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The origin of the genetic code is not merely an evolutionary juggling of codon assign- 
ments until some optimal configuration is achieved. I t  is, rather, the more interesting 
and profound problem of how codon assignments arose. This is part and parcel of the 
origin of a translating mechanism. A plausible scheme for the evolution of translation 
starting from a simple class of nucleic acid components is presented. Such an evolution 
may appear unique, idiosyncratic, when viewed only in terms of structural details. 
However, in its general features, on a more fundamental level, this evolution is a 
prototype study in the refinement of a process, in the emergence of macro-order. In 
approaching the evolution of the genetic code the biologist will be forced to reexamine 
many of his fundamental prejudices, indeed, the meaning of Biology itself. 

Introduction 

Biology today is in the throes of a major conceptual 
upheaval. Although this is not generally recognized by  
biologist himself, the situation should be clear enough 
to the historian. Molecular biology has been the guid- 
ing influence in biology for the past two decades or so, 
but the ethos it generated is now effectively spent. 
Molecular biology no longer gives the science a creative, 
directed thrust. Symptoms indicative of "conceptual 
malaise" are there. The molecular biologist proclaims 
the millenninm--all fundamental problems are now 
solved; what remains is the working out of details [t ]. 
(The similarity between this and Lord Kelvin's famous 
assessment of the state of physics near the turn of the 
century is remarkable). Many if not most of the noted 
molecular geneticists are casting about for "new direc- 
t ions"-- th is  despite the fact (I would claim) that  some 
basic questions in genetics have yet to be succinctly 
framed, not to mention answered. Then too, there is a 
strange conceptual malleability to today's biologist; 
he is easily, almost willingly, guided in his scientific 
value judgments by forces outside of science--the 
movement toward " re levan t"  biology in the United 
States being the best example. As the historian knows, 
these symptoms all characterize an ethos that  can no 
longer sustain the advancement of a science [2]. 
At this point the reader may wonder why I have chosen 
to indroduce the genetic code in such a way. What has 
it to do with these considerations ? Answer--I t  is an 
important facet of this very problem. Not only does 
one's approach to the genetic code--how one defines 
it, which of its aspects are recognized as important, 
e tc . - - turn upon one's basic view of biology, but, if I 
am correct, the genetic code is one of the areas in biology 

* Adaptation of a lecture delivered to the IVth meeting of the 
Inst i tute de la Vie, hold in GOttingen, May, 1972 

that  will play a major role in creating a new, produc- 
tive view of the science. This makes dissection of the 
conventional view of translation a desirable, even nec- 
essary, prelude to any comprehensive discussion of the 
genetic code. 
The modern geneticist's view of gene expression is 
strongly influenced by two not ions--"  primacy of the 
gene" and " templat ing".  Neither is solely the product 
of the molecular era in biology, though both have been 
refined and dogmatized therein. "Primacy of the gene" 
is a dominant theme in the writings of H. J. Muller. I t  
is the idea that  the genotype is somehow primary t o - -  
causal to, more fundamental than- - the  phenotype. 
Two arguments support the notion. (a) Removal of a 
genotype results in loss of the corresponding pheno- 
type, Mthough the reverse is not true. This is, effective- 
ly the molecular geneticist's "central  dogma" [t]: 
(b) And it seems impossible to avoid concluding that  
a genotype must have preceded its corresponding 
phenotype evolutionarily [3, 4]. 
The first argument is anthropocentric. Granted, re- 
moval of a genotype causes loss of a phenotype, but not 
immediately. And while removal of a phenotype does 
not cause immediate loss of a genotype, it nevertheless 
does so eventually--mntations ultimately (quickly in 
an evolutionary sense) "e rode"  the pattern of any 
genotype whose phenotype is not maintained by selec- 
tion. Thus, removal of either a genotype or a pheno- 
type leads to loss of the corresponding property. The 
difference lies in the time constant, " long"  by man's 
standards in the one case, not in the other. 
The evolutionary rationale, that  the genotype prece- 
ded the phenotype, was a reasonable assumption be- 
fore we knew the exact nature of the genotype---i.e., 
while there was still room to assign a" primitive" phe- 
notype to the naked gene. We now know a genotype 
to have no characteristic phenotype. 
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We have to come to a full realization that  the genotype 
and phenotype are patterns (through which atoms 
flow). One pat tern creates the other and vice versa; 
one cannot exist for an appreciable t ime without the 
other. The evolutionary question here is not which one 
came first, but  rather how the genotype-phenotype 
relationship arose. 
The "templat ing" notion also has old roots, going 
back to the lock-and-key models for enzyme specificity 
proposed before the turn of the century [5]. I t  came 
into fruition in the carly t940's when Pauling and 
Delbruck, among others, refined the notion, expanded 
it to encompass templating of polymer synthesis, and 
gave it legitimacy through the use of quantum mechan- 
ical argumentation [6]. Despite its quantum mechan- 
ical trappings, " t empla t ing"  bespeaks classical phy- 
sics. And it suffers from the same weakness. I t  is too 
static (c. f., Whitehead's  distinction between a universe 
seen as a procession of fo rms- - the  view of classical 
physics- -and one seen as forms of process). The more 
specific problems with templating will be encounted 
below. 
There can be no doubt that  pr imacy of the gene and 
templating were most useful paradigms in developing 
our view of the gene to its present state. The Watson- 
Crick model for gene replication (and structure) is the 
grand tr ibute to this mode of thought [7]. By invoking 
a very simple, and so primitive, physical-chemical 
" t empla t ing"  interaction, one seemingly has hit upon 
the essence of gene replication and its evolutionary 
basis. I t  is not until one turns to gene expression that  
problems arise. 
The initial a t tempts  to conceptualize translation, by  
Gamow, followed along straightforward templating 
lines. He saw "pocke t s"  in double stranded nucleic 
acid structure tha t  could recognize and align amino 
acids [8, 9]. I t  wasn ' t  long before Crick noted the 
fallacy in this view, however; it was unreasonable to 
suppose that  nucleic acids could "recognize" amino 
acids 1. 
This ostensibly simple comment triggered perhaps the 
most bizarre turn of events in the history of molecular 
genetics. For in retrospect what  Crick had really done 
was to bring into question the templating notion as a 
valid way to conceive translation. Wha t  actuaily oc- 
curred, of course, was quite different. Templating was 
never explicitly questioned. Crick, and along with him 
contemporary molecular genetics, chose to rescue 
templating by  ad hoc postulation of the famous 
" a d a p t o r " - - a  molecular prosthesis that  enabled the 
amino acid to be fitted to the template  (through base 
pairing) [11]. The result was a complete dogmatization 
of the templating view of translation. 
As we have seen, gene replication has been conceived 
as a manifestation of the base pairing-stacking inter- 
action. In other words, gene replication has evolved 
about a simple principle--i t  has a basic "des ign" .  
Seeking a basic design for translation was inherent in 
Gamow's approach. But  the adaptor hypothesis (hav- 
ing been "conf i rmed"  by  the discovery of transfer 
RNA) changed all this. Tha t  translation, like gene re- 
plication, could reflect a simple (and so a priori know- 
able) fundamental  design was now unthinkable. The 
link between amino acid and tRNA " a d a p t o r "  rested 

