC, though we have generally 
attempted to make NHOC as nearly collinear 
as possible. 

(b) Optical configuration of amino-acids 
We have assumed that all the amino-acids (except glycine which is optically 

inactive) belong to the laevo series. 

(c) Symmetry of the chain 
Huggins (I943) has made the following two general points about the symmetry 

of a stable chain configuration: 
(i) 'Polypeptide chains extending through the crystalline regions must each have 

a screw axis of symmetry, or else two or more chains must be grouped around screw 
axes or other symmetry elements. The unbalanced forces on opposite sides of a chain 
which has no screw axis, e.g. any of the earlier chain structures advocated for 
a-keratin by Astbury or the one that he has most recently proposed for collagen, 
would tend to bend it continuously in the same direction.' 

(ii) 'In general, a structural pattern for a protein in which like groups are all 
surrounded in a like manner, except for differences between the R groups, is more 
probable than one in which this is not the case.' 

We have accepted Huggins's first criterion throughout; indeed, we have used it as 
a basis for classifying types of configuration. In other words, all the structures 
examined possess a screw axis of symmetry (not necessarily restricted to crystallo- 
graphic types of screw symmetry, e.g. a fivefold axis would be permissible). 

Huggins's second criterion, that each element of the chain should be in a similar 
relation to neighbouring elements, we have not regarded as essential, and some of 
the chains described below do not obey this rule. 

(d) The role of hydrogen bonding 
We have made the plausible (but still unproved) assumption that the chain is held 

in a folded condition by hydrogen bonds between NH and \C0 groups of nearby 
amino-acid residues. In other words, the folded chain is thrown into a series of rings 
which must be ruptured at the hydrogen bond before unfolding can take place. 
Formally speaking, these rings may be of two types, illustrated diagrammatically in 
figure 4(a). 

* No complete structure analysis of any compound containing nitrogen bound analogously 
to nitrogen in proteins of the oc-keratin type is yet available. We have therefore thought it 
better to leave this question open for the present, and to examine, in each type of structure, 
the effect of the two configurations given. 
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In this and the following sections we attempt to survey systematically all those 
types of folded polypeptide chain configurations which satisfy certain conditions, 
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laevo only

have screw axis

SR

S : screw symmetry
R : # of atoms in the H-bond ring結晶学者の失敗…

この後，4つのことを「構造」が持つ条件として見て行きます．
(a) 原子間距離と結合角，(b) 光学異性体，(c) ペプチド鎖の持つ対称性，(d) 水素結合の役割．です．
原子間距離と結合角はいいですよね．当時，小さい分子の結晶構造解析から化学結合に関する知識は蓄積されていますので，それを利
用できます．光学異性体については，全部(グリシン以外は)左旋光性(levo型)だと分っています．
(そういえば，蛋白質のアミノ酸はD，L体のどっちですか? そのLはlevoのLです．dextro-rotatory（右旋性），levo-rotatory（左旋
性）)
さて，次ですが，彼等は，ヘリックスが持つ「対称性」としてら旋対称を仮定しました．そして，ら旋を維持するのが水素結合です
が，それがら旋の中で何原子離れた原子間で掛っているかをパラメタにしました．さっきのら旋対称の対称性と，この水素結合の規則
性の2つを”S_R”と表記します．
さっきも触れたように，彼ら3人は「結晶学者」として育っているので，結晶になるような球状蛋白質の内部構造にも，厳密は対称性
があるだろうと考えてしまった，ということでしょう． 実は，このように「厳密な」ら旋対称を持つとしたのが「失敗」の原因でし
た．
そのあたりを見ていきます．
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screw axes

2回ら旋 3回ら旋 4回ら旋

らせん対称とはどういうものかというと，こういう感じ
です．
それぞれ，2回，3回，4回ら旋です．一回転(つまり一周
期)したら，ちょうど真上に「原子」が来ています．
あと，ら旋のポイントは，それぞれ「1/2回転して1/2並
進」「1/3回転して1/3並進」や「1/4回転して1/4並
進」したら，そこに原子がある，ということです．
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screw axes

2回ら旋 3回ら旋

こっちの方が分り易いかな．
こんなふうに，矢印が「一回転(一周期)」で，ちょうど元
に位置に戻る．
その途中にそれぞれ1/2や1/3回転と1/2，1/3並進で原
子が来ている，そういう「対称性」を持っていることを
仮定して，αパターンの「構造」を検討したということで
す．
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screw modelp.336-9

