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誤った解釈

• Wrinch: cyclol

• Perutz: α-helix

• Pauling: triple DNA

「正解」を知っている現在の目から見ると…
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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. 
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chloroform melted at 214-216'. The pure ester of the 
terephthalic acid is recorded" as melting at 225'. Neu- 
tralization equivalent of the mixture of acids was 84.3; 
calculated for phthalic acid 83.3. No trace of benzoic acid 
could be detected among the oxidation products. Ap- 
parently the mixture is largely isophthalic acid. The 
yield calculated on the basis of four propyl chloride mole- 
cules to one of the butylpropylbenzene mixture varied 
from 14 to 38%, an estimation based upon the quantity of 
high boiling residue left after distilling the butylbenzene 
from each experiment. 

About 6 to 12 g. of a mixture of saturated and un- 
saturated compounds, boiling in the hexane and nonane 
range, was obtained from each of these preparations, the 
quantity being larger the higher the temperature of re- 
action. Careful fractionation in an eighteen-plate column 
failed to show any single product. All fractions also 
showed presence of unsaturated material. Upon ozonoly- 
sis of a 63 to 66' cut, decomposition of the ozonides with 
zinc and water, and careful fractionation of the resulting 
aldehydes and ketones, definite evidence in the form of the 
dinitrophenylhydrazone derivative was obtained for the 
presence of acetaldehyde. The melting point observed 
was 146-150"; that of an authentic sample was 147.5148'; 
and that of the mixture was 148-150 '. A mixed melting 
point with the like derivative of propionaldehyde (m. p. 
190") was 141". Owing to the small amount of material 
left after attempts a t  purification, a satisfactory melting 
point for 2-butanone-2,4-dinitrophenylhydrazone could 

not be secured but the crystals obtained were shown to 
be identical with an authentic sample in having parallel 
extinction, pleochroism, centered acute bisectrix, and 
elongated obtuse bisectrix, and were not in whole agree- 
ment with observations on known samples of the like 
derivatives of acetone and butyraldehyde. A trace of 
propionaldehyde may also be present, for a few crystals pre- 
pared from one of the fractions appeared to have similar 
optical properties.12 

Summary 
Organosodium compounds from n-butyl and 

n-propyl chlorides have been prepared, the ease 
of reaction being progressively less, the yields 
lower, and the ratio of di- to monocarboxylic acid 
greater than observed with the amyl homolog. 

n-Butyl- and n-propylsodium are progressively 
less reactive with benzene and toluene than is n- 
amylsodium. 

n-Butylbenzene can be prepared conveniently 
by adding propyl chloride to sodium in toluene 
at 72'. 

Metalation of butylbenzene takes place largely 
in the meta position. 

(12) We are greatly indebted to Mr. Gibb for assistance on the 
optical studies. 

CAMBRIDGE, MASS. RECEIVED OCTOBER 7, 1910 
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The Geometrical Attack on Protein Structure 
BY DOROTHY M. WIUNCH 

It is unnecessary a t  the present time to state 
the case for the cyclol hypothesis, since authorita- 
tive accounts have already been given by Lang- 
muir of the way in which the theory accounts sat- 
isfactorily for many of the well-known properties 
of the globular proteins.132 In a recent summary,a 
however, Pauling and Niemann repeat a number 
of statements purporting to disprove the theory 
already made by other writers. Attention must 
therefore be directed to a number of publications 
in which these criticisms have already been dis- 
cussed, a t  least so far as their scientific importance 
appeared to ~ a r r a n t . ~ , ~ - ~  We then proceed to 

(1) Langmuir, Cold Spring Harbor Symposia Quanl. B i d ,  6 ,  135 

(2) Langmuir, Proc. Phys.  SOC. (London), 61, 542 (1939). 
(3) Pauling and Niemann, THIS JOURNAL, 61, 1860 (1939). 
(4) Wrinch, Cold Spring Harbor Symposia Quant. Biol., 6 ,  122 

(5) Langmuir, Nafurr,  143, 280 (1939). 
(6) Langmuir and Wrinch, ibid., 143, 49 (1939). 
(7) Wrinch, ibid., 143, 482 (1939). 
(8) Wrinch, ibid., 143, 763 (1939); 146, 660, 1018 (1940). 
(9) Langmuir and Wrinch, Proc. Phys .  SOC. (London), 61, 613 

(1939). 

(1938). 

(1938). 

discuss, necessarily in a preliminary manner, two 
issues (first raised in my publicationslOJ1) to 
which Pauling and Niemann refer, namely (a) cer- 
tain short interatomic distances in the original 
cage structures and (b) the energy of formation 
of these structures. In particular it is shown that 
the claim by Pauling and Niemann that the cyclol 
hypothesis can be disposed of by means of Anson 
and Mirsky's heat of denaturation of trypsin 
must be rejected. 

(a) In my f i s t  studies of possible protein struc- 
tures, very exacting metrical conditions were 
adopted, mainly in order to demonstrate in a 
simple manner the possibility of handling prob- 
lems of protein structure by strictly mathemati- 
cal methods. These, i t  appears from crystallo- 
graphical data, are unnecessarily onerous. Evi- 
dently a discussion of certain short interatomic 
distances in the original cyclol structures can only 

(10) Wrinch, Proc. Roy.  SOC. (London), A160,59 (1937); A161,505 

(11) Wrinch, Nafure ,  138, 241 (1936). 
(1937). 

Nature (1936) 137, 411-412

Nature (1937) 139, 972-973

JACS (1939) 61, 1860-1867

JACS (1941) 63, 330-333

Wrinchの反論

Wrinch は Astbury の
繊維写真の解釈を
どう誤って解釈して
しまったのか

化学結合論による論考
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344 W. T. ASTBURY AND H. J. WOODS ON STUDIES OF THE 

The If3orm is thus represented by fully-extended peptide chains in which each 
amino-acid residue takes up, on the average, a length along the fibre-axis of 3-4 A, 
while the oc-form is represented by a series of pseudo-diketopiperazine rings which 
follow each other according to a pattern of length 5.1 A. The unfolding of the rings 
is clearly accompanied by an elongation of 1000/O, and the suggested pattern offers an 
explanation of both the characteristic meridian reflection of the ot-form (5K1 A) and 
of the decrease of resistance of the n-form, as compared with the ot-form, to the action 
of reagents such as steam, etc. 

Only a part of the elastic properties of hair are to be interpreted by the application 
of this principle of intramolecular unfolding; many of its most striking characteristics 
are to be referred to the nature and distribution of the side-chains denoted above by 
the general symbol Il. Though there does not appear to be any sharp discontinuity 
in the physical and chemical properties of the keratin complex as a whole, we have 
to recognize that both the form and the limits of the load/extension curve may be 
varied over a wide range simply as a result of the changes which take place in the 
configuration of the side-chains only. As the most convenient example of such side- 
chain disturbances it will serve for the present to quote the preferential attack of steam 
which is to be noticed in ,3-photographs for extensions of 5000 and upwards, and which 
is undoubtedly the cause of the increased capacity for extension. Other changes 
which are less clear from the X-ray point of view, but which nevertheless are very 
obvious when examined by more familiar physico-chemical methods, are the freeing 
of certain side-chain restrictions so as to give rise to the phenomenon of super-contrac- 
tion and the "c permanent set " of the 3-form on prolonged steaming of the fibre in 
the stretched state. This latter transformation evidently involves the building-up 
of new side-chain linkages which fix the 5--form in the stretched state and preclude 
once and for all the possibility of ever regaining the normal a-photograph. 

Detailed Discussion of the Elastic Properties. 