1 First presented in his unpublished, but  well remembered 
" le t ter  to the IRNA Tie Club", referred to by Koagland [IO]. 

in the activating enzyme. And that  such an enzyme 
had to have evolved meant  (was interpreted to mean) 
that  the codon-amino acid link was not predetermined. 
The nature of codon assignments therefore became 
unrelated to the nature of the translation mechanism. 
The former were mere "historical accidents". And by  
implication, the translation mechanism was such an 
"accident" as well. Henceforth, the translation mech- 
anism would be seen as a molecular equivalent of that  
American invention the "Rube  Goldberg Mach ine" - -  
a totally incongruous assemblage of parts reflecting no 
design whatever, and whose only raison d'gtre was that  
it worked. The most unfortunate consequences of this 
view were 
(t) tha t  no serious at tempts  to deduce the mechanism 
of translation on theoretical grounds were made 
throughout the 1950's and t960's; 
(2) molecular geneticists, who had found so basic a 
problem in gene structure and replication, failed to 
see anything of comparable importance in translation 
(to a man almost, those prominent in early molecular 
genetics have left field for "more promising" areas of 
biology) ; and 

(3) the experimentalist was left with a largely implicit 
and unproductive paradigm, that  lead him to seren- 
dipidous and rather unproductive probings of the 
translation process, approaches that  still dominate this 
field today. 

In summary  then, the molecular view of the gene has 
lead to a feeling that  gene replication and structure are 
the basic problems in biology, and with the solving of 
these, the biologist's fundamental  probing of the uni- 
verse ended. Understanding translation becomes merely 
one of the remaining details. What  I will contend herein 
is precisely the opposite: understanding gene replica- 
tion is only the first step on a trail to a ]ar deeper under- 
sianding o/ Nature than the biologist now possesses-- 
a trail that  leads through the fundamental  mechanism 
of tranlation and on into the deepest question man can 
now frame, the nature of the evolutionary process. 

Origin o/the Codon Assignments 

As we have seen, the conventional wisdom of molecular 
genetics takes the "genetic code", i.e., the codon 
assignments, to be unrelated to the translation mecha- 
nism. And it must  be granted tha t  no evidence has so 
far been uncovered in the translation apparatus that 
would of necessity link the codon UUU to phenylala- 
nine, as opposed to some other amino acid. However, 
the catalog of codon assignments does exhibit consider- 
able order--which has to be explained (see Table 1). 
If one accepts a codon assignment to be an historical 
accident, this order must  arise by  natural  selection. A 
commonly held belief is that  the assignments evolved 
so as to make amino acid replacements in protein as 
conservative as possible [15, t 6]. "The code is to a cer- 
tain extent a ' fail-safe'  system ... (Its) regularities 
... o/course, are themselves the result of natural  selec- 
t i o n . . . "  ([t7], pg. 23) (Italics mine). 
In brief, the argument proceeds as follows: amino acid 
replacements, produced by  mutational  events affect- 
ing the underlying codons, are in the main deleterious. 
Therefore, it would be advantageous for a mutat ion 
that  altered a codon to alter its " m e a n i n g "  as slightly 
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Table t. Codon ass ignments  as determined from the triplet 
binding method and from peptide synthesis  directed by poly- 
ribonucleotides of simple known sequence [12-141 