2回ら旋 3回ら旋 4回ら旋

さて，論文に戻ります．
彼等は，α型の構造として，ら旋構造をいろいろ検討しました．20種類くらい考えて，
その中からそれらしいものを発表したのが，この論文です．1950年，「ら旋型の(ヘリ
カル)モデル」の登場です．

この図のように，彼らのモデルはちょうど「整数」の2回ら旋，3回ら旋，4回ら旋に
なっています．一周回って，ちょうど真上に来る構造です．でも，どれも「これが正し
いだろう」という決め手がなく，どれがいいのやら分らないという状況でした．実際
には，この「整数性」は間違っていたのです．前回みたサイクロールもそうですが，
「自然界には数学的な対称性という美しさがあるはず」という期待は，蛋白質の場合
には結局は裏切られています．
(そうした構造が「美しい」かどうかは別ですが)．
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screw
model

p.332

SR

332 Sir Lawrence Bragg, J. C. Kendrew and M. F. Perutz 
TABLE 1 

no. of no. of illustra- 
screw axis atoms repeat residues tions 

of in distances per (figure 
symmetry ring (A) repeat no.) comments 
twofold 7a 5-5'6 2 5 structure proposed by Huggins (I943) 

7 b 5-5-6 2 6 structure proposed by Zahn (I947) and 
Ambrose et al. (I949); readily folds 
in pairs; see ?7, 8 

8 4-6-4'8 2 7 structure proposed by Huggins (I943); 
only one configuration possible; 
repeat distance too short 

13 10*2 6 8 structure proposed by Astbury & Bell 
(I941); see ?7, 8 

14 10*2 6 9 see ?7, 8 
threefold 7 7-5 3 repeat distance too short 

8 5-4 3 10 hydrogen bonds mutually perpen- 
dicular; see ? 7 

10 5'2 3 11 structure proposed by Taylor (1941) 
and Huggins (1943); hydrogen bonds 
oriented nearly parallel to the chain 
direction; see ? 8 

11 '1 
13 '- - no possible structures 
14 

fourfold 7 
8 -o-o- no possible structures 

10 J 
11 5.4 4 rings somewhat strained; similar to 43; 
13 5.6 4 12 a possible structure 

14 or - no possible structures 
greater 

fivefold and - - - - all such structures contain more than 
higher four amino-acid residues per repeat 
symmetries unit 

detail (27a and 413). It appears highly improbable that the number of residues in the 
5 A repeat is greater than four, and this criterion excludes symmetries which are 
more than fourfold; a fivefold chain repeating at 5 A, for example, would necessarily 
contain at least five amino-acid residues per repeat. 

The following diagrams illustrating the types of chain were drawn from optical 
projections of models, and are only intended to illustrate the structure of the chain. 
The co-ordinates of the atoms given in the accompanying tables are accurate to about 
o*1A. 

(i) Twofold str-uctur-es 
Seven-atom ring (27 a, 27 b) 

One form of this ring (27 a) was proposed by Huggins (I 943), whose drawings of it 
are reproduced in figure 5. The chain itself forms a more or less flat ribbon while 
R groups project alternately up and down from the plane of the ribbon. The repeat 
distance is 5 to 56 A and contains two residues.* 

* The precise repeat distances in 27 and 28 cannot be predicted since the N-H-O-C 
bonds deviate widely from a straight line, and precise experimental evidence is not yet 
available for the N-O distance in such a case. 

S R

さっきのS_Rという表記で， この表のように「水素結
合」の規則性もまとめてあります．
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ペプチド平面，水素結合の向きよりも… 

screw の整数性を重視
p.333

Polypeptide chain configurations in proteins 333 
The other form (27b), differing only in that the R groups and H atoms on the 

a-carbon atoms are interchanged, was suggested by Zahn (I947) and described in 
more detail by Ambrose & Hanby (I949) and Ambrose et al. (1949). As shown in 
figure 6 the R groups now lie approximately in the plane of the ribbon, instead of 
normal to it. This is an attractive feature of the structure, since it enables the chain 

cC o N 00 OR *H 

FIGURE 5. Projections of 27a chain, after Huggins (1943). Repeat distance about 5 A 

(b) 
x 

Cfi 

Table of co-ordinates in A / | ) 
x y Z (} n' 

N 0-7 0. 0.0 Az 
C 1.1 0.6 1.1 
R 2 6 0 6 1.2(C + 
C 0.6 0.0 2-4 i 
O' 1.2 0-8 3.1 A 0 

A 

Atoms in amnino-acid I at (x, y, z) 0 2 4 ) (a) 
Atomns in amnino-acid 2 at (x, y, z + 2- 85) I I 

FIGURE 6. Projections of 27 b chain. 