The influence of humidity at ordinary temperatures.-From an examination of load/ 
extension or tension/extension curves of wool already given,* 1, it appears that the 
main effect of varying the water-content at ordinary temperatures is to alter the scale 
of the load (or tension) co-ordinates; the fibre becomes progressively easier to stretch. 
At the same time it can be stretched farther, so that whereas it seems impossible to 
stretch a perfectly dry hair by more than about 3000 at the very most, a wet hair may 
readily be stretched in one operation to something of the order of 550g. (In SPEAK- 
MAN'S curves* for wool of 40 S diameter the rate of loading was IP8 gin. per minute.) 
Curves obtained under these conditions of fairly rapid rate of loading at 10000 R.H. 
are characterized by a " shoulder commencing in the region of 20% extension, while 

* Footnote ?, p. 335. 

p.344 pseudo-diketopiperazine rings

WT Astbury, Phil. Trans. Roy. Soc. London (1934) A232, 333-394
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Astburyのモデル
α pattern β pattern

STRUCTURE OF HAIR, WOOL, AND RELATED FIBRES. 343 

knowledge of the elastic properties, we must now conclude that the whole process of 
extension and recovery in the hair fibre is based on a protein chain-system which, 
under the proper conditions, is capable of being stretched to twice or contracted to 
half its normal length. These (approximate) limits rest on exhaustive experimental 
tests of numerous actual fibres, and also find a complete quantitative interpretation 
in all the available X-ray data, not only of keratin itself, but of other protein fibres 
also.* The true starting-point of the line of argument is the observation that the 
X-ray photograph of r-keratin (stretched hair) is in all essentials analogous to that of the 
fibroin of natural silk, which is the same whether stretched or unstretched. From every 
point of view we must assume that fibroin is built from fully-extended polypeptide 
chains lying closely side by side to form long, thin crystalline " bundles" or micelles, 
and that the effective length of each amino-acid residue in such a system is 3-5 A.t 
It follows therefore that if the postulated analogy between 3-keratin and fibroin is 
sound, the characteristic meridian spacing of f-keratin, J, 3 4 A (approximately), 
corresponds to the average length of an armino-acid residue in the fully-extended keratin 
chains, so that to explain the occurrence of the normal oc-form of hair, we have to 
decide on a method of folding these chains which will satisfy both the quantitative require- 
ments of the c-photograph and the 100% extension revealed by the generalized loadlextension 
curve. In addition the molecular model must give, at least, a qualitative interpreta- 
tion of the main physico-chemical differences between cx- and r-keratin, and also promise 
a basis for a quantitative treatment of the super-contraction phenomenon. The type 
of intramolecular transformation which best satisfies all these various requirements 
is shown diagrammatically as follows 

co 

I - NHX X~t) NH 
CHR co- 

CHR / O/Co CO NH / 
~NH coNH 

N\ / C 

CHR N C NH 

I CoR 

CHR NH /~~~~~~~~i 
c-I NMH 

CHR 

* ASTBURY, 'Trans. Faraday Soc.,' vol. 29, p. 193 (1933). 
t Footnotes * and t, p. 334. 

3 z2 

5.1Å
10.2Å
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DM Wrinch, Nature (1936) 137, 411-412
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Wrinch の cyclol
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(1) 側鎖に由来しないフリー
のアミノ基はほとんどない．

(2) 蛋白質は3回対称を持つ．

p.411
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The alanine cyclol-6 molecule

http://en.wikipedia.org/wiki/Cyclol
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© 1936 Nature Publishing Group

© 1936 Nature Publishing Group

p.411

already proved?

mathematics...
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DM Wrinch, Nature (1937) 139, 972-973
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Stick model of the 
alanine cyclol fabric
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72

蛋白質の残基数は72n2

© 1937 Nature Publishing Group
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蛋白質の分子量は17600n
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Stick model of the cyclol C1 
protein structure

http://en.wikipedia.org/wiki/Cyclol
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Astbury...
WT Astbury, Trans. Faraday Soc. (1938) 34, 378-388

(key paper)
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p.386
β-type collagen

α-type supercontracted
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p.388 「当時の」知識…
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Paulingの論証
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The theory of chemical binding

Pauling & Niemann, JACS (1939) 61, 1860-1867

Paulingの道具
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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. 
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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. 
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not rigorous) evidence that these fibrous proteins 
contain polypeptide chains in the extended configu- 
ration. This evidence has been strengthened by 
the fact that the observed identity distances corre- 
spond closely to those calculated with the covalent 
bond lengths, bond angles, and N-H . . .O hydrogen 
bond lengths found by Corey in diketopiperazine. 

The X-ray work of Astbury also provides evi- 
dence that a-keratin and certain other fibrous 
proteins contain polypeptide chains with a folded 
rather than an extended configuration. The X- 
ray data have not led to the determination of the 
atomic arrangement, however, and there exists no 
reliable evidence regarding the detailed nature of 
the folding. 

X-Ray studies of crystalline globular proteins 
have provided values of the dimensions of the 
units of structure, from which some qualitative 
conclusions might be drawn regarding the shapes 
of the protein molecules. An interesting at- 
tempt to go farther was made by C r o w f ~ o t , ~  who 
used her X-ray data for crystalline insulin to cal- 
culate Patterson and Patterson-Harker dia- 
grams. l2  Crowfoot discussed these diagrams in a 
sensible way, and pointed out that since the X- 
ray data correspond to effective interplanar dis- 
tances not less than 7 A. they do not permit the 
determination of the positions of individual 
atoms;I3 the diagrams instead give some informa- 
tion about large-scale fluctuations in scattering 
power within the crystal. Crowfoot also stated 
that the diagrams provide no reliable evidence re- 
garding either a polypeptide chain or a cyclol 
structure for insulin. 

Wrinch and Langmuir4 have, however, con- 
tended that Crowfoot’s X-ray data correspond 
in great detail to the structure predicted for the 
insulin molecule on the basis of the cyclol theory, 
and thus provide the experimental proof of the 
theory. We wish to point out that the evidence 
adduced by Wrinch and Langmuir has very little 
value, because their comparison of the X-ray data 
and the cyclol structure involves so many arbi- 
trary assumptions as to remove all significance 
from the agreement obtained. In order to at- 
tempt to account for the maxima and minima ap- 
pearing on Crowfoot’s diagrams, Wrinch and 
Langmuir made the assumption that certain re- 

(12) A. L. Patterson, Z. Kris f . ,  90, 517 (1935); D. Harker, J. 
Chcm. Phys. ,  4, 825 (1938). 

(13) I t  has also been pointed out by J. M. Robertson, Noluye, 148, 
75 (1939), that the intensities of 80 planes could not provide sufficient 
information to locate the several thousand atoms in the insulin 
molecule. 

gions of the crystal (center of molecule, center of 
lacunae) have an electron density less than the 
average, and others (slits, zinc atoms) have an 
electron density greater than the average. The 
positions of these regions are predicted by the 
cyclol theory, but the magnitudes of the electron 
density are not predicted quantitatively by the 
theory. Accordingly the authors had a t  their 
disposal seven parameters, to which arbitrary 
values could be assigned in order to give agree- 
ment with the data. Despite the numbers of 
these parameters, however, it was necessary to 
introduce additional arbitrary parameters, bear- 
ing no predicted relation whatever to the cyclol 
structure, before rough agreement with the Crow- 
foot diagrams could be obtained. Thus the peak 
B”, which is the most pronounced peak in the 
P(xy0) section (Fig. 2 of Wrinch and Langmuir’s 
paper) and is one of the four well-defined isolated 
maxima reported, is accounted for by use of a 
region (V) of very large negative deviation located 
a t  a completely arbitrary position in the crystal; 
and this region is not used by the authors in in- 
terpreting any other features of the diagrams. 
This introduction of four arbitrary parameters 
(the three coordinates and the intensity of the 
region V) to account for one feature of the experi- 
mental diagrams would in itself make the argu- 
ment advanced by Wrinch and Langmuir uncon- 
vincing; the fact that many other parameters 
were also assigned arbitrary values removes all 
significance from their argument. 

It has been pointed out by Bernal,“ moreover, 
that the authors did not make the comparison of 
their suggested structure and the experimental 
diagrams correctly. They compared only a frac- 
tion of the vectors defined b y  their regions with 
the Crowfoot diagrams, and neglected the rest of 
the vectors. Bernal reports that he has made the 
complete calculation on the basis of their structure, 
and has found that the resultant diagrams show 
no relation whatever to the experimental dia- 
grams. He states also that with seven density 
values a t  closest-packed positions as arbitrary 
parameters he has found that a large number of 
structures which give rough agreement with the 
experimental diagrams can be formulated. 

We accordingly conclude that there exists no 
satisfactory X-ray evidence for the cyclol struc- 
ture for insulin. 

(14) J. D. Bernal, Nafurc,  148, 74 (1939); see also D. P. Riley 
and I .  Fankuchen, i b i d . ,  143, 648 (1939). 
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rings. Each of these has trigonal symmetry so far as 
this near environment is concerned. Hence it might well 
be expected that a particular amino acid would be repre- 
sented by three residues about each of these twenty 
lacunae, giving a total of sixty residues. But the number 
60 cannot be expressed in the form 2" 3", it is not a factor 
of 288, and the integer nearest the quotient 288/60, 5, 
also cannot be expressed in the form 2" 3". 

