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WT Astbury, Phil. Trans. Roy. Soc. London (1934) A232, 333-394

The B-form 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 a-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 100%,, and the suggested pattern offers an
explanation of both the characteristic meridian reflection of the a-form (5-1 A) and
of the decrease of resistance of the p-form, as compared with the e-form, to the action

of reagents such as steam, etc.
!
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p4l 1

NY theory as to the structure of the molecule
of simple native protein must take account

of a number of facts, including the following :
(1) The molecules are largely, if not entirely, made
up of amino acid residues. They contain —NH—-CO

() RISHICERXLGWT U —
linkages, but in general few -~-NH, groups not be- - .
longing to side chains, and in some cascs possibly none. U) = / % Li Li t /U & fd: \J \ .

(2) There is a general uniformity among proteins of
widely different chemical constitution which suggests
a simple general plan in the arrangement of the
amino acid residues, characteristic of proteins in
general.  Protein crystals possess high, general
trigonal, symmetry.

(3) Many native proteins are ‘globular’ in form.

(4) A number of proteins! of widely different
chemical constitution, though isodisperse in solution
for a certain range of values of pH, split up into
molecules of submultiple molecular weights in a
sufficiently alkaline medium.

v

The facts cited suggest that native protein may
contain closed, as opposed to open, polypeptides, that
the polypeptides, open or closed, are in a folded

2) ZERBIF3EXTZ FFD.

¥ra. 1. The ‘cyclel 6 molecule.

state, and that the type of folding must be such as
to imply the possibility of regular and orderly
arrangements of hundreds of residucs.
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p411 mathematics...

An examination of the geometrical nature of poly-
peptide chains shows that, since all amino acids
known to occur in proteins are a-derivatives, they may
be folded in hexagonal arrays. Closed polypeptide
chains consisting of 2, 6, 18, 42, 66, 90, 114, 138, 162

. . (18 5- 24n) . . . residucs form a series with
threefold central symmetry. A companion series
consisting of 10, 26, 42, 58, 74, 90, 106, 122 . . .
(10 -- 16m) . . . residues have twofold central sym-
metry. There is also a series with sixfold central
symmetry : others with no central symmetry. Open
polypeptides can also be hexagonally folded. The
number of free -—NH, groups, in so far as these in-
dicate an open polypeptide, can be made as small
as we please, oven zero if we so desire. The hexagonal
folding of polypeptide chains, open or closed, evidently
allows the construction of molecules containing even
hundreds of amino acid residues in orderly array,

F1c. 2. A ‘cyclol 42° molecule.

polypeptide with six residues), ‘cyelol 18°, ‘eyclol 42
(Fig. 2) and so on, and similarly open ‘cyclised’
polypeptides (Fig. 3).

By using the transformation* guggested by Frank in
1933 at a lecture given by{W. T. Astbury}to the
Oxford Junior Scientific Society,

v AN
C=0 H-N  to C(OH)-N
/ AN s
which has already proved useful in the structure of
a-keratin®, the situation is at once cleared up and
we obtain (Fig. 1) the molecule ‘eyclol 6’ (the closed

already proved?
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p.972

NUMBER of facts relating to proteins' suggest

that the polypeptides in native proteins are in

a folded state®3. The type of folding must be such

as to imply the possibility of the regular and orderly

arrangement of hundreds of amino acid residues,

which to some extent at least is independent of the
particular residues in question.

At present two types of folding have been suggested,
the cyclol type®! and the hydrogen bond types.
The search for other types of folding is being con-
tinued. 8o far, it has not proved possible to discard
either theory on the grounds that the type of link
postulated is out of the question. It is, therefore,
very desirable to test these theories by checking
their implications against known facts, Accordingly
it is now considered whether the cyclol theory can
stand the test of the body of facts relating to the
‘globular’ proteins, established by Svedberg and his
collaborators®,

Fig. 1.
THE C©YCLOL PATTERN. THE MEDIAN PLANE OF THE

. . : LAMINA IS THE PLANE OF THE PAPER. THE LAMINA HAS
considered only in the case when all the median ipg ‘proNT’ SURFACE ABOVE AND ITS ‘BACK SURFACE
hexagons lie in one common plane. With this limita- BELOW THE PAPER.

In previous communications the cyclols have been

tion there has, of course, been no question of building e = N.

a closed (that is, a space-enclosing) cyclol. To do O = C(OH), PEPTIDE EYDROXYL UPWARDS.

80, 1t 1s necessary to investigate the conditions under © = C(OH), PEPTIDE HYDROXYL DOWNWARDS.
which a cyclol fabric can bend about a line. Evidently ’ -

Lo oo " . O— = CHR, DIRECTION OF SIDE CHAIN INTTIALLY
it is permissible for two abutting median hexagons OUTWARDS

to lie on different planes, if the angle between the 0- — CHR ;0 OF SIDE CHATN INITIALLY
planes is the tetrahedral angle 8. Thus a cyclol T U;V?Amgﬁgr N DE -

17
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Stick model of the
alanine cyclol fabric

O
Fig. 1.
TaE CYCLOL PATTERN. THE MEDIAN PLANE OF THE
LAMINA IS THE PLANE OF THE PAPER. THE LAMINA HAS
ITS ‘FRONT’ SURFACE ABOVE AND ITS ‘BACK' SURFACE
BELOW THE PAPER.

= N.

= C(OH), PEPTIDE EYDROXYL UPWARDS.

= C(OH), PEPTIDE HYDROXYL DOWNWARDS.

— = CHR, DIRECTION OF SIDJ CHAIN INITIALLY
QUTWARDS.