R2 Ni (cR 

04 

Table of co-ordinates in A )) 
1 2 

X yl Z X y Zi 
N 1-2 0-0 7-7 1-9 0-0 8-4*,, i 
C 0-5 0-9 8-5 1-7 0-6 7-4 S * - 

R 0-2 2- 1 7-8 2-0 2-0 7-7 ** 
C,'0.70.2 9.0 2-6 0-2 6-2r O 1-0 0-010-2 3-6 0-5 6-4 S f 

C 3-1 0-1 4-1 
R 3-1 1-6 4e4 FIGURE 9. Projections of 2144 1 chain. 
C' 2-5 0-0 2-7 
O 3-3 0-4 1-7 
Atoms in amino-acid residules 4, 5, 6 

正

正
誤

誤

27 214SR

彼らのモデルは「整数」のら旋性を重視していて，例え
ば，ペプチド結合の平面性や水素結合の方向は，あまり
厳密に考えていません．
左が2_7ら旋，右が2_14ら旋ですが，それぞれどちらか
に問題がある構造になってしまっています．
どこが変ですか?
この論文の最初に話したように，彼等は分子内にもきち
んとした対称性があるだろうということを仮定してし
まっている訳です．この場合は，「結晶学者」だったこ
とが落とし穴になってしまいました．
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@ Caltec

Pauling

Pauling & Corey

(実は @ Oxford…)

結晶学者で
なかった…

一方，アメリカのカルテックのポーリングもヘリックスの構造を検討していまし
た．3年後に，ポーリングが「αヘリックス」のモデルを発表します．
これは，ポーリングとコーリーが1Åを1インチに拡大したヘリックスのモデルをい
じっている写真です．コーリーはＸ線結晶学者で，ポーリングに原子間結合距離や
結合角度の情報を供給していたのです．
今日，これから見ていく彼等のαヘリックスの論文は1951年ですが，実は，ポーリ
ングがαヘリックスのモデルを思い付いていたのはもっと早く，1948年のことで
す． その年，オックスフォードを訪れていたポーリングはインフルエンザにかかっ
てベッドで休みながら，紙に原子間の結合距離と角度の情報を使って絵を書いて，
その紙を折り曲げて，水素結合の様子を検討していました．
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Paulingの「紙」モデル

http://paulingblog.files.wordpress.com/

しかし，この後，3年間論文化せず…

Reconstruction of the alpha-helix paper model. Drawn and folded by Linus Pauling, 1982.

こんな絵です．(これは「そのもの」じゃなくて1982年にポーリングが自分で再現した紙です)
ポーリングの場合は，こういう紙をら旋に巻いた時，どうしたらちょうどいい位置関係になるかをやってみたわけで
す．そんなふうにやったわけですから，ブラッグ達のようにら旋の「整数性」にはこだわらず，いわば，「ヘリック
スのありよう」そのものに従ってみたということになります．
このポーリングがベッドで紙を折ってαヘリックスの構造を検討していたのを，ドロシー・ホジキンは見ていたそう
です．「彼(ポーリング)は，Ｘ線回折パターンの周期性にこだわらず，ら旋が「あるように」させた」と表現していま
す．
このベッドでの紙のモデルによる検討で，ポーリングは，ヘリックスの1ターンはペルーツらのような整数ではなく
3.6残基であると都合が良いことを発見します．ただ，「あるようにさせた」ら旋の周期はアストベリーの5.1Åに一
致せず，5.4Åになったので，このモデルを発表しないでしばらく，3年間そのままにしていました．その間にブラッ
グらが，さっきのら旋対称のヘリックスモデルを発表していたのです．
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key paper

Proc. Natl. Acad. Sci. USA (1951) 37, 205-211

さて，そのポーリングらの論文です．
21



p.205

この論文を「レポート課題」で読んでもらった訳ですが(図しか見なかっ
た人も居るかも)，「15年」色々やっているから書き出されています．感
想はどうでしょう．
この授業の趣旨は，こういうところも味わって欲しいというものです…

色々と蓄積されて来た情報から，2つの良さそうな構造モデルを得た．こ
の「ら旋構造」が，球状および繊維状蛋白質の重要な構成要素に違いな
い，としています．実際に一方は正解の「αヘリックス」でした．

さて，このヘリックスのモデルを，さっきの「紙を折って」考える際に，
ポーリングが使った「2つの重要な条件」とは何でしょう?．
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p.206 2つの重要な「条件」

1) ペプチド結合の平面性(前回も出て来ましたが共鳴構造
による)
2) 水素結合の向き
の2つですね．
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Paulingの「紙」モデル

http://paulingblog.files.wordpress.com/

しかし，この後，3年間論文化せず…

Reconstruction of the alpha-helix paper model. Drawn and folded by Linus Pauling, 1982.