One of the most straightforward arguments ad- 
vanced by W r i n ~ h ~ ' , ~  is that a protein surface 
film must have all its side chains on the same side, 
which would be the case for a cyclol fabric but not 
for an extended polypeptide chain. This argu- 
ment now has lost its significance through the re- 
cently obtained strong evidence that proteins in 
films have the polypeptide s t r u ~ t t l r e , ~ ~ ~ ~ ~  and not 
the cyclol structure. 

There can be found in the papers by Wrinch 
many additional statements which might be con- 
strued as arguments in support of the cyclol struc- 
ture. None of these seems to us to have enough 
significance to justify discussion 

6. The Present State of the Protein Problem 
The amount of experimental information about 

proteins is very great, but in general the proc- 
esses of deducing conclusions regarding the struc- 
ture of proteins from the experimental results are 
so involved, the arguments are so lacking in rigor, 
and the conclusions are so indefinite that it would 
not be possible to present the experimental evi- 
dence a t  the basis of our ideas of protein struc- 
ture@ in a brief discussion. In the following para- 
graphs we outline our present opinions regarding 
the structure of protein molecules, without at- 
tempting to do more than indicate the general 
nature of the evidence supporting them. These 
opinions were formed by the consideration not 
only of the experimental evidence obtained from 
proteins themselves but also of the information 
regarding interatomic interactions and molecular 
structure in general which has been gathered by 
the study of simpler molecules. 

We are interested here only in the role of amino 
acids in proteins-that is, in the simple proteins 
(consisting only of a-amino and a-imino acids) 
and the corresponding parts of conjugated pro- 
teins; the structure and linkages of prosthetic 
groups will be ignored. 

The great body of evidence indicating strongly 
that the amino acids in proteins are linked to- 
(48) We believe that our views regarding the structure of protein 

molecules are essentially the same as those of many other investi- 
gators interested in this problem. 

gether by peptide bonds need not be reviewed 
here. 

The question now arises as to whether the poly- 
peptide chains or rings contain many or few amino 
acid residues. We believe that the chains or 
rings contain many residues-usually several 
hundred. The fact that in general proteins in 
solution retain molecular weights of the order of 
17,000 or more until they are subjected to condi- 
tions under which peptide hydrolysis occurs gives 
strong support to this view. It seems to us highly 
unlikely that any protein consist of peptide rings 
containing a small number of residues (two to six) 
held together by hydrogen bonds or similar rela- 
tively weak forces, since, contrary to fact, in acid 
or basic solution a protein molecule of this type 
would be decomposed a t  once into its constituent 
small molecules. 

There exists little evidence as to whether a long 
peptide chain in a protein has free ends or forms 
one more peptide bond to become a ring. This is, 
in fact, a relatively unimportant question with re- 
spect to the structure, as i t  involves only one pep- 
tide bond in hundreds, but i t  may be of consider- 
able importance with respect to enzymatic attack 
and biological behavior in general. 

A native protein molecule with specific prop- 
erties must possess a definite configuration, in- 
volving the coiling of the polypeptide chain or 
chains in a rather well-defined way.4g The forces 
holding the molecule in this configuration may 
arise in part from peptide bonds between side- 
chain amino and carboxyl groups or from side- 
chain ester bonds or S S  bonds; in the main, 
however, they are probably due to hydrogen bonds 
and similar interatomic interactions. Interac- 
tions of this type, while individually weak, can by 
combining their forces stabilize a particular struc- 
ture for a molecule as large as that of a protein. 
In some cases (trypsin, hemoglobin) the structure 
of the native protein is the most stable of those 
accessible to the polypeptide chain ; the structure 
can then be reassumed by the molecule after de- 
naturation. In other cases (antibodies) the na- 
tive configuration is not the most stable of those 
accessible, but is an unstable configuration im- 
pressed on the molecule by its environment (the 
influence of the antigen) during its synthesis; de- 
naturation is not reversible for such a protein. 

Crystal structure investigations have shown 
(49) H. W u ,  Chinese J. Physiol.,  6, 321 (1931); A. E. Mirsky and 

L. Pauling, Proc. Not. Acad. Sci., 22, 439 (1938). 
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hundred. The fact that in general proteins in 
solution retain molecular weights of the order of 
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tively weak forces, since, contrary to fact, in acid 
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would be decomposed a t  once into its constituent 
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one more peptide bond to become a ring. This is, 
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spect to the structure, as i t  involves only one pep- 
tide bond in hundreds, but i t  may be of consider- 
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and biological behavior in general. 

A native protein molecule with specific prop- 
erties must possess a definite configuration, in- 
volving the coiling of the polypeptide chain or 
chains in a rather well-defined way.4g The forces 
holding the molecule in this configuration may 
arise in part from peptide bonds between side- 
chain amino and carboxyl groups or from side- 
chain ester bonds or S S  bonds; in the main, 
however, they are probably due to hydrogen bonds 
and similar interatomic interactions. Interac- 
tions of this type, while individually weak, can by 
combining their forces stabilize a particular struc- 
ture for a molecule as large as that of a protein. 
In some cases (trypsin, hemoglobin) the structure 
of the native protein is the most stable of those 
accessible to the polypeptide chain ; the structure 
can then be reassumed by the molecule after de- 
naturation. In other cases (antibodies) the na- 
tive configuration is not the most stable of those 
accessible, but is an unstable configuration im- 
pressed on the molecule by its environment (the 
influence of the antigen) during its synthesis; de- 
naturation is not reversible for such a protein. 

Crystal structure investigations have shown 
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L. Pauling, Proc. Not. Acad. Sci., 22, 439 (1938). 

July, 1939 STRUCTURE OF PROTEINS 1861 

not rigorous) evidence that these fibrous proteins 
contain polypeptide chains in the extended configu- 
ration. This evidence has been strengthened by 
the fact that the observed identity distances corre- 
spond closely to those calculated with the covalent 
bond lengths, bond angles, and N-H . . .O hydrogen 
bond lengths found by Corey in diketopiperazine. 

The X-ray work of Astbury also provides evi- 
dence that a-keratin and certain other fibrous 
proteins contain polypeptide chains with a folded 
rather than an extended configuration. The X- 
ray data have not led to the determination of the 
atomic arrangement, however, and there exists no 
reliable evidence regarding the detailed nature of 
the folding. 

X-Ray studies of crystalline globular proteins 
have provided values of the dimensions of the 
units of structure, from which some qualitative 
conclusions might be drawn regarding the shapes 
of the protein molecules. An interesting at- 
tempt to go farther was made by C r o w f ~ o t , ~  who 
used her X-ray data for crystalline insulin to cal- 
culate Patterson and Patterson-Harker dia- 
grams. l2  Crowfoot discussed these diagrams in a 
sensible way, and pointed out that since the X- 
ray data correspond to effective interplanar dis- 
tances not less than 7 A. they do not permit the 
determination of the positions of individual 
atoms;I3 the diagrams instead give some informa- 
tion about large-scale fluctuations in scattering 
power within the crystal. Crowfoot also stated 
that the diagrams provide no reliable evidence re- 
garding either a polypeptide chain or a cyclol 
structure for insulin. 

Wrinch and Langmuir4 have, however, con- 
tended that Crowfoot’s X-ray data correspond 
in great detail to the structure predicted for the 
insulin molecule on the basis of the cyclol theory, 
and thus provide the experimental proof of the 
theory. We wish to point out that the evidence 
adduced by Wrinch and Langmuir has very little 
value, because their comparison of the X-ray data 
and the cyclol structure involves so many arbi- 
trary assumptions as to remove all significance 
from the agreement obtained. In order to at- 
tempt to account for the maxima and minima ap- 
pearing on Crowfoot’s diagrams, Wrinch and 
Langmuir made the assumption that certain re- 

(12) A. L. Patterson, Z. Kris f . ,  90, 517 (1935); D. Harker, J. 
Chcm. Phys. ,  4, 825 (1938). 