UUU UCU UAU UGU 
UUC Phe UCC UAC Tyr  UGC Cys 

Ser 
UUA UCA UAA U GA CT a 

Leu CT a 
UUG UCG UAG UGG Trp 

CUU CCU CAU CGU 1-Iis 
CUC CCC CAC CGC 
CUA Leu CCA Pro CAA CGA Arg 

Gln 
CUG CCG CAG CGG 

AUU ACU AAU AGU 
Ilu Asn Ser 

AUC ACC AAC AGC 
Thr  

AUA Ilu ACA AAA AGA 
AUG Met ACG AAG Lys AGC- Arg 

GUU GCU GAU GGU 
GUC GCC GAC Asp GGC 

Val Ala Gly 
GUA GCA GAA GGA 

Glu 
GUG GCG GAG GGG 

a Unassigned codons which result in terminat ion of peptide 
chain synthesis.  

as possible. This can be done by  adjusting the codons 
assigned to any given amino acid so that  they are as 
closely related to one another as possible, and by  assign- 
ing amino acids whose functions in protein are similar, 
to related codons as well [t 5]. 
Table t shows that  the codon catalog is ordered in this 
general way. All of the non-polar, strongly aliphatic 
amino acids are assigned codons whose middle base is 
uracil; lysine and arginine, the basic amino acids, have 
related codons, as do the acidic mnino acids, glutamic 
and aspartic acid, and so on. Although the biologist 
today is quick to accept such a genesis for the codon 
assignments, he is for the most part  loathe to consider 
its consequences or to a t tack the general problem ex- 
perimentally. 
A codon catalog selected to maximize conservative 
amino acid replacements is a somewhat  ill defined 
hypothesis, making it difficult to assess. The problem, 
lies in defining the amino acids that  are " re la ted" ,  for 
at very least this definition is context-dependent. 
Phenylalanine and leucine, for example, might well be 
interchangeable where general hydrophobicity is need- 
ed, but  not under conditions requiring zr electron inter- 
actions. Still, several features of the model are dubious. 
As I pointed out some time ago, this model is difficult 
to rationalize with a universal genetic code [t8]. I ts  
genesis lies in the reassigning of amino acids one at a 
time from one codon (or group of codon) to another, 
through configurations of increasing selective advant-  
age, until a configuration optimal for the entire set is 
attained. Any single step in this evolution does not 
confer a large, and so predominating, selective advant-  
age. Hence, it is difficult to see why its overall evolu- 
tion would not be divergent, leading to many  versions 
of the codon catalog, differing to various extents but all 
comparably advantageous. One simply has no rea- 
sonable grounds for assuming that  one particular con- 
figuration of the catalog has a decided advantage over 
all others. 
To strengthen this objection, I would add that  as 
organisms diverged into various ecological niches--as 
they would do at least during the later stages of such 
an evolution of codon assignments--factors totally 