さっきの「紙」ですが，そういう理由で，この折り目に
も意味があるわけです．
折り曲げてはいけないところはどこですか?
この赤四角ですよね．(ポーリングの折り跡はちょっとず
れている気がしますが…)
そんなふうにしながら，ここに書いてあるように，このA
とここのBが水素結合するように折り曲げてみたというこ
とです．
(OHPシートの紙ヘリックスで遊んでみる?)
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p.207 p.208

SR 3.613

laevo only???
left turn...

5.44Å
(≠5.1Å)

可能性は 3.7-residue か 5.1-residue helix

そうして，最終的に，Fig 2とFig 3に，2つのら旋構造の案を提案しています．
これは，そのうちのFig 2にある3.7-residue構造と，それを上から見た図(Fig 4)です．
さっきのブラッグやペルーツのS_Rの書き方ですと，3.6_13になります．”3.6” つまり，ら旋の周期がちゃんと整数
になっていないのです．
さて，今回のレポートは，これの何が間違っているかというのでしたが，どこが問題ですか?
両方ともアミノ酸がD体になっていて，Fig2の方は，さらに，ら旋が左巻きなんですね．．．
さっき見たPerutzらの「4つの前提」にはあったのですが，まあ，ポーリングですら，当時は，まだその辺のこと
を，ちゃんと認識していなかったということでしょうか．
それはとりあえず置いておくとして，この構造には別の「問題」があります．ら旋の周期がアストベリーの繊維写真
の5.1Åではなく，5.4Åになってしまうのです．(その食い違いのために，3年間論文にしないで置いておかれたので，
もしもブラッグらとの競争が無かったら，この構造は発表されなかったかも知れません．)
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「D体と左巻き」は，とりあえず置いておくことにして，
周期の5.4Åの問題を除けば，この構造は，ポーリングが
「条件」とした，ペプチド結合の平面性も水素結合の方
向も問題ないというものでした．

26



p.209-210 Paulingの自信が観られる…

繰り返しになるけど，周期の5.4Åの問題があるのです
が，それを置いておくと，前年に出たブラッグらのヘ
リックスは間違っていて，自分のが正しいという，ポー
リングの自信が読みとれます．
ここにあるように，彼等は，ペプチド結合の平面性も，
水素結合の距離や方向を無視してしまって，ら旋の周期
の「整数性」にとらわれている，という訳です．
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「化学の領域」付録@1954

さて，前回，シクロール説は1950年代の日本の生化学の
教科書にも残っていた，と話しましたが，このαヘリック
スの構造モデルの情報の「伝搬」は早いです．1954年の
「化学の領域」(南江堂)という雑誌の付録に，紙で作って
みるヘリックスのモデルが付いていました．
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一残基あたりの並進
1.5Å

@ Cambridge

“It was thunderstruck by Pauling 
and Corey’s paper.”

Perutz

さて，ポーリングの論文を見たペルーツは「人生最悪の経験だった」と
言っています．
ら旋の一巻当たりの残基数は整数なのが当たり前と思い込み，しかもペプ
チド結合の平面性をちゃんと考えないでたくさんのモデルを検討して発表し
てしまっていたからです．

この絵は右巻きヘリックスに直して描いてあります．ポーリングのヘリック
スは，ら旋のピッチが5.4Åですが，もしもこの構造が正しい場合，一残基
で1.5Å進みます．なので，もしもポーリングの構造モデルが正しいなら，
Ｘ線回折写真には1.5Åの周期に対応するピークが観察されるはずです．ア
ストベリーの写真にはそんなピークは写っていませんでした．
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key paper

Nature (1951) 167, 1053-1054

© 1951 Nature Publishing Group

© 1951 Nature Publishing Group

Paulingの論文の僅か2.5ヶ月後…

© 1951 Nature Publishing Group

Ｘ線屋だったペルーツは，ポーリングのヘリックスモデ
ルを実験的に検証して一矢報います．
ここにも書きましたが，この論文は，さっきのポーリン
グの論文がPNASに印刷されて，僅か2.5ヶ月後です．
Natureに…どうですか…
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© 1951 Nature Publishing Group

p.1053

ら旋構造，つまりアストベリーのαパターンを説明する構
造は色々提案されている．最新のものがポーリングらの
ものだ．でも，これまでＸ線回折パターンでちゃんと証
明した人は居ないぞ．それをこの論文でやるぞ，という
訳です…
何をどうやったかというと…
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Perutzの検証実験