(13) I t  has also been pointed out by J. M. Robertson, Noluye, 148, 
75 (1939), that the intensities of 80 planes could not provide sufficient 
information to locate the several thousand atoms in the insulin 
molecule. 

gions of the crystal (center of molecule, center of 
lacunae) have an electron density less than the 
average, and others (slits, zinc atoms) have an 
electron density greater than the average. The 
positions of these regions are predicted by the 
cyclol theory, but the magnitudes of the electron 
density are not predicted quantitatively by the 
theory. Accordingly the authors had a t  their 
disposal seven parameters, to which arbitrary 
values could be assigned in order to give agree- 
ment with the data. Despite the numbers of 
these parameters, however, it was necessary to 
introduce additional arbitrary parameters, bear- 
ing no predicted relation whatever to the cyclol 
structure, before rough agreement with the Crow- 
foot diagrams could be obtained. Thus the peak 
B”, which is the most pronounced peak in the 
P(xy0) section (Fig. 2 of Wrinch and Langmuir’s 
paper) and is one of the four well-defined isolated 
maxima reported, is accounted for by use of a 
region (V) of very large negative deviation located 
a t  a completely arbitrary position in the crystal; 
and this region is not used by the authors in in- 
terpreting any other features of the diagrams. 
This introduction of four arbitrary parameters 
(the three coordinates and the intensity of the 
region V) to account for one feature of the experi- 
mental diagrams would in itself make the argu- 
ment advanced by Wrinch and Langmuir uncon- 
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the Crowfoot diagrams, and neglected the rest of 
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(14) J. D. Bernal, Nafurc,  148, 74 (1939); see also D. P. Riley 
and I .  Fankuchen, i b i d . ,  143, 648 (1939). 
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3. Thermochemical Evidence Regarding Pro- 
tein Structure 

It is, moreover, possible to advance a strong ar- 
gument in support of the contention that the cy- 
clol structure does not occur to any extent in any 
protein. 

X-Ray photographs of denatured globular pro- 
teins are similar to those of @-keratin, and thus in- 
dicate strongly that these denatured proteins 
contain extended polypeptide chains. Ast- 
bury16 has also obtained evidence that in protein 
films on surfaces the protein molecules have the 
extended-chain configuration, and this view is 
shared by Langmuir, who has obtained indepen- 
dent evidence in support of it.” Now the heat of 
denaturation of a protein is small-less than one 
hundred kilogram calories per mole of protein 
molecules for denaturation in solution, that is, 
only a fraction of a kilogram calorie per mole of 
amino acid residues. Consequently the structure 
of native proteins must be such that only a very 
small energy change is involved in conversion to 
the polypeptide chain configuration. 

It is unfortunate that there exist no substances 
known to have the cyclol structure; otherwise 
their heats of formation could be found experi- 
mentally for comparison with those of substances 
such as diketopiperazine which are known to con- 
tain polypeptide chains or rings. It is possible, 
however, to make this comparison indirectly in 
various ways. A system of values of bond ener- 
gies and resonance energies has been f~rmula ted’~  
which permits the total energy of a molecule of 
known structure to be predicted with an average 
uncertainty of only about 1 kcal./mole for a mole- 
cule the size of the average amino acid residue. 
The polypeptide chain (amide form) and cyclol 
can be represented by the following diagrams 

.C 

Polypeptide chain 

“>N-C50-H / c  
C 

Cyclol 
(15) W. T. Astbury, S. Dickiason and K. Bailey, Biochcm. J. ,  29, 

(16) W. T. Astbury, Nature. 148, 280 (1939). 
(17) I. Langmuir, ibid., 148, 280 (1939). 
(IS) M. L. Anson and A.  E. Mirsky, J .  Gcn. Physiol.,  17, 393, 399 

(1934). 
(19) (a) L. Pauling and J. Sherman, J .  Chem. Phys. ,  1, 606 (1933); 

(b) L. Pauling, “The Nature of the Chemical Bond,” Cornell Uni- 
versity Press, Ithaca, N. Y., 1939. The values quoted above are 
from the latter source; they involve no significant change from the 
earlier set. 

2351 (1935). 

The change in bonds from polypeptide chain to 
cyclol is N-H + C=O ----f N-C + C-0 + 0-H. 
With N-H = 83.3, C=O = 152.0, N-C = 48.6, 
C-0 = 70.0, and 0-H = 110.2 kcal./mole, the 
bonds of an amino acid residue are found to be 6.5 
kcal./mole less stable for the cyclol configuration 
than for the chain configuration. This must fur- 
ther be corrected for resonance of the double bond 

0 :  / o : -  
resonance of the type {-‘(iH> -‘\;+.)), 

I I 
which amounts for an amide to about 21 kcal./ 
molelg; there is no corresponding resonance for 
the cyclol, which involves only single bonds. 
We conclude that the cyclol structure is less stable 
than the polypeptide chain structure by 27.5 
kcal./mole per amino acid residue. 

This value relates to gaseous molecules, con- 
taining no hydrogen bonds, and with the ordinary 
van der Waals forces also neglected. It is prob- 
able that the ordinary van der Waals forces would 
have nearly the same value for a cyclol as for a 
polypeptide chain ; and the available eviden~e1~J~ 
indicates that the polypeptide hydrogen bonds 
would be slightly stronger than the hydrogen 
bonds for the cyclol structure. Moreover, the 
observed small values (about 2 kcal./mole) for the 
heat of solution of amides and alcohols show that 
the stability relations in solution are little differ- 
ent from those of the crystalline substances. We 
accordingly conclude that the Polypeptide chain 
structure for a protein is more stable than the 
cyclol structure by about 28 kcal./mole per amino 
acid residue, either for a solid protein or a protein 
in solution (with the active groups hydratedz1). 

The comparison of the polypeptide chain and 
cyclol can also be made without the use of bond 
energy values. The heat of combustion of crystal- 
line diketopiperazine, which contains two glycine 
residues forming a polypeptide chain,22 is known;23 
from its value, 474.6 kcal./mole, the heat of for- 
mation of crystalline diketopiperazine (from ele- 
ments in their standard states) is calculated to be 
128.4 kcal./mole, or 64.2 kcal./mole per glycine 
residue. A similar calculation cannot be made 
directly for the cyclol structure, because no sub- 

(20) M. L. Huggins, J .  Org. Chcm., 1, 407 (1936). 
(21) The suggestion has been made IF. C. Frank, N o t u ~ c ,  188, 242 

(1936)l that the energy of hydration of hydroxyl groups might be 
very much greater than that of the carbonyl and secondary amino 
groups of a polypeptide chain; there exists, however, no evidence 
indicating that this is so. 

(22) R. B. Corey, ref. 7. 
(23) M. S. Rharasch, Bur. Slandards J .  Rcscarch, 2, 359 (1929). 
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that in general the distribution of matter in a 
molecule is rather uniform. A protein layer in 
which the peptide backbones are essentially co- 
planar (as in the p-keratin structure) has a thick- 
ness of about 10 A. If these layers were ar- 
ranged as surfaces of a polyhedron, forming a 
cage molecule, there would occur great steric in- 
teractions of the side chains a t  the edges and cor- 
ners. (This has been used above as one of the ar- 
guments against the CZ cyclol structure.) We ac- 
cordingly believe that proteins do not have such 
cage  structure^.^^ A compact structure for a glo- 
bular protein might involve the superposition of 
several parallel layers, as suggested by Astbury, 
or the folding of the polypeptide chain in a more 
complex way. 

One feature of the cyclol hypothesis-the re- 
striction of the molecule to one of a few configura- 
tions, such as Cz-seems to us unsatisfactory rather 
than desirable. The great versatility of antibodies 
in complementing antigens of the most varied na- 
ture must be the reflection of a correspondingly 
wide choice of configuration by the antibody pre- 
cursor. We feel that the biological significance of 
proteins is the result in large part of their versa- 
tility, of the ability of the polypeptide chain to ac- 
cept and retain that configuration which is suited 
to a special purpose from among the very great 
number of possible configurations accessible to it. 

Proteins are known to contain the residues of 
some twenty-five amino acids and i t  is not un- 
likely that this number will be increased in the 
future. A great problem in protein chemistry is 
that of the order of the constituent amino acid 
residues in the peptide chains. Considerable 
evidence has been a c c u m ~ l a t e d ~ ~  suggesting 
strongly that the stoichiometry of the polypep- 
tide framework of protein molecules can be inter- 
preted in terms of a simple basic principle. This 
principle states that the number of each individual 
amino acid residue and the total number of all 
amino acid residues contained in a protein mole- 
cule can be expressed as the product of powers of 
the integers two and three. Although there is no 
direct and unambiguous experimental evidence 
confirming the idea that the constituent amino 
acid residues are arranged in a periodic manner 
along the peptide chain, there is also no experi- 
mental evidence which would deny such a possi- 
bility, and i t  seems probable that steric factors 

(50) Wrinch recently has suggestedSb that even if proteins are not 
cyclols the cage structure might be significant. 

might well cause every second or third residue in 
a chain to be a glycine residue, for example. 