O- = CHR, DIRECTION OF SIDE CHAIN INITIALLY

UPWARDS.

L
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Q
S

http://en.wikipedia.org/wiki/Cyclol
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p.972
THE Crosep CycLoOLS

To solve this problem, all the polyhedra in which
some at least of the dihedral angles are equal to the
tetrahedral angle will be considered in furn. As a
first step it is remarked that among the regular and
semi-regular polyhedra®, only four satisfy the con-
ditions, These are the truncated tetrahedron, the
octahedron, the truncated octahedron and the skew
triangular prism. On this occasion, as an example
of this method of building megamolecules, attention
is directed to the truncated tetrahedron, on which
it has proved possible to draw closed cyclol networks.
These networks form a linear series C;, C,, . . . Cp,

. which comprise 72, 288, . . . 72n% . . . amino
acid residues. Figs. 2 and 3 show models of C, and
C, in which the cyclol fabric is represented by the
median hexagons. These models have 4 hexagonal

Fig. 2.

p.973

{3) It is found that the molecular weights of pro-
teins are not distributed at random, but fall into a
sequence of widely separated classes, the molecular
weights in one class varying by as much as 15 per cent
from a mean wvalue. This is interpreted to mean

It is, however, suggested for consideration in the
future, that the group of proteins with mmolecular
weights ranging from 33,600 to 40,500 are closed
cyclol molecules of type C,. This molecular weight
class is of particular importance, since Svedberg has
suggested that very many, possibly most, other pro-
teins have molecular weights which are multiples of
(say) 36,000.

19
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Stick model of the cyclol C1
protein structure
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WT Astbury, Trans. Faraday Soc. (1938) 34, 378-388

378 X-RAY ADVENTURES AMONG THE PROTEINS

THE FOURTH
SPIERS MEMORIAL LECTURE.

X-RAY ADVENTURES AMONG THE PROTEINS.
By WirLiam THomas AstBury, M.A,, Sc.D., F.Inst.P.

* Amino-acids in chains
Are the cause, so the X-ray explains,
Of the stretching of wool
And its strength when you pull,
And show why it shrinks when it rains.”

A. L., PATTERSON.
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p.385

The task of protein studies now is to try to find out the form or
forms of protein folds. A possible solution for keratin and myosin that
fits in well with the X-ray and elastic data is that they are hexagonal
and closed by a lactam-lactim or a keto-enol interchange, thus : —

|
CHR CO CHR CO

A NS
?:o NH co 1[\1
1|~1H . COo NH (I:(OH)

Sl N

CHR NH CHR NH

|
NH CO NH CO

VW 4 2N

o “chr 0 ¢k

CHR CO ) J:HR (’J(OH)
N\ Nl N
NH CHR NH CHR

| |

Keto-enol Interchange.
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B-typﬂeﬁ 5 collagen

T

supercontracted

{- Alpha 3 Be/q.

Flé.‘z.—(Cf. Fig. 1.} Suggested scheme
for the four principal states of fibrous
proteins.
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p-388 MDD, A

one-sixteenth arginine residues, and so on, and suggest that the smallest
possible number of residues per molecule is 28 X 3%, or 2 X 288 (mole-
cular weight about 68,000), corresponding to hamoglobin and fibrin.
However that may be, one thing seems clear enough, that we are now on
the verge of something very fundamental indeed in protein theory, and
the moral value alone of such stoichiometrical discoveries as these is
immense. Exact analyses of the proteins, though always laborious,
need no longer be the thankless tasks they have been. Every possible
reliable observation now is urgently needed and must sooner or later be
fitted into the puzzle. Above all, complete analyses of single proteins are
necessary. . . .
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1860 Limnus PAULING AND CARL NIEMANN Vol. 61

[CONTRIBUTION FROM THE GATES AND CRELLIN LABORATORIES OF CHEMISTRY, CALI

RIE FORNIA INSTITUTE OF TECHNOLOGY,
No. 708]

The Structure of Proteins

By Linus PAULING AND CARL NIEMANN

PaulingD:EE

The theory of chemical binding
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structural elements of the cyclol type. Until re-
cently no evidence worthy of consideration had
been adduced in favor of the cyclol hypothesis.

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
at all in any protein. A detailed discussion of

p.1861

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-

p.1861

mental diagrams would in itseli 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.

p.1866

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. Nomne of these seems to us to have enough
significance to justify discussion.

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-

trary assumptions as to remove all significance

dence at the basis of our ideas of protein struc-
from the agreement obtained. In order to at-

ture®® in a brief discussion. In the following para-
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Crystal structure investigations have shown
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 8-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 at the edges and cor-
ners. (This has been used above as one of the ar-
guments against the C, cyclol structure.) We ac-
cordingly believe that proteins do not have such
cage structures.® 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.
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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.

Pasapena, CaLir, RECEIVED APRIL 22, 1939
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It is unnecessary at 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.’? In a recent summary,?
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, at least so far as their scientific importance

p.331

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.
1t 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.

p.332

particular cases. Particulatrly I question the
validity of (1) assuming that the C-CH, bonds
have the same energy in both structures, (2) as-

appeared to warrant.>4-?* We then proceed to suming the C-O bonds in cyclols have an energy
as small as in the primary alcohols. These uncer-
tainties appear to me to make the calculation

(2) In my first studies of possible protein struc-  valueless, except in so far as it calls attention

tures, very exacting metrical conditions were
adopted, mainly in order to demonstrate in a
simple mauner the possibility of handling prob-
lems of protein structure by strictly mathemati-
cal methods. These, it appears from crystallo-

p.333

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
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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.
BALTIMORE, MD. RECEIVED APRIL 30, 1940
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