anrelated to the translation process could exert the 
dominant selective pressures. Under these circumstan- 
ces it seems virtually impossible to avoid a nonuniver- 
sal catalog. There may  even exist ecological niches (e. g., 
high salt, extremes of pH or temperature) where a 
codon catalog "optimal" for one niche would not be 
so for another, so that  positive selection for di//erent 
forms of the codon catalog would occur [18]. (Similarly, 
one would expect pr imi t ive  organisms whose DNA's 
had extreme G-C contents to make compensating ad- 
justments in their codon catalogs [t8]). 
Thus if one is to accept this mode of genesis for codon 
assignments, one seems forced to postulate also that  
all extant  life arose from a highly evolved common 
ancester (possessing this particular set of assignments). 
This seems unlikely in view of the deep evolutionary 
spli t--manifested in the translation apparatus i tself--  
between Procaryotes and Eucaryotes. 
I have also argued that  an evolution of this sort for the 
codon assignments was ruled out on grounds of the 
statistical impossibility of passing from a random (or 
differently ordered) configuration of the codon assign- 
ments to the present one merely by reassigning codons 
in a nearly random fashion--i,  e., there was virtually 
a unit probabili ty that  tile set of codon assignments 
would r e a c h / a r  less ordered configurations along the 
way from which it could not emerge, there being no 
selectively advantageous way to do so [t8]. 
Finally, note that  the mechanism postulated for evolv- 
ing the codon catalog in this case, i.e., reassignment of 
amino acids from one codon (group) to another, has no 
evidence to support i t - - a  point to which we shall re- 
turn below. (Admittedly some of the properties of 
tRNA suppressors ostensibly suggest means by  which 
codon assignments might become altered. But  the fact 
remains, codon assignments are universal today and 
probably have been for at least a billion years. Hence, I 
doubt very strongly that  Nature has at its command a 
method for altering codon assignments in any of the 
living forms familiar to us [19].) 
The above I would call a "classical" model for generat- 
ing the form of the codon catalog. In keeping with tile 
"molecular ethos",  the codon assignments are consid- 
ered in complete isolation. So we return to the starting 
point of this section; the biologist is simply not asking 
whether the nature Of the primitive translation appara- 
tus acted to shape the form of the catalog. 
Whether the primitive translation apparatus shaped the 
codon catalog is not actually the issue. I t  is hozv. For 
in no way can an influence of the primitive translation 
apparatus on the catalog's form be avoided. Today 's  
translation apparatus did not spring full blown upon 
this earth. I ts  complexity demands it to have passed 
through numerous primitive evolutionary stages, each 
simpler (and probably smaller therefore) than its 
successors. Any machine in the early stages of its design 
will function far less accurately than in its later stages, 
by  virtue of its smaller size alone (not to mention its 
relative simplicity) [20]. (One bolsters this argument 
in the present instance by  pointing out tha t  initially 
translation had to occur without benefit of protein 
components of the sort with which we are famil iar- -  
since all the present ribosomal proteins, etc., had to 
evolve, had to have a preexisting translation apparatus 
in order to evolve.) Thus, at very least, the "noise"  in 
the primitive translation apparatus (which noise must  
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have been structured) placed severe limitations on 
what configurations of the codon catalog were selec- 
tively advantageous [2t]. 
S o m e  of the order in the codon catalog today obviously 
does manifest characteristics of the translation mecha- 
nism; the U/C and A/G degeneracies seen in the III  
codon position (Table 1) reflect a corresponding de- 
generacy in the codon-tRNA interaction [22, 23 ]. While 
this could account for why certain codons are grouped 
together, it explains neither the fuli extent of the or- 
dering of codons assigned to any given acid nor the or- 
dering of codons assigned to related amino acids. 
Thus, we must consider what characteristics of a 
primitive translation apparatus might produce a codon 
catalog t h a t  (nearly) maximizes conservative amino 
acid replacements. In spite of the fact that  base pairing 
seems a highly specific process, I would argue that  a 
high frequency of codon misreading occurred during 
primitive translation. In addition to the above general 
argument, we have the very real specific problem of 
the G-, .  U (and possibly U - . . U  and C.. .  U) base pairs, 
all of which make for misreading. The G-- .U pair 
occurs today in a variety of RNA double-stranded 
structures and, of course, in the interaction between 
the I I I  codon base and the anticedon [24--26]. (The 
latter phenomenon may even have its genesis in the 
impossibility of evolving a translation mechanism 
free of misreading in the III  codon position [t 8, 27].) 
If a primitive translation apparatus misreads codons 
with a high frequency (and could not evolve a better 
device to correct this situation directly), it could still 
improve the reliability of information transfer by 
evolving the proper error-correcting, or error-minimiz- 
ing, code (which might in turn permit evolution of a 
better decoding mechanism, and so on). In other words, 
the proper code could minimize the phenotype conse- 
quences of codon misreading. Such an error-minimizing 
code might be expected to show three features (similar 
to the above discussed classical model, which minimizes 
the consequences of m u t a t i o n a l  errors) : (t) codons most 
readily mistaken for one another would, as far'as pos- 
sible be assigned to the same amino acid; (2) the remai- 
ning mistaken codons would be assigned so that  as 
many conservative amino acid replacements as possible 
resulted from misreading; and (3) those codons least 
subject to misreading would be assigned to those amino 
acids most critical in protein structure and function 
[28]. 
These three features do characterize the (low level) 
noise that  occurs in translation today. In other words, 
(t) the most error-prone position in the codon, III, is 
also that  position manifesting almost all of the degen- 
eracy in codon assignments. (2) A base change in the 
I codon position, the next most error-prone, more often 
than not changes the assignment of the codon to one 
for a " re la ted"  amino acid---occasionally leaves the 
assignment unchanged. And (3) the least error-prone 
codons, those with purines in the II position, are 
assigned to the most important amino acids (see Table 1) 
[t8, 22, 29--3t] .  
Although it is a more appealing genesis for the codon 
assignment than the strictly classical approach, I feel 
the present model does not go to the heart  of the prob- 
lem. I t  has been presented largely for its heuristic 
vahe--demonst ra t ing,  in a basically classical fashion 
how characteristics of a primitive translation apparatus 