The evidence regarding frequencies of residues 
involving powers of two and three leads to the 
conclusion that there are 288 residues in the mole- 
cules of some simple proteins. It is not to be ex- 
pected that this number will be adhered to rigor- 
ously, Some variation in structure a t  the ends 
of a peptide chain might be anticipated; more- 
over, amino acids might enter into the structure 
of proteins in some other way than the cyclic se- 
quence along the main chain.51 The structural 
significance of the number 288 is not clear a t  pres- 
ent. It seems to us, however, very unlikely that 
the existence of favored molecular weights (or 
residue numbers) of proteins is the result of greater 
thermodynamic stability of these molecules than 
of similar molecules which are somewhat smaller 
or larger, since there are no interatomic forces 
known which could effect this additional stabili- 
zation of molecules of certain sizes. It seems 
probable that the phenomenon is to be given a 
biological rather than a chemical explanation- 
we believe that the existence of molecular-weight 
classes of proteins is due to the retention of this 
protein property through the long process of the 
evolution of species. 

We wish to express our thanks to Dr. R. B. Corey 
for his continued assistance and advice in the prepa- 
ration of this paper, and also to other colleagues 
who have discussed these questions with us. 

Summary 
It is concluded from a critical examination of the 

X-ray evidence and other arguments which have 
been proposed in support of the cyclol hypothesis 
of the structure of proteins that these arguments 
have little force. Bond energy values and heats 
of combustion of substances are shown to lead to 
the prediction that a protein with the cyclol struc- 
ture would be less stable than with the polypep- 
tide chain structure by a very large amount, 
about 28 kcal./mole of amino acid residues; and 
the conclusion is drawn that proteins do not have 
the cyclol structure. Other arguments leading 
to the same conclusion are also presented. A 
brief discussion is given summarizing the present 
state of the protein problem, with especial refer- 
ence to polypeptide chain structures. 
PASADENA, CALIF. RECEIVED APRIL 22, 1939 

(51) H. Jensen and E. A. Evans, Jr., J. Bioi. Chem., 108, 1 (1935), 
have shown that insulin probably contains several phenylalanine 
groups attached only by side-chain bonds to the main peptide chain. 
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rings. Each of these has trigonal symmetry so far as 
this near environment is concerned. Hence it might well 
be expected that a particular amino acid would be repre- 
sented by three residues about each of these twenty 
lacunae, giving a total of sixty residues. But the number 
60 cannot be expressed in the form 2" 3", it is not a factor 
of 288, and the integer nearest the quotient 288/60, 5, 
also cannot be expressed in the form 2" 3". 

One of the most straightforward arguments ad- 
vanced by W r i n ~ h ~ ' , ~  is that a protein surface 
film must have all its side chains on the same side, 
which would be the case for a cyclol fabric but not 
for an extended polypeptide chain. This argu- 
ment now has lost its significance through the re- 
cently obtained strong evidence that proteins in 
films have the polypeptide s t r u ~ t t l r e , ~ ~ ~ ~ ~  and not 
the cyclol structure. 

There can be found in the papers by Wrinch 
many additional statements which might be con- 
strued as arguments in support of the cyclol struc- 
ture. None of these seems to us to have enough 
significance to justify discussion 

6. The Present State of the Protein Problem 
The amount of experimental information about 

proteins is very great, but in general the proc- 
esses of deducing conclusions regarding the struc- 
ture of proteins from the experimental results are 
so involved, the arguments are so lacking in rigor, 
and the conclusions are so indefinite that it would 
not be possible to present the experimental evi- 
dence a t  the basis of our ideas of protein struc- 
ture@ in a brief discussion. In the following para- 
graphs we outline our present opinions regarding 
the structure of protein molecules, without at- 
tempting to do more than indicate the general 
nature of the evidence supporting them. These 
opinions were formed by the consideration not 
only of the experimental evidence obtained from 
proteins themselves but also of the information 
regarding interatomic interactions and molecular 
structure in general which has been gathered by 
the study of simpler molecules. 

We are interested here only in the role of amino 
acids in proteins-that is, in the simple proteins 
(consisting only of a-amino and a-imino acids) 
and the corresponding parts of conjugated pro- 
teins; the structure and linkages of prosthetic 
groups will be ignored. 

The great body of evidence indicating strongly 
that the amino acids in proteins are linked to- 
(48) We believe that our views regarding the structure of protein 

molecules are essentially the same as those of many other investi- 
gators interested in this problem. 

gether by peptide bonds need not be reviewed 
here. 

The question now arises as to whether the poly- 
peptide chains or rings contain many or few amino 
acid residues. We believe that the chains or 
rings contain many residues-usually several 
hundred. The fact that in general proteins in 
solution retain molecular weights of the order of 
17,000 or more until they are subjected to condi- 
tions under which peptide hydrolysis occurs gives 
strong support to this view. It seems to us highly 
unlikely that any protein consist of peptide rings 
containing a small number of residues (two to six) 
held together by hydrogen bonds or similar rela- 
tively weak forces, since, contrary to fact, in acid 
or basic solution a protein molecule of this type 
would be decomposed a t  once into its constituent 
small molecules. 

There exists little evidence as to whether a long 
peptide chain in a protein has free ends or forms 
one more peptide bond to become a ring. This is, 
in fact, a relatively unimportant question with re- 
spect to the structure, as i t  involves only one pep- 
tide bond in hundreds, but i t  may be of consider- 
able importance with respect to enzymatic attack 
and biological behavior in general. 

A native protein molecule with specific prop- 
erties must possess a definite configuration, in- 
volving the coiling of the polypeptide chain or 
chains in a rather well-defined way.4g The forces 
holding the molecule in this configuration may 
arise in part from peptide bonds between side- 
chain amino and carboxyl groups or from side- 
chain ester bonds or S S  bonds; in the main, 
however, they are probably due to hydrogen bonds 
and similar interatomic interactions. Interac- 
tions of this type, while individually weak, can by 
combining their forces stabilize a particular struc- 
ture for a molecule as large as that of a protein. 
In some cases (trypsin, hemoglobin) the structure 
of the native protein is the most stable of those 
accessible to the polypeptide chain ; the structure 
can then be reassumed by the molecule after de- 
naturation. In other cases (antibodies) the na- 
tive configuration is not the most stable of those 
accessible, but is an unstable configuration im- 
pressed on the molecule by its environment (the 
influence of the antigen) during its synthesis; de- 
naturation is not reversible for such a protein. 

Crystal structure investigations have shown 
(49) H. W u ,  Chinese J. Physiol.,  6, 321 (1931); A. E. Mirsky and 

L. Pauling, Proc. Not. Acad. Sci., 22, 439 (1938). 
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chloroform melted at 214-216'. The pure ester of the 
terephthalic acid is recorded" as melting at 225'. Neu- 
tralization equivalent of the mixture of acids was 84.3; 
calculated for phthalic acid 83.3. No trace of benzoic acid 
could be detected among the oxidation products. Ap- 
parently the mixture is largely isophthalic acid. The 
yield calculated on the basis of four propyl chloride mole- 
cules to one of the butylpropylbenzene mixture varied 
from 14 to 38%, an estimation based upon the quantity of 
high boiling residue left after distilling the butylbenzene 
from each experiment. 

About 6 to 12 g. of a mixture of saturated and un- 
saturated compounds, boiling in the hexane and nonane 
range, was obtained from each of these preparations, the 
quantity being larger the higher the temperature of re- 
action. Careful fractionation in an eighteen-plate column 
failed to show any single product. All fractions also 
showed presence of unsaturated material. Upon ozonoly- 
sis of a 63 to 66' cut, decomposition of the ozonides with 
zinc and water, and careful fractionation of the resulting 
aldehydes and ketones, definite evidence in the form of the 
dinitrophenylhydrazone derivative was obtained for the 
presence of acetaldehyde. The melting point observed 
was 146-150"; that of an authentic sample was 147.5148'; 
and that of the mixture was 148-150 '. A mixed melting 
point with the like derivative of propionaldehyde (m. p. 
190") was 141". Owing to the small amount of material 
left after attempts a t  purification, a satisfactory melting 
point for 2-butanone-2,4-dinitrophenylhydrazone could 

not be secured but the crystals obtained were shown to 
be identical with an authentic sample in having parallel 
extinction, pleochroism, centered acute bisectrix, and 
elongated obtuse bisectrix, and were not in whole agree- 
ment with observations on known samples of the like 
derivatives of acetone and butyraldehyde. A trace of 
propionaldehyde may also be present, for a few crystals pre- 
pared from one of the fractions appeared to have similar 
optical properties.12 
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chloroform melted at 214-216'. The pure ester of the 
terephthalic acid is recorded" as melting at 225'. Neu- 
tralization equivalent of the mixture of acids was 84.3; 
calculated for phthalic acid 83.3. No trace of benzoic acid 
could be detected among the oxidation products. Ap- 
parently the mixture is largely isophthalic acid. The 
yield calculated on the basis of four propyl chloride mole- 
cules to one of the butylpropylbenzene mixture varied 
from 14 to 38%, an estimation based upon the quantity of 
high boiling residue left after distilling the butylbenzene 
from each experiment. 