Astburyの撮影法 Perutzの実験

実はこの1.5Åの周期のＸ線回折を観察しようと思うと，
繊維を傾けて写真を撮らないといけないことにペルーツ
は気が付きます．
左の配置が，アストベリーが繊維写真を撮影していたも
ので，今回ペルーツは，繊維をＸ線に対して傾けて撮影
します．
まだＸ線回折の原理を説明していないので，ちょっと難
しいので今日はちゃんとは説明できないのですが， 
ちょっとだけ原理を見ると…
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Perutzの検証実験
の理屈…

Astburyの撮影法 Perutzの実験

31°

Ｘ線回折の様子を理解するのに「逆空間」「逆格子」という概念があります．逆格子の話は次回す
るので，今日は詳細は省きますが，こっちからＸ線が来ていて，この図の黒い領域が，この球と交
わると，Ｘ線回折が起る．そういうものだと思って下さい．で，この黒い領域は，試料の周期構造
を反映しています．つまり試料にくっついている訳です．
なので，左のように繊維に垂直にＸ線を照射すると，この上の方の黒いところは「球」と交わらな
いので，回折が起りません．ところが，右のように，例えば31度繊維を傾斜させると，この上の黒
いところが「球」と交わるので，Ｘ線回折が起って，その回折Ｘ線が写真フィルムに記録されるこ
とになります．
(このあたりは来週説明するので，今日のところは，繊維を傾けたら，真っ直ぐの時には観察できな
かったことも観察でき，それをペルーツはやったんだ，と思って下さい．今日はそれでいいです…)
で，どういう回折パターンになったかというと…
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Perutzの検証実験

こうです．ここでは，彼は，ケラチンではなく，当時開
発されていて人工繊維であるポリベンジルグルタミン酸
(PBLG)の繊維をＸ線から55度から85度の間(補角は15度
から45度)で振動させて写真を撮影し，1.5Åの回折を確
認し，1951年のNatureに投稿しました．これはその写真
です．この赤矢印のところが1.5Åです．
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© 1951 Nature Publishing Group

© 1951 Nature Publishing Group

この論文では，写真フィルムだけでなく，検出器「ガイガーカウンター」が使用されてい
ます．
(今，フクシマ問題で，検出器がちょっと有名になっていますね．)
Fig 2ですが，こうした検出器で「精密」に測定した馬の毛の回折です．これで1.5Åの回折
が観察されていました．
(これは馬の毛なので5.4Åでなくて，アストベリーの写真と同じく5.1Åです)．

こうして，αヘリックスは，構造モデルを提案したのはポーリング，実験的に検証したのは
ペルーツということになりました．

球状タンパク質の構造の基本単位としてαヘリックスとβシートの2つの構造が確定するこ
とで，サイクロール説は完全にすたれます．
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5.4Å⇒

© 1953 Nature Publishing Group

© 1953 Nature Publishing Group

この人工繊維BPLGの左の写真の，この位置は5.4Åで，ポー
リングのモデルと合っています．アストベリーの写真の
5.1Åと同じではありません．最終的にα-keratinの回折が
5.1Åで5.4Åと違っていたことは，コイルドコイル(OKかな?)
だったのが原因ですが，その説明は1952から1953年にク
リックによってされています．コイルドコイルを形成するた
めに元のヘリックスが約18度傾斜しているという訳です．
ポーリングも1953年に独自にそれに気が付いています．こ
の右の図2つは1953年のポーリングのNature論文にある図
です．
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Paulingの「紙」モデル

http://osulibrary.oregonstate.edu/specialcollections/coll/
pauling/dna/video/1973v.3-alpha.html

さて，今日はここまで．これは，今日のおまけです．
今日紹介したポーリングの紙モデルの経緯をポーリング
が話しているビデオが，ここで見られます．
今日の話はαヘリックスでしたが，実は同じ1951年に，
やはりポーリングとコーリーの共著で，ベータシートの
構造の論文がPNASに投稿されています．興味があったら
探してみて下さい．
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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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triple helix

double helix

次回の key paper はこれです．次回は，みなさんが良くご存知の
DNAの構造の話です．できるだけ分り易く説明するつもりですが，次
回からは，もっとＸ線の話がたくさん出て来るようになります．

今度は，ポーリングが間違いを侵します．ワトソン&クリックの論文
はあまりにも有名なので，レポートは，
上のPNAS論文を読んで，ポーリングの誤りを指摘せよ，にします．
本当は丁寧に読んでもらうといいのですが，まあ，ちょっと長いの
で，ざっと目を通して，いくつか変だなと思うところを上げて下さ
い．それでいいことにします．
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