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RESULTS OBTAINED IN PHYSICAL 
chemistry and chemical crystallography yield 
a rather definite picture of the native protein 

which fits a t  many points with that emerging from the 
various fields of the biology of the proteins, i.e. enzy-
mology, immunology, pharmacology, virus studies, and 
genetics. If we attempt to sum up the general impression 
derived from a study of various independent sources of 
inforination on the proteins, it can be broken down into 
the following parts: 

(1) Many proteins in solution are particles, not indi- 
vidual molecules (21). I t  is useful to use the term proteon 
to connote a native protein unit incapable of division 
into subunits also having the native protein character. 
Every native protein may then be regarded as a proteon 
or a system of proteons, alike or different. hat a pro- 
tein particle is not a mere conglomerate of1proteons but 
an orderly aggregate, i.e. a molecular colony, follows 
from the finding that in many cases where ultra-
centrifugal studies show that a protein is uniform in size 
and shape under well-deked external conditions, the 
protein in question is capable of dissociation into subunits 
when the environmental conditions are modified (21). 
Much information has now been assembled concerning 
the particle status of many proteins, ranging from the 
very large tobacco mosaic nucleoprotein down to horse 
hemoglobin. The reversible dissociation of protein par- 
ticles does not imply any change in the chemical status of 
the proteons. It is therefore to be sharply distinguished 
from denaturation. 

(2) Interproteon associations within particles depend 
upon the R-substituents of the amino acid backbones 
(N-4,-C) which make up the proteon skeletons. Struc- 
ture chemistry provides three types of association: direct 
polar, medlated polar, and less polar. Horse hemoglobin, 
which on dilution dissociates into two subunits, provides 
an illustration of the first type; the Helix hemocyanin 
particle whose dissociations in aqueous solution are 
affected by Cai+ and Mg++, an illustration of the first and 
second types (21). That the less polar R-substitueits of 
aliphatic and aromatic types, as well as the more polar 
types, emerge from protein surfaces is indicated by many 
data, e.g. the higher solubility of insulin in propylene 
glycol than in water and the affinity of human serum al- 
bumin for the paraffin chains of fatty acid molecules (13). 
Thus, associations of the third type are also a possibility, 
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and the fact that studies in aqueous solution give two 
subunits per particle (e.g. for horse hemoglobin) does 
not preclude the possibility that these subunits may 
themselves be particles in which the proteons are asso- 
ciated by less polar R-groups. Such a situation is in- 
creasingly indicated by crystallographic studies (6). 

(3) The proteon skeleton is an irztriwsically unstable 
stvucture. This is seen, for example, in the fact that each 
protein has its own pH stability range. Its stability de- 
pends upon the energy provided by the association of 
favorably placed polar R-substituents which can be direct 
or mediated by foreign molecules or ions. The minimum 
solubility of a protein in the neighborhood of its iso- 
electric point and the general instability of proteins on 
dilution (4) are further indications of this situation. The 
fact that the proteon, apart from its R-groups, is unstable 
means that there is, in the skeletons of native proteins, a 
labile bond. That the protein skeleton is rigid, we know 
from both crystallography (6) and physical chemistry (10). 
Evidently it is this labile bond which is responsible for 
the rigidity. That the labile bond joins skeletal atoms and 
not atoms belonging to R-substituents is inherent in the 
viewpoint which emerges from chemistry as a whole. Just 
as the sterol skeleton embodies the sterol character, the 
protein skeleton embodies the protein character, irre- 
spective of the particular amino acid compositions of in-
dividual proteins. To reject this viewpoint is to exclude 
the proteins from the fabric of present-day chemical 
ideas. The protein molecule may be viewed as a triumph 
of atomic engineering in which there is a "compression" 
member comprising the skeletal atoms and a "tension" 
member conlprising the R-substituents with hydrogen 
bridges and hydrogen bridge circuits as "ties." The rela- 
tion between the skeleton and the associational complex 
of its substjtuents is thus essentially symbiotic. Only with 
the stabilization energy provided by the associations of 
its substituents can the skeleton continue to exist; only 
so long as the skeleton remains intact are the sites or 
roots of the substituents held in spatial positions which 
permit the formation of associations. In the associational 
complex of substituents resides the physicochemical in- 
dividuality of a proteon; upon it depends its biological 
specificity. 

The major unsolved problem in the structure of pro- 
teins is the nature of the protein skeletons. I t  is to be ex- 
pected that these skeletons are entities as definite as, for 
example, the carbon skeleton of the sterols or the carbon- 



nitrogen skeleton of hexamethylene tetramine. The in- 
formation required, before fundamental progress in 
understanding protein structure can be made, is a bltie- 
print showing the positions in space of every N, every 
C, and every C in the skeleton or skeletons. I t  is neces- 
sary, therefore, to discover how the (N-C,-C) units 
are interlocked to form a rigid skeleton and, incidentally, 
the number or numbers of amino acid residues capable of 
building such integrated structures. 

One important issue, generally the first to be discussed 
in an analytic study of an unknown structure, is sym- 
metry. The fact that all the (N-C,-C) units in proteins 
have the Cg atom attached to the C, in the same (levo-) 
position narrows the possibilities regarding the sym- 
metries of protein skeletons, since it eliminates all types 
involving a center of symmetry or a mirror plane. Twelve 
possibilities comprise: two cubic, 0 and T ;  two hexagonal, 
Deand Cg;two rhombohedral, D3and Ca; three tetrago- 
nal, D4, Ca, and S4; one orthorhombic, D1; one monoclinic, 
Ce;and one triclinic, C1. Each will require investigation 
in turn. So far only cubic symmetry has been consid- 
ered (25). So many facts regarding proteins fall into 
place if it is assumed that protein skeletons have cubic 
symmetry that this assumption and its far-reaching im- 
plications merit detailed investigation and study. The 
hypothesis a t  once explains how it can happen that a 
number of proteins, unlike organic molecules in general, 
form crystals of high symmetry (6, 7). It explains, also, 
the variety of space groups exhibited by protein crystals 
(6, 7). The body of knowledge comprised in the atomic 
structure of minerals (2) shows exactly the lines upon 
which such a situation can arise, provided a cubic skele- 
ton is characteristic of all proteons. Proteons form,par- 
ticles, often of immense molecular weights, which, to the 
limit of sensitivity of the ultracentrifugal technique, are 
uniform in shape (21). The cubic hypothesis explains how 
this can happen. Molecules built on cubic skeletons can 
form particles by the association (as it were) of faces, 
edges, or vertices; after the manner of the silicates (2), 
thereby building aggregates which are of definite mor- 
phology, even though they may be large. There seem to 
be many indications that only a cubic skeleton can build 
particles of definite morphology having the variety of 
shapes exhibited by protein particles. The variety of 
optical characters (12) is also explained. Since the cubic 
skeleton is necessarily isotropic, the optical character of a 
protein crystal depends upon the nature and arrangement 
of its particular R-substituents. 

In this connection, the idea presents itself that a local 
situation on the surface of a protein molecule or within a 
protein particle may be, to all intents and purposes, a 
replica of a local situatior in a mineral (26). Metals ions 
are known to be associated with many proteins, e.g. 
manganese with arginase, zinc with carbonic anhydrase, 
copper with phenolases, iron with catalase, peroxidase, 
cytochromes, and lactic dehydrogenase. With mineral 

precedents in mind, we can picture a metallic ion, for 
which a tetrahedral or an octahedral environment of 
oxygens is appropriate, clamping together protein mole- 
cules, each carrying glutamyl or aspartyl substituents. 
We can also picture hydrogen bridge circuits, of the types 
found in ice (1) and in various organic crystals, such as 
pentaerythritol (5 )  and acetamide, (18) engaging sub- 
stituents of protein molecules. Such situations involve 
symmetry elements also. A cubic skeleton permits, 
though it does not require, such associational complexes 
of its substituents. I t  would also permit the integration 
of individual hydrogen bridge circuits by water molecules 
into a multiply-connected network covering the whole 
molecule. Proton jumps or transfers, of the type already 
postulated in ice, would then allow the entry and exit 
of protons a t  widely separated points. The suggestion 
may be made that the essence of a protein capable of 
enzymatic activity may reside in such a network over its 
surface. Long-range forces for proteins, which have been 
postulated for some time, provide, it would seem, the 
only explanation of biological phenomena such as those 
concerned with the pairing of chromosomes and the mi- 
totic cycle in general (22). They have recently been postu- 
lated, even more definitively, on the basis of revolution- 
ary results concernihg protein interactions a t  distances 
of the order of 100 A. (14, 15). That an enveloping net- 
work of multiply-connected hydrogen bridge circuits may 
prove to be the seat of such forces is worthy of the most 
careful consideration. 

Whether our concern is with the possibility of long- 
range forces or with the nature of enzymes, protein func- 
tion may be regarded as the outward sign of an inner 
essence. I t  is therefore to be expected that the most 
fundamental of all protein functions, the production of 
replicas, may throw light upon the nature of protein 
structure. (It is of interest in this csnnection that the 
function of replication is gradually being extended to 
more and more proteins, 20.) A theory of biosynthesis is 
therefore presented for consideration. I t  is based upon the 
belief that replication is akin to crystal growth and so 
belongs essentially to the domain of crystallography, the 
richest repository of ideas for structure studies in general 
and indispensable in any attempt to understand the 
proteins. 

TKe replication of proteins falls into two parts: the 
replication of protein molecules and the assembling of 
protein molecules into protein particles. The former is the 
crucial happening in protein synthesis. 

For molecular replication, three basic assumptions are 
required : 

(1) We assume that the inherent capacity of certain 
species of protein to produce replicas depends on the 
presence on their surfaces of active patches (to use War- 
burg's term), i.e. local specific constellations of R-sub- 
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stituents. Each of these, we must presume, can function 
as a mold or templet, permitting the laying down on it- 
self of a complementary constellation. Under what cir- 
cumstances, then, will such constellations provide appro- 
priate material for new, hitherto-non-existing proteons 
which are exact replicas of those already existing? Evi- 
dently, in the first place, this occurs only if a proteon is 
in some sense, a surface structure-a stiff fabric of some 
kind forming a 'space-enclosing' shell. This requirement 
accords well with the fact that all proteins, no matter how 
large they may be, produce monolayers of the same thick- 
ness, 7-1 1 A. Secondly, it is necessary that the constella- 
tions complementary to those comprising an existing pro- 
teon be equivalent to the constellations themselves. Thus, 
we might take a molecule of the same shape,as, for in- 
stance, hexamethylene tetramine, but larger and analyze 
its surface into various patches. Suppose now that each 
patch of the surface is complementary to the antipodal 
patch. This would mean that the patch synthesized on, 
and complementary to, one part would actually be the 
antipodal patch. In such a case, then, the synthesis 'by 
individual molecules of complementary patches would 
ips0 facto produce the patches capable, when correctly 
assembled, of making new molecules which are exact 
replicas. Thus, the first deduction to be made regarding 
protein molecules is that they are surface structures, 
comprising a set of individual patches which form a self- 
complementary set. 

(2) In order to have a mechanism whereby these iso- 
lated constellations on different molecules may, on oc- 
casion, be integrated so as to interlock, in the same spatial 
pattern as in the original molecules, something has to be 
postulated regarding the capacity of the original mole- 
cules to form orderly assemblies. In such a case, we can 
picture the incipient crystallization of the existing mole- 
cules permitting complementary patches to interlock, 
step by step, in a variety of sequences, into precisely the 
pattern in which the patches are integrated in the exist- 
ing molecules. We see then that the global self-comple- 
mentariness of the surface of a protein molecule belonging 
to a species capable of replication can be more precisely 
defined. I t  must be "crystallographically satisfactory"; 
the incipient crystallization of existing molecules then so 
sets the individual complementary patches that inter- 
locking into new and identical molecules results. In the 
example cited, the antipodal patches form pairs of com- 
plementary patches. In the case of the phosphotungstic 
acid anion, patches of the surface are self-complementary. 
There are, in fact, a well-defined number of ways in which 
a crystallographically satisfactory global self-complemen- 
tariness can be achieved. One of these ways must be 
characteristic of the synthesi~ing proteins; which, we do 
not yet know. I t  is worth emphasizing that whichever al- 
ternative is adopted by proteins, one apparent difficulty 
disappears. I t  has been stated that there is some objection 
to postulating the formation of a complementary pattern, 
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since a protein produces not a complementary pattern 
but a replica of the original (3). The difficulty evanesces 
when it is seen that the molecule results from the integra- 
tion of individual complementary patches, which may 
be, but need not be, replicas of the patches on which they 
are synthesized, and that it is only the appropriate global 
selj-cuplmentariess of the molecules which ensures 
replication. 