About 6 to 12 g. of a mixture of saturated and un- 
saturated compounds, boiling in the hexane and nonane 
range, was obtained from each of these preparations, the 
quantity being larger the higher the temperature of re- 
action. Careful fractionation in an eighteen-plate column 
failed to show any single product. All fractions also 
showed presence of unsaturated material. Upon ozonoly- 
sis of a 63 to 66' cut, decomposition of the ozonides with 
zinc and water, and careful fractionation of the resulting 
aldehydes and ketones, definite evidence in the form of the 
dinitrophenylhydrazone derivative was obtained for the 
presence of acetaldehyde. The melting point observed 
was 146-150"; that of an authentic sample was 147.5148'; 
and that of the mixture was 148-150 '. A mixed melting 
point with the like derivative of propionaldehyde (m. p. 
190") was 141". Owing to the small amount of material 
left after attempts a t  purification, a satisfactory melting 
point for 2-butanone-2,4-dinitrophenylhydrazone could 

not be secured but the crystals obtained were shown to 
be identical with an authentic sample in having parallel 
extinction, pleochroism, centered acute bisectrix, and 
elongated obtuse bisectrix, and were not in whole agree- 
ment with observations on known samples of the like 
derivatives of acetone and butyraldehyde. A trace of 
propionaldehyde may also be present, for a few crystals pre- 
pared from one of the fractions appeared to have similar 
optical properties.12 
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be profitable if accompanied by a detailed study 
of the propriety and the feasibility of relaxing 
the metrical conditions. Further, i t  must be re- 
membered that cases are known (e. g., in the ter- 
penes, the sterols and phenanthrene derivatives) 
in which the accumulated evidence of organic 
chemistry makes i t  necessary to place certain non- 
bonded atoms nearer together than the minimum 
distances allowed by Pauling and Niemann. 
These distances in any case refer to interatomic 
distances in different molecules. Thus the state- 
ment that methyl groups in the case of hexa- 
methylbenzene are 4.0 to 4.1 8. apart refers to 
intermolecular distances. Within a single mole- 
cule of hexamethylbenzene, methyl groups ap- 
proach as near as 2.93 8. Further, these dis- 
tances have been derived from a study of simple 
molecules which bear no resemblance to the very 
complex highly organized structures which, on 
any plausible theory of protein structure, must 
characterize the globular proteins. Nothing is 
known as to the nearest approach of groups 
within a single molecule in such cases. (b) It is 
known that, under certain closely defined condi- 
tions, the heat of denaturation of trypsin amounts 
to less than 1 kcal./mole of amino acid residues.12 
Pauling and Niemann use this figure in an attempt 
to disprove the cyclol hypothesis as follows: (1) 
they claim that a cyclol cage structure is about 28 
kcal./mole of amino acid residues less stable than 
the corresponding linear polypeptide containing 
NHCO groups: (2) they claim that Anson and 
Mirsky’s denatured trypsin consists of linear poly- 
peptides. They then deduce that the trypsin mole- 
cule cannot be a cyclol cage structure, since if i t  
were the heat of denaturation obtained by Anson 
and Mirsky would have been about -28 kcal./mole 
of amino acid residues. It is my opinion that both 
claims (1) and (2) were unfounded, and that the 
suggested deduction therefore falls to the ground. 

(2) Little or nothing is known as to the structure 
of any denatured protein, nothing as to the struc- 
ture of the denatured trypsin under discussion. 
It is assumed by Pauling and Niemann that de- 
naturation on the cyclol theory means the open- 
ing of all cyclol bonds. This is not the case. 
(In particular the difference between trypsin and 
denatured trypsin in this case cannot consist in 
opening of all cyclol bonds, since, as Mirsky and 
Pauling state,I3 there is no change in molecular 

(12) Anson and Mirsky, J. Gen. Physiol.,  17, 393 (1934). 
(13) Mirsky and Pauling, Proc. N a f .  Acad.  Sci. U. S., 22 439 

(1936) 

weight.) Denaturation, on the cyclol therory, 
corresponds to any breakdown of the intact struc- 
ture produced by the opening of any subset of 
cyclol bonds.14 The theory thus readily offers an 
interpretation of the well-known fact that very 
different denatured products can be obtained from 
one and the same protein (cf. the film studies of 
pepsins which have been shaken for different 
times, heated for different times a t  65’) etc.’), 
regarding each type of denatured product as due 
to the opening of some definite subset of cyclol 
bonds and possibly the re-formation of some of 
them. A denatured product (particularly when, 
as in the case under discussion, the denaturation 
is reversible) may have only a small or even neg- 
ligible decrease in its complement of cyclol bonds. 
In the case of a CZ cyclol cage, such as Pauling 
and Niemann are assuming for trypsin, a net de- 
crease of one in n cyclol bonds, where n is 12 or 
even 24, is sufficient to allow a gross change in 
structure and so may be sufficient to account for 
denaturation. A degradation product of trypsin 
may therefore possess or even 23/24 of its full 
complement of cyclol bonds. Thus if i t  were the 
case that a cyclol cage structure is about 28 kcal./ 
mole of amino acid residues less stable than the 
corresponding linear polypeptides, i t  still would 
not follow that the heat of denaturation should 
be of this order. With reversible denaturation 
the figure should in this event be 28/12, or say 2.3 
or 1.17 if n were 12 or 24, respectively. 

(1) But there is, in any case, no reason to sup- 
pose that the figure 28 kcal./mole of residues rep- 
resents the situation even approximately. 

We consider first the attempt of Pauling and 
Niemann to estimate the difference between the 
heats of formation of a glycyl linear residue and a 
glycyl cyclol residue by the explicit use of bond 
energies. Repeating without acknowledgment 
the calculation (yielding the value 27.3) which I 
published in 1936 to ventilate the question,16 
Pauling and Niemann write for the heats of for- 
mation in the gaseous state 

linear glycyl residue - cyclol glycyl residue 
= C=O + N-H + (resonance in CO-NH bond) - 

(C-0 + 0-H + C-N) 
= 152 + 83.3 + 21 - (110.2 + 70 + 48.6) = 27.5 (1) 
or say 28, since the standard energy of NH is 
usually taken to be 83.7.16 It is my opinion that 

(14) Wrinch, Phil. Mag. ,  26, 706 (1938). 
(15) Wrinch, Nafztre, 158, 241 (1936). This calculation was 

(16) Pauling, “Nature of the Chemical Bond,” Cornell University 
brought to the notice of Professor Pauling in January, 1938. 

Press, Ithaca. N. Y., p. 53. 
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no weight is to be attached to this formal evalua- 
tion, since little or nothing is known as to the 
values of several of the bond energies in these 
particular cases. Particularly I question the 
validity of (1) assuming that the C-CHz bonds 
have the same energy in both structures, (2) as- 
suming the C-0 bonds in cyclols have an energy 
as small as in the primary alcohols. These uncer- 
tainties appear to me to make the calculation 
valueless, except in so far as it calls attention 
(as was my reason for publishing my calculation 
in 1936) to the types of data which are needed, 
namely, bond distances (and derivatively bond 
energies) in long linear peptides-particularly 
those containing residues other than glycyls-and 
in ring compounds in which a carbon bearing an 
OH group is linked to two nitrogens in the same 
ring, and to another carbon bearing a variety 
of substituents. 