could give rise to an ordered codon catalog, possessing 
the property of optimizing conservative amino acid 
replacements. The model still retains that  objection- 
able mode for generating new assignments, reass ign ing  
codons ~. More importantly perhaps, the model does 
not deal with the central issue, how codon assignments 
arise in the first place, and the nature of such arche- 
typal assignments. 
As we have seen, biologists generally agree that  the 
codon catalog today (nearly) maximizes conservative 
amino acid replacements. Also we have seen that  one's 
immediate tendency in this case is to derive the catalog 
by selection specifically for this property (which the 
two models discussed have done, one on the genotypic, 
the other on the phenotypic level). The question I 
would now pose is whether the property of optimizing 
conservative repla cements can arise wi thou t  specifically 
selecting for it. Herein, I feel, lie the clues to the true 
nature of the problem before us. 
What  do we mean when we say that  valine and iso- 
leucine, for example, are " c o n s e r v a t i v e  replacements" 
one for the other ? Simply that  in the context of pro- 
tein structure and function these two amino acids can 
often be interchanged without altering significantly 
the critical properties of a protein. In other words, in 
this context valine and isoleucine are virtually indis- 
tinguishable; they are mistaken for one another. Put  
this way, we see immediately that  those amifio acids 
producing conservative replacements in protein se- 
quence would tend to be the very amino acids that  are 
readily mistaken for one another by a biological re- 
cognition device. 
I have argued above that  in the early stages of a 
machine's design, it is bound to have a higher noise 
level than in its later stages. If one uses electronic (e. g., 
a radio set) rather than mechanical analogies, one 
readily appreciates that  problems of noise and those 
of discrimination go hand in hand--i ,  e., the tolerances 
within which the device functions narrow, the discrim- 
inations it is capable of making increase, as its design 
is " improved" .  In the specific case at hand I would 
again reinforce the argument by reminding the reader 
that  the earliest versions of the translation apparatus 
had to be designed from nucleic acid components (plus 
perhaps a class of proteins produced nontranslation- 
ally). While this does not mean the device had no 
capacity to discriminate among amino acids, it does 
mean its capacity to do so was rather limited. 
In this way we arrive at the realization that  the arche- 
typal translation apparatus must have discriminated 
among amino acids and probably codons as well (see 
discussion above) only by general type. I t  lacked the 
ability to recognize i n d i v i d u a l  amino acids and codons. 
(It still lacks the ability to distinguish between certain 
codons, i.e., those with U vs. C in the I I I  position.) 
Thus, instead of codon assignments as we now know 
them, the primitive mechanism utilized what can best 
be described as "group codon assignments"--classes 
of " re la ted"  amino acids assigned as a whole to classes 
of " re la ted"  codons as a whole.  While the total number 
of kinds of amino acids processed by such a mechanism 
could have been large far in excess of the twenty now 

2 I t  is difficult to see how a codon reass ignment  could confer 
selective advantage  ini t ia l ly--s ince it is t a n t a m o u n t  to the 
s imul taneous occurrence of m a n y  mutaUons ,  all of which cause 
one amino acid to be replaced by  a different amino acid. 
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encoded~the  total number of distinguishable amino 
acid (and codon groups) was very small [t 8, 281. 
A corollary to group codon assignments of course, is a 
class of proteins the biologist has yet to recognize in 
N a t u r e - - "  statistical proteins".  A statistical p ro te in - -  
i.e., the set of proteins produced by translating a ~ v e n  
g e n e ~ o e s  not have a unique pr imary structure. 
Rather it comprises a collection of pr imary structures 
each one different from any other in the set, yet  each 
an approximate,  a " s loppy" ,  translation of the gone 
by  today 's  standards [18]. 
At first sight statistical proteins might appear to have 
no value. How could a protein having no unique se- 
quence be expected to have a unique function--in fact 
any function at all ? I would contend that  the biologist 
today deals with something that  is in many  ways a 
statistical protein. I t  is gamma globulin--a set of 
proteins all (or most) of which are related, but not 
identical, in both pr imary structure and function. 
Granted, these are not synthesized in the manner of a 
statistical protein, nor would one expect a statistical 
protein to exhibit the sharp specificities seen in some 
of the gamma globulins of higher vertebrates. Yet, 
total  gamma globulin (especially that  in the lower 
vertebrates [32]) is enough of a "statist ical  protein" 
to give one the feeling that  such an enti ty in primitive 
cells could exhibit particular catalytic function and at 
least low specificity, 
What the above line of reasoning clearly says is that  
the essence of the evolution of codon assignments lies 
in refining, in creating discrimination within, a small 
archetypal set of group codon assignments. Thus, our 
concern is not with a trivial evolutionary shifting of 
codons about from one amino acid to another (nntil ' 
some "op t ima l "  catalog is reached). The actual prob- 
lem is one in evolutionary emergence of a specificity. 
And all of the ultimate answers lie in the mode of 
evolution of the translation apparatus. 
The general pat tern to the evolution of codon assign- 
ments should now be apparent.  The original group 
assignments were inherent in the archetypal translation 
apparatus, being determined by  nucleic acid-amino 
acid interactions (see below). The advent  of statistical 
proteins either permit ted or otherwise lead to the 
evolution of an improved translation apparatus. I 
think we can say two things about this initial improve- 
ment:  (t) it necessitated a significant increase in the '  
size of the mechanism [201, and (2) initially the changes 
introduced largely involved nucleic acid components. 
Improved design meant  for the most part  greater 
capacity to discriminate among amino acids and/or 
codons. In other words, one or more of the group codon 
assignments became refined into subgroups. This in- 
creased resolution permitted evolution of a new genera- 
tion of statistical proteins, ones with narrower variety 
in their compositions and perhaps of increased size as 
well [3~]. A new class of proteins ultimately meant  
further improvements in machine design (either through 
direct association of some of these with the apparatus 
or through their permitting evolution of more complex 
RNA components). Still finer discriminations among 
amino acids and codons then resulted, and so on. The 
final outcome of this evolutwnary course is what we 
see today, codon groups refined to the point that  each 
is assigned to no more than a single amino acid [t8, 
t9, 28]. 

