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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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タンパク質の「結晶」の登場
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Polypeptide chain configurations in crystalline proteins 
BY SIR LAWRENCE BRAGG, F.R.S., J. C. KENDREW AND M. F. PERUTZ 

Cavendish Laboratory, University of Cambridge 

(Received 31 March 1950) 

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

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

21-2 
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5X1 A repeat along the fibre axis which is shown prominently by X-ray photographs 
of ac-keratin and its analogues corresponds to an element of folded chain con- 
taining three amino-acid residues. Briefly, Astbury (private communication, 1949) 
summarizes the evidence as follows: 

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

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

(b)T 

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

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

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

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

Astburyのα-keratin

β-keratin

Polypeptide chain configurations in proteins 323 

5X1 A repeat along the fibre axis which is shown prominently by X-ray photographs 
of ac-keratin and its analogues corresponds to an element of folded chain con- 
taining three amino-acid residues. Briefly, Astbury (private communication, 1949) 
summarizes the evidence as follows: 

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

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

(b)T 

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

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

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

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

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

1. INTRODUCTION 

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

R. U 

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

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

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

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

Certain features of all protein structures deserve special mention. 
R 

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

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

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

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

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

2. PREVIOUS SPECULATIONS ABOUT THE CONFIGURATION OF THE 
POLYPEPTIDE CHAIN 

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

5.1Å
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4. CLASSIFICATION OF CHAIN STRUCTURES 

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

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

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

(a) Interatomic distances and bond angles 

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

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

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

H R 
(A) (0) 

N-C 141 NCC' 112 

C-C' 152 CC'N 118 

C'-O 1*25 C'NC 118 

C'-N 133 

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

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

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

p.328

蛋白質が全部同じ「二次構造」を
持つことはあたりまえ?
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In an earlier paper Huggins (I943) has given the following summary of the 
H O 

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

H R 
(A) (0) 

N-C 141 NCC' 112 

C-C' 152 CC'N 118 

C'-O 1*25 C'NC 118 

C'-N 133 

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

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

For the construction of models we have adopted the following values, which agree 
with those given by Huggins or with generally recognized standards: 
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(i) Covalent distances: C-C, 1P52A; C-N, 1.36A; C-o, 1.24A. 
(ii) Hydrogen bond distances: N-O (in N-H...0) 2 85 A. 
(iii) Bond angles: C: tetrahedral distribution. 

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

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

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

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

inactive) belong to the laevo series. 

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

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

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

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

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

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

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

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

* No complete structure analysis of any compound containing nitrogen bound analogously 
to nitrogen in proteins of the oc-keratin type is yet available. We have therefore thought it 
better to leave this question open for the present, and to examine, in each type of structure, 
the effect of the two configurations given. 
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4. CLASSIFICATION OF CHAIN STRUCTURES 

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

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

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

(a) Interatomic distances and bond angles 

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

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

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

H R 
(A) (0) 

N-C 141 NCC' 112 

C-C' 152 CC'N 118 

C'-O 1*25 C'NC 118 

C'-N 133 

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

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

For the construction of models we have adopted the following values, which agree 
with those given by Huggins or with generally recognized standards: 
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TABLE 1 

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

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

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

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

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

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

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

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

11 '1 
13 '- - no possible structures 
14 

fourfold 7 
8 -o-o- no possible structures 

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

14 or - no possible structures 
greater 

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

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

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

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

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

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

S R
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screw の整数性を重視
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The other form (27b), differing only in that the R groups and H atoms on the 

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

cC o N 00 OR *H 

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

(b) 
x 

Cfi 

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

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

A 

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

FIGURE 6. Projections of 27 b chain. 

R2 Ni (cR 

04 

Table of co-ordinates in A )) 
1 2 

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

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

C 3-1 0-1 4-1 
R 3-1 1-6 4e4 FIGURE 9. Projections of 2144 1 chain. 
C' 2-5 0-0 2-7 
O 3-3 0-4 1-7 
Atoms in amino-acid residules 4, 5, 6 
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Reconstruction of the alpha-helix paper model. Drawn and folded by Linus Pauling, 1982.
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Reconstruction of the alpha-helix paper model. Drawn and folded by Linus Pauling, 1982.
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A PROPOSED STRUCGTURE FOR TIIE NUCLEIC A CIDS 

BY LINUS PAULING AND ROBERT B. COREY 

GATES AND CRELLIN LABORATORIES OF CHEMISTRY,* CALIFORNIA INSTITUTE OF 
TECHNOLOGY 

Communicated December 31, 1952 

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

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

The Formulation of the Structure.-Only recently has reasonably complete 
information been gathered about the chemical nature of the nucleic acids. 
The nucleic acids are giant molecules, composed of complex units. Each 
unit consists of a phosphate ion, HP04--, a sugar (ribose in the ribonucleic 
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