However, as Pauling and Niemann rest the 
greater part of their case against the cyclol hy- 
pothesis upon this calculation and upon two 
others, it is necessary (A) to point out that these 
two other calculations are strictly equivalent to 
the first and (B) to consider how far present data 
offer any guide as to the bond energies involved 
in the first calculations. (A) Pauling and Nie- 
mann state that they have obtained without the 
use of bond energies other values (in fact 32 and 
24) agreeing closely with and so further supporting 
the value 28 found with the use of bond energies. 
First, we have to point out that, assuming that 
the heat of combustion of crystalline diketopi- 
perazine is 474.6, it  is erroneous to conclude that 
the heat of formation of crystalline diketopipera- 
zine from elements in their standard states is 128. 
The correct value is 

-474.6 + 4 X 94.45 + 3 X 68.37 = 108.3 

These two calculations, as they stand, are cer- 
tainly remarkable in that they give values which 
differ from the fist by +4 and -4, respectively, 
or using the correct value for the heat of forma- 
tion of crystalline diketopiperazine, by -6 and 
- 14, respectively. The reason for these discrep- 
ancies is easily seen. For if we write for the heats 
of combustion of crystalline compounds for which 
experimental data are available a typical equation 
such as 

say A = 4B - 3C, with the values used by Paul- 
ing and Niemann to assess the heat of formation 

C(CH20H)r = 4CsH5OH - 3CH4 (2) 

of cyclol residues, we obtain 1302.8 = 1293.0. 
Again the equation 

say D + 12 E = 4F + 6C, using again the values 
used for evaluating the glycyl cyclol residue, we 
obtain the result 5446.7 = 5405.6. Plainly such 
equations are untrue in the case of these com- 
pounds. As little reliance can be placed upon 
them for the evaluation of cyclol residues. Evi- 
dently the only way of interpreting such an equa- 
tion, P = Q + R, is to write it in the form 
Heat of combustion of P, + K(P,) = Heat of cornbusdon 
of QO + Heat of combustion of R, + K(Qo) + K(R,) 
where K(Xc) is the heat of sublimation of X plus 
the amount by which the heat of formation of 
X,,, exceeds the sum of bond energies, when the 
standard values (e. g., N - C = 48.6) are used. 
When written in this form, all such equations of 
course yield the result 0 = 0. In other words, 
such an equation as (2) states simply that, if 
equal energies be given to the corresponding 
bonds, then 

CsHizNi + l2C2He = 4N(CzHs)s + 6CH4 

4C-C + 8C-H + 4 C 4  + 40-H = 
4(C-C + 5C-H + C-0 + 0-H) - 12C-H 

After the same manner, the equations for the 
cyclol residue constructed by Pauling and Nie- 
mann, which may be written 

linear glycyl residue - cyclol glycyl residue 
=I/* diketopiperazine - (F + B - 3E) 
= diketopiperazine - (A + D - 3C)/4 

give simply my original calculation. In view of 
the claim that such equations give estimates with- 
out the use of bond energies, it must be empha- 
sized that they are simply bond energy equations. 
They make no use of the heats of combustion 
cited and add nothing to my original calcula- 
tion,15 to which in fact they are strictly equivalent. 
(B) The fact that a C-C bond length as small as 
1.47 + 0.03 A. has been found in the only cyclic 
peptide so far investigated, l7 whereas in glycineIR 
the distance is 1.52 * 0.02 A. shows that (1) is 
not the most plausible assumption. Rather it 
would seem natural to assume that this bond is 
shorter and therefore stronger in the cyclol struc- 
ture. Further, it  seems difficult to reconcile the 
assumption of Pauling and Niemann that the ter- 
tiary cyclol OH has its C-0 bond as low in energy 
as the standard value for primary alcohols, with 
Pauling’s statementlQ that this bond in secondary 
(17) Corey, THIS JOURNAL, 60, 1598 (1938). 
(18) Albrecht and Corey, ibid., 61, 1087 (1939). 
(19) Pauling, ibid., 64, 3570 (1932). 
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and tertiary alcohols “seems to be 0.3 to 0.5 v. e. 
more stable than corresponds to this C-0 value.’’ 
Rather it would seem more reasonable to follow 
Pauling’s 1932 lead in attributing say 0.4 v. e. 
or 9.2 kcal. more energy to this bond, as is in fact 
suggested by the observed heat of combustion of 
trimethylcarbinol. These corrections can easily 
add 12 to 18 to the heat of formation of the glycyl 
cyclol residue, reducing the balance in favor of the 
linear peptide in the gaseous state to (say) 13. So 
far everything said has had reference only to glycyl 
residues and only to the gaseous state. Now pro- 
teins in general have a t  least one CHZ group per 
residue in their R groups. If any serious estimate 
of the relative stability of the cyclol cage and the 
extended peptide is to be attempted, this fact must 
be taken into account. In view of the solubilities 
of the native proteins i t  may be presumed that the 
interarrangement in space of this large number of 
CH2 groups is such as to contribute considerably 
more, say 2, to the heat of formation of the former 
than to that of the latter, and to facilitate a higher 
degree of hydration in the former than in the 
latter. This higher degree of hydration, if i t  
amounts to two more hydrogen bonded water 
molecules per residue in the cyclol than in the 
peptide, would add a further 10 or more to the 
balance in favor of cyclol cages. These two 
terms thus may further reduce the balance in 
favor of linear peptides to 13 - 2 - 10 = 1. Finally, 
the association of oppositely ionized R groups has 
to be taken into account. The dipole moments 
of the native proteins which have been measured 
are all low (180 X for egg albumin, a mole- 
cule of diameter 30 8. or more and 500 X 10-l8 
for hemoglobin, a molecule of about twice the 
weight).21 While i t  must again be emphasized 
that the data necessary for an estimate are lack- 
ing (since nothing is known as to the arrangement 
of the ionizable R groups on any native protein) 
i t  appears to be illegitimate and certainly un- 
plausible to assume that the coulomb energy terms 
would be unchanged when the cyclol cage struc- 
ture opens into linear peptides. The fact that 

(20) Kharasch, Bur. Sfandards J .  Research, 4, 359 (1929). 
(21) Coho, Chem. Rm., 34, 210 (1939). 

the stability of a native protein is impaired when 
the PH goes outside some central “stability” 
range suggests that these terms make some con- 
siderably greater contribution to the heat of for- 
mation of the cage cyclol than to that of the linear 
peptide. In egg albumin, for example, where 
there are say 27 basic and 27 acidic R groups, an 
arrangement of these groups in isolated pairs a t  
distances apart of 4 A. would contribute to the 
heat of formation of the cyclol cage an amount of 
the order of 2 or more per residue. This changes 
the balance in favor of the cyclol to 1 or more. 

TO Sum Up.-The estimate of a balance in 
favor of the linear peptide of 28 kcal./mole of 
residues rests upon many assumptions which lack 
plausibility. With assumptions which are less 
unplausible, the estimate can be changed to a 
balance in favor of cyclol cages of a t  least 1. 
However the lack of information makes any such 
estimates, ranging from 28 to -1 or less, of little 
usefulness. Since in any case, a reversible dena- 
turation probably destroys only a small part of the 
fine structure, the heat of denaturation should 
tally not with the balance in favor of cyclols per 
residue but with some small fraction of this 
amount. 

It must be concluded that no case has been 
made out for deducing that the cyclol theory is 
false on the basis of Anson and Mirsky’s figure for 
the heat of denaturation of trypsin; further, that 
no measurements of the heat of denaturation of 
proteins can provide a test of the cyclol hypothesis 
unless the structure of the denatured products in 
question is known and the heat of formation of such 
structures and of cyclol cages can be estimated. 

Summary 
Arguments against the cyclol hypothesis, which 

have been collected by Pauling and Niemann in a 
recent article, are examined. It is found that 
they do not disprove it. In particular their state- 
ments purporting to prove that a protein with the 
cyclol structure would be less stable than the 
polypeptide chain structure by a very large 
amount is examined and found to be unproven. 
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chloroform melted at 214-216'. The pure ester of the 
terephthalic acid is recorded" as melting at 225'. Neu- 
tralization equivalent of the mixture of acids was 84.3; 
calculated for phthalic acid 83.3. No trace of benzoic acid 
could be detected among the oxidation products. Ap- 
parently the mixture is largely isophthalic acid. The 
yield calculated on the basis of four propyl chloride mole- 
cules to one of the butylpropylbenzene mixture varied 
from 14 to 38%, an estimation based upon the quantity of 
high boiling residue left after distilling the butylbenzene 
from each experiment. 