(3) The energy questions involved in protein synthesis 
point in the direction .of certain ancillary molecules being 
present during such operations, e.g. molecules containing 
energy-rich phosphate bonds. I t  shoul(1 be noted in this 
connection that among the many crystalline t~ucleo pro- 
teins already well known, bushy stunt virus nucleopro- 
tein achieves even a cubic space group (7). That nucleic 
acid plays an essential role in replication has long been 
assumed (20,24).  

This theory of biosynthesis has a number of implica- 
tions, some of them far reaching. I t  is sufficient here to 
refer to one of them-the existence of protein inter-
mediates. These may be visualized as the various in- 
dividual active patches upon which complementary con- 
stellations are formed. There are indications that such 
structures may already have been found in no less than a 
dozen cases, e.g. in the lactalbumin precursor (19), in the 
digestion products of beef pseudoglobulin (II), p-lacto- 
globulin (8), and casein (?3), and in hydrolytic products 
of silk (9). These products are all of low molecular weight 
corresponding to amino acid residue numbers in the 
range 4-12, clearly indicating that the smallest-perhaps 
the only-proteon skeleton may comprise relatively few 
residues. I t  is to be emphasized that the products in the 
last case have biological activity, connoting a definite 
structure. Biological activity has been found in protein 
monolayers in a variety of cases which include ovalbumin, 
horse serum albumin and globulin ( 1 7 ) , and insulin and 
metakentrin (16). In the case of the globulin, it proved 
necessary to compress the film to 15 dynes or so (17). A 
structure capable of biological activity only under such 
circumstances may well contain a labile bond. All these 
facts point to one conclusion, which is exactly that 
reached in the discussion of biosynthesis. The proteon, it 
would seem, is an integration of parts of definite structure 
and individuality. The immense difficulty of the study 
of the structure of proteins (in contrast to.cmposition of 
proteins) by way of organic chemistry needs no emphasis. 
But a new approach opens when we think in terms of pro- 
tein intermediates and aim a t  a more limited objective. 
The application of the general ideas which presented 
themselves in the consideration of the symmetry of the 
protein skeletons to the possible structure of such pro- 
tein intermediates yields various specific suggestions re- 
garding the particular amino acid residues which may be 
expected in conjunction (26). A systematic study of the 



amino acid compositions to be expected of active patches 
can now be undertaken. The complete characterization of 
protein intermediates and their resynthesis would mark 
a crucial stage in protein studies. 
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Tidal Illumination Diagrams 

THE TIDAL ILLUMINATION DIAGRAM IS 
one of the various graphic devices designed dur- 
ing the recent war to represent significant hydro- 

graphic conditions on military targets. I t  was introduced 
by the Oceanographic Section of Headquarters, Army Air 
Forces, in 194230 represent relationships between stage 
of the tide and state of illumination in target areas of 
Northwest Africa. Later, its use was extended to all thea- 
ters, and preparation on a mass scale was taken over by 
the U. S. Coast and Geodetic Survey, where facilities are 
available for computation and graphic presentation of 
these data for many parts of the world. Recent comments 
have shown the diagrams to be of practical use in this 
postwar period. 

The tidal illumination diagram is so arranged that for 
any hour of the day combinations of solar illumination 
and stage of the tide are readily noted. Heights of high 
and low tides are referred to the sound datum of nautical 
charts of the specific locations. In so far as possible, tidal 
data from the U. S. Coast and Geodetic Survey tide 
tables are used. The occurrences of high and low tides are 
shown as a series of connected points enabling the user to 
visualize the changing sequence throughout the month. 
Days of the month are represented by vertical lines cover- 
ing the period from noon through midnight to noon of,  
the next day. 

Three types of twilight are indicated to bring out gra- 
dation in light from sundown to darkness and from dark- 
ness to sunrise. Civil twilight begins with sunset and ends 
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when the sun is 6" below the horizon. During this period, 
objects may be distinguished readily, and a newspaper 
may be read without the aid of artificial light. At its end, 
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FIG.1. Relative brightness of moon with change of phase. 

sky brightness is approximately 20 times that of theafulk 
moon at zenith (Fig. 1).In the following period of nauti- 
cal twilight, the brighter stars are visible, the horizon is 
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