You will note that  such an evolution does not involve a 
reassignment of codons from one amino acid to another. 
Instead, the codon and amino acid groups are refined. 
In that  the primitive translation apparatus (and so the 
primitive cell) made no significant distinctions among 
the amino acids within a given group to begin with, 
subdivision of the group into distinguishabie subgroups 
cannot produce an appreciable selective disadvantage 
- - such  as would occur were a codon to be reassigned 
from one amino acid to another. 
An important  question that  remains unanswered in 
this case is the extent to which the final codon assign- 
ments are deterministic. Since aboriginal group assign- 
ments are taken to be deterministic, the mat ter  turns 
upon whether the refinement of a group assignment 
into subgroups can occur in more than one way. This 
question is actually a facet of a more general biological 
problem--whether  there are distinctions inherent in 
"p r imi t ive"  interactions that  become manifest only 
in the context of highly evolved systems ("macro-  
entities"). The problem is basic to one's entire view 
of evolution. 
At this point it is useful to examine the possibility that  
nucleic acids can discriminate among amino acids and 
a statement made above that  relates to this. As the 
reader will recall I stated in effect that  a form of the 
codon catalog reflecting a (primitive) recognition device 
that  discriminated poorly among amino acids would 
perhaps be indistinguishable from the form of a catalog 
designed to (nearly) maximize conservative amino acid 
replacements. For the latter catalog, relatedness is 
defined in the context of protein structure and func- 
tion, while for the former it is defined in a context that  
includes heterocyclic bases. Consequently, one might 
distinguish the two possibilities iI one can define 
"related" sufficiently well in the two contexts. 
From wha t  we know of the details of protein structure 
and function the following amino acids seem to be 
related: 

(t) Leucine, isoleucine and valine are all similarly hydro- 
phobic, and under many  circumstances methionine and 
phenylalanine behave similarly [17]. All of these 
possess related codons (see Table 1). 
(2) The aromatic amino acids, phenylalanine and tyro- 
sine, and occasionally t ryptophan tend to be inter- 
changeable. The first two possess related codons. 
(3) Serine and threonine, which have related codons, 
are interchangeable for H-bonding purposes [17]. 
(4) The basic amino acids, lysine and arginine, show 
related function and codons, as do 
(5) the acidic amino acids, glutamic and aspartic acid. 
(6) Alanine and glycine (GCX and GGX codons) are 
often interchangeable, although glycine seems unique 
in its capacity to permit greater than normal variation 
in the Ramachandran angles [t 7]. 

Two amino acids that  one might expect to be similar 
in tkfs context that  do no~ possess 1-etated codons are 
glutamine mad asparagine. Hisiidine, though a basic 
amino acid (in the acidic pH range) is sufficiently 
unique that  one is loathe to classify it as related to any 
other (its codons are similar to arginine codons). 
Cysteine is also unique, being essential in various active 
sites and in producing the cystine covalent bridges It 71. 
Proline too, is in a class by  itself, 
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Table  2. The  polar  r e q u i r e m e n t s  of t h e  a m i n o  acids,  wh ich  are 
ordered b y  codon a s s i g n m e n t .  For  example ,  an  a m i n o  acid in 
t h e  C row and  t h e  U c o l u m n  will h a v e  C in t he  I pos i t ion  of i ts  
codons,  U in t he  I I  posi t ion,  U, C, A, or G in t he  I I I  pos i t ion  if 
i t  is t h e  on ly  a m i n o  acid in t h a t  ca tegory .  If  two amino  acids  
share  a ca tegory ,  t he  uppe r  one h a s  U or C in t h e  I I I  pos i t ion  
of i ts  codon,  t he  lower, A or G. T he  mi no r  occurrences  of an  
a m i n o  are  in p a r e n t h e s e s  

UII  r  AII GII 

P h e  5.0 7.5 T y r  5.7 Cys 5.5 UIII  
U I Set  CIII 

(Leu) - -  Trp  5- 3 AIII  
c~ii 

Hi s  8.4 
C I Leu  4.9 Pro  6.6 Gin 8.6 Arg  9.t 

AI  I lu  4.9 T h r  6.6 Asn  10.0 (Set) 
Met  5.3 L ys  10.1 (Arg) 

Asp  t3 .0  Gly 7.9 G I Val  5.6 AIa 7.0 Glu t 2.5 

Some time ago we at tempted to define amino acids in 
terms of their interactions with heterocyclic bases by the 
simple device of paper chromatography in pyridine or 
pyridine-like solvents [34]. I will not go into details 
here, except to say that  each amino acid was character- 
ized by its "polar  requirement",  the slope of the 
straight line resulting when log R~ for that  amino acid 
is plotted against mole fraction of water in the pyridine- 
water solvent. Granted this is a unidimensional meas- 
ure of amino acid-heterocyclic base interactions, and 
as such could not characterize the full extent of these 
interactions. Nevertheless, polar requirement turns out 
to be all interesting measure--as Table 2 shows. 
Defining as related those amino acids with similar 
polar requirements, one sees a correlation between 
amino acids related in this way and amino acids related 
by codon assignment. Note the following: (t) valine 
(GUX codons), methionine (AUG), isoleucine (AUX), 

leucine (CUX, UUpur), and phenylalanine (UUpy) are 
related, as are all the aromatic acids. (2) More striking 
perhaps is the nearly constant and characteristic polar 
requirement for the amino acid group comprising ser- 
ine, proline, threonine, and alanine---a group unrelated 
by the conservative replacement criterion, but related 
by  codon assignment. (3) Amino acids whose codons 
differ only in the I I I  position (in which base changes 
usually yield no change in amino acid assignment) tend 
to be totally dissimilar amino acids by  conservative 
replacement criteria--i, e., cysteine-tryptophan, histi- 
dine-glutamine, and asparagine-lysine. However, in 
each of these cases the amino acid pairs exhibit a nearly 
constant polar requirement [34, 35 ]. 
To extend this analysis somewhat note (Table t) that  
those amino acids with the simplest side chains are nearly 
all confined to the left-hand two columns of catalog. The 
constant polar requirement characterizing each column 
suggests that  a codon assignment is determined for the 
most part by the central base of the codon (or anti- 
codon). The most hydrophobic amino acids among 
these "s imple"  ones (first column of Table t) are 
associated then with the anticodon base A, the most 
hydrophobie of all bases. Using a substituted pyridine- 
pyridine solvent system that  discriminates sharply 
among the amino acids within this group, one can even 

show a monotonically increasing polar requirement in 
passing from phenylalanine to leucine to isoleucine to 
methionine to valine ([341, and unpublished results). 
This defines an ordering of the corresponding I position 
anticodon bases identical to their ordering by decreas- 
ing hydrophobicity a. 
The more complex amino acids (right-hand half of 
Table 1) would then seem to have their codon assign- 
ments determined by two or three bases. In these cases 
it is more difficult to say what properties of the bases 
correlate with properties of the amino acids. I will note, 
however, that  glycine (GGX codons) is associated with 
the anticodon base C, the least hydrophobic of all 
bases. 
One point the data of Table 2 strongly reinforce is that  
a eodon catalog (nearly) maximizing conservative 
amino acid replacement is no proof that  assignments 
have evolved specifically to do this. At the same time, 
the data lend credibility to the idea that  the catalog 
reflects amino acid-heterocyclic base interactions~ Ini- 
tial experiments concerning physical interactions be- 
tween amino acids and mono and oligonucleotides are 
somewhat promising in that  binding constants are a 
function of amino acid and base compositions as well 
as of nucleotide sequence [37, 38]. However, as will 
become apparent below, the type of oligonucleotide 
important in this respect may be somewhat more com- 
plex than those so far examined. 

Nature and Evolution o/ the Basic Translation 
Mechanism 

What I have maintained above is that  the key to evolu- 
tion of codon assignments lies in the evolution of the 
translation apparatus. In the past the problem of evolv- 
ing a translation apparatus seemed almost insurmount- 
able. The number of kinds of components alone is 
staggering--tRNAs (about 50), ribosomal proteins 
(about 50), a variety of protein "factors", and activat- 
ing enzymes (about 20), not to mention ribosomal 
RNAs. As I have said, the molecular geneticist assumes 
this complex mechanism to have no basic design. I t  is 
rather that  collection of historicM accidents I call a 
molecular Rube Goldberg machine. For the molecular 
geneticist the mechanism of translation is not in prin- 
ciple deducible a priori. His experimental approach is 
that  of an exhaustive cataloging of the properties of all 
its parts. (In addition there seems to be an implicit 
assumption that  we are dealing here with a loosely 
coupled system--as evidenced by the general tendency 
to assign particular functions to particular parts and 
to prove such assignments by Mtering or deleting the 
suspected part.) 
The templating paradigm has left its mark in more 
specific ways as well. Since it is a static view, move- 
ment in translation (i. e., the tape-reading feature) has 
to be introduced in an ad hoc fashion, and so appears 
not to be fundamentM ~. Since the tRNA "adapts" the 
amino acid to the template, the adapted amino acid 
(charged tRNA) also becomes static; it is a "building 

3 The criterion used to define hydrophobicity of bases is the 
strength of interaction with benzoylated DEAE cellulose 
(~ 21/3 benzoyl groups per glucose residue). Cy~idylie, uridylic, 
guanylic, and adenylic acids are released from the cellulose in 
that order by increasing salt concentration at a neutral pl{ [36]. 
4 This is the case for gene replication as well. 
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b l o c k "  processed b y  a machine.  The r ibosome is t ha t  
machine.  As evidence for this  i n t e rp re t a t ion  I submi t  
the  numerous  pub l ica t ions  concerning the s t ruc ture  of 
t R N A ,  and  the  f requent  use of the  passive tense in 
discussing t R N A  in t rans la t ion ,  as opposed  to the  
ac t ive  tense used in discussing the  r ibosome. I t  is no 
wonder  t h a t  the  molecular  genet ic is t  t ends  to  view the  
evolut ion  of t r ans la t ion  as a nea r ly  inscrn tab le  and  no t  
ve ry  i m p o r t a n t  series of h is tor ical  accidents ,  un re l a t ed  
to the  rest  of biology.  
If  indeed the  t r ans la t ion  mechanism is not  some hodge- 
podge  of in teract ions ,  b u t  has a basic des ign- - i . e . ,  
represents  the  e labora t ion  of a s imple m e c h a n i s m - -  
then  an unde r s t and ing  of the  modern  mechan i sm 
should reveM the  essence of  i ts  evolut ion.  I would 
claim t h a t  evidence c lear ly  suggest ing a basic  design 
to t r ans la t ion  can be deduced  from the  s t ruc ture  of the  
an t icodon  " a r m "  of the  t ransfe r  R N A  molecule.  
This  a rm comprises  a s t re tch  of t 7  nucleot ides,  the  
first  and  las t  five of which  form a double-hel ical  s ta lk  
under ly ing  the  remain ing  (middle) loop of seven nu-  
cleotides. Note  t h a t  the  an t icodon  p roper  const i tu tes  
the  middle  three  nucleot ides  in the  seven-membered  
l o o p - - i ,  e., i t  is symmetrically located.  Through the use 
of molecular  models,  Fu l le r  and  Hodgson  suggested a 
conformat ion  for this  "loop" of seven nucleot ides  [3 91. 
They  reasoned  t h a t  the  most  s table  conformat ion  
would be one in which a m a x i m u m  number  of bases  in 
the  loop are s t acked  upon  one another  and  upon the  
doub le - s t r anded  stalk.  I t  was shown to be s ter ica l ly  
feasible for five of these seven bases to form a single- 
s t r anded  coaxia l  hel ical  extens ion of one of the  chains of 
the  under ly ing  doub le - s t r anded  s ta lk ,  while the  remain-  
ing two bases  se rved  to l ink the  t op  of th is  extens ion to  
the  opposi te  s t r and  of the  doub le - s t r anded  s ta lk  
(Fig. t a). This  conformat ion  places the  an t icodon a t  
the  top  of the  extension,  where i t  can easi ly pa i r  wi th  
the  three  corresponding bases  in the  codon. S y m m e t r y  
of the  an t icodon  a rm allows this  s t ruc ture  to be bui l t  
upon  ei ther  of the  two chains in the  doub le - s t r anded  
s ta lk  (compare Figs.  I a and  b). 
Given t h a t  t R N A  is seen as a s ta t ic  e n t i t y  t h a t  is ac ted 
ujbon in t rans la t ion ,  the  a t t i t u d e  t aken  t oward  these 
two s t ruc tures  is per fec t ly  unders tandab le .  One has to 
de te rmine  which one of the  two is correct ,  which one 
is the funct ional  form. I t  was argued t h a t  the  + form, 
Fig.  I a, was the  correct  s t ruc ture ,  la rge ly  on the  
grounds  t h a t  this  conformat ion  places a t  least  one 
(s t rongly s tacking) pur ine  benea th  the  an t icodon in the  
s ingle-s t randed helical  extension,  while the  - -  form, 
Fig.  I b, would  place  only  (weak stacking) pyr imid ines  
in the  comparab le  posi t ion.  In  o ther  words,  the  + 
form would  be energet ica l ly  favored.  
W h e n  one considers this  s i tua t ion ,  not  from the  view- 
po in t  of the  t emp la t i ng  pa rad igm,  bu t  tabula rasa, then  
"the" s t ruc tu re  of the  an t icodon  arm, Fig.  t a, does 
not  become an end in i tself;  r a the r  the  s t ruc ture  of the  
an t icodon  a rm becomes the  s t a r t i ng  po in t  for a far  
more  fundamen ta l  v iew of the  t r ans la t ion  process.  
To begin wi th  one has  to apprec ia te  t h a t  the  s t ruc ture  
of the  an t icodon arm can not  be considered in i so la t ion;  
if t R N A  is no t  so solid as a " b u i l d i n g  b l o c k "  this  
s t ruc ture  m a y  be a funct ion of i