About 6 to 12 g. of a mixture of saturated and un- 
saturated compounds, boiling in the hexane and nonane 
range, was obtained from each of these preparations, the 
quantity being larger the higher the temperature of re- 
action. Careful fractionation in an eighteen-plate column 
failed to show any single product. All fractions also 
showed presence of unsaturated material. Upon ozonoly- 
sis of a 63 to 66' cut, decomposition of the ozonides with 
zinc and water, and careful fractionation of the resulting 
aldehydes and ketones, definite evidence in the form of the 
dinitrophenylhydrazone derivative was obtained for the 
presence of acetaldehyde. The melting point observed 
was 146-150"; that of an authentic sample was 147.5148'; 
and that of the mixture was 148-150 '. A mixed melting 
point with the like derivative of propionaldehyde (m. p. 
190") was 141". Owing to the small amount of material 
left after attempts a t  purification, a satisfactory melting 
point for 2-butanone-2,4-dinitrophenylhydrazone could 

not be secured but the crystals obtained were shown to 
be identical with an authentic sample in having parallel 
extinction, pleochroism, centered acute bisectrix, and 
elongated obtuse bisectrix, and were not in whole agree- 
ment with observations on known samples of the like 
derivatives of acetone and butyraldehyde. A trace of 
propionaldehyde may also be present, for a few crystals pre- 
pared from one of the fractions appeared to have similar 
optical properties.12 

Summary 
Organosodium compounds from n-butyl and 

n-propyl chlorides have been prepared, the ease 
of reaction being progressively less, the yields 
lower, and the ratio of di- to monocarboxylic acid 
greater than observed with the amyl homolog. 

n-Butyl- and n-propylsodium are progressively 
less reactive with benzene and toluene than is n- 
amylsodium. 

n-Butylbenzene can be prepared conveniently 
by adding propyl chloride to sodium in toluene 
at 72'. 

Metalation of butylbenzene takes place largely 
in the meta position. 

(12) We are greatly indebted to Mr. Gibb for assistance on the 
optical studies. 
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The Geometrical Attack on Protein Structure 
BY DOROTHY M. WIUNCH 

It is unnecessary a t  the present time to state 
the case for the cyclol hypothesis, since authorita- 
tive accounts have already been given by Lang- 
muir of the way in which the theory accounts sat- 
isfactorily for many of the well-known properties 
of the globular proteins.132 In a recent summary,a 
however, Pauling and Niemann repeat a number 
of statements purporting to disprove the theory 
already made by other writers. Attention must 
therefore be directed to a number of publications 
in which these criticisms have already been dis- 
cussed, a t  least so far as their scientific importance 
appeared to ~ a r r a n t . ~ , ~ - ~  We then proceed to 

(1) Langmuir, Cold Spring Harbor Symposia Quanl. B i d ,  6 ,  135 

(2) Langmuir, Proc. Phys.  SOC. (London), 61, 542 (1939). 
(3) Pauling and Niemann, THIS JOURNAL, 61, 1860 (1939). 
(4) Wrinch, Cold Spring Harbor Symposia Quant. Biol., 6 ,  122 

(5) Langmuir, Nafurr,  143, 280 (1939). 
(6) Langmuir and Wrinch, ibid., 143, 49 (1939). 
(7) Wrinch, ibid., 143, 482 (1939). 
(8) Wrinch, ibid., 143, 763 (1939); 146, 660, 1018 (1940). 
(9) Langmuir and Wrinch, Proc. Phys .  SOC. (London), 61, 613 

(1939). 

(1938). 

(1938). 

discuss, necessarily in a preliminary manner, two 
issues (first raised in my publicationslOJ1) to 
which Pauling and Niemann refer, namely (a) cer- 
tain short interatomic distances in the original 
cage structures and (b) the energy of formation 
of these structures. In particular it is shown that 
the claim by Pauling and Niemann that the cyclol 
hypothesis can be disposed of by means of Anson 
and Mirsky's heat of denaturation of trypsin 
must be rejected. 

(a) In my f i s t  studies of possible protein struc- 
tures, very exacting metrical conditions were 
adopted, mainly in order to demonstrate in a 
simple manner the possibility of handling prob- 
lems of protein structure by strictly mathemati- 
cal methods. These, i t  appears from crystallo- 
graphical data, are unnecessarily onerous. Evi- 
dently a discussion of certain short interatomic 
distances in the original cyclol structures can only 

(10) Wrinch, Proc. Roy.  SOC. (London), A160,59 (1937); A161,505 

(11) Wrinch, Nafure ,  138, 241 (1936). 
(1937). 34
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and tertiary alcohols “seems to be 0.3 to 0.5 v. e. 
more stable than corresponds to this C-0 value.’’ 
Rather it would seem more reasonable to follow 
Pauling’s 1932 lead in attributing say 0.4 v. e. 
or 9.2 kcal. more energy to this bond, as is in fact 
suggested by the observed heat of combustion of 
trimethylcarbinol. These corrections can easily 
add 12 to 18 to the heat of formation of the glycyl 
cyclol residue, reducing the balance in favor of the 
linear peptide in the gaseous state to (say) 13. So 
far everything said has had reference only to glycyl 
residues and only to the gaseous state. Now pro- 
teins in general have a t  least one CHZ group per 
residue in their R groups. If any serious estimate 
of the relative stability of the cyclol cage and the 
extended peptide is to be attempted, this fact must 
be taken into account. In view of the solubilities 
of the native proteins i t  may be presumed that the 
interarrangement in space of this large number of 
CH2 groups is such as to contribute considerably 
more, say 2, to the heat of formation of the former 
than to that of the latter, and to facilitate a higher 
degree of hydration in the former than in the 
latter. This higher degree of hydration, if i t  
amounts to two more hydrogen bonded water 
molecules per residue in the cyclol than in the 
peptide, would add a further 10 or more to the 
balance in favor of cyclol cages. These two 
terms thus may further reduce the balance in 
favor of linear peptides to 13 - 2 - 10 = 1. Finally, 
the association of oppositely ionized R groups has 
to be taken into account. The dipole moments 
of the native proteins which have been measured 
are all low (180 X for egg albumin, a mole- 
cule of diameter 30 8. or more and 500 X 10-l8 
for hemoglobin, a molecule of about twice the 
weight).21 While i t  must again be emphasized 
that the data necessary for an estimate are lack- 
ing (since nothing is known as to the arrangement 
of the ionizable R groups on any native protein) 
i t  appears to be illegitimate and certainly un- 
plausible to assume that the coulomb energy terms 
would be unchanged when the cyclol cage struc- 
ture opens into linear peptides. The fact that 

(20) Kharasch, Bur. Sfandards J .  Research, 4, 359 (1929). 
(21) Coho, Chem. Rm., 34, 210 (1939). 

the stability of a native protein is impaired when 
the PH goes outside some central “stability” 
range suggests that these terms make some con- 
siderably greater contribution to the heat of for- 
mation of the cage cyclol than to that of the linear 
peptide. In egg albumin, for example, where 
there are say 27 basic and 27 acidic R groups, an 
arrangement of these groups in isolated pairs a t  
distances apart of 4 A. would contribute to the 
heat of formation of the cyclol cage an amount of 
the order of 2 or more per residue. This changes 
the balance in favor of the cyclol to 1 or more. 

TO Sum Up.-The estimate of a balance in 
favor of the linear peptide of 28 kcal./mole of 
residues rests upon many assumptions which lack 
plausibility. With assumptions which are less 
unplausible, the estimate can be changed to a 
balance in favor of cyclol cages of a t  least 1. 
However the lack of information makes any such 
estimates, ranging from 28 to -1 or less, of little 
usefulness. Since in any case, a reversible dena- 
turation probably destroys only a small part of the 
fine structure, the heat of denaturation should 
tally not with the balance in favor of cyclols per 
residue but with some small fraction of this 
amount. 

It must be concluded that no case has been 
made out for deducing that the cyclol theory is 
false on the basis of Anson and Mirsky’s figure for 
the heat of denaturation of trypsin; further, that 
no measurements of the heat of denaturation of 
proteins can provide a test of the cyclol hypothesis 
unless the structure of the denatured products in 
question is known and the heat of formation of such 
structures and of cyclol cages can be estimated. 

Summary 
Arguments against the cyclol hypothesis, which 

have been collected by Pauling and Niemann in a 
recent article, are examined. It is found that 
they do not disprove it. In particular their state- 
ments purporting to prove that a protein with the 
cyclol structure would be less stable than the 
polypeptide chain structure by a very large 
amount is examined and found to be unproven. 
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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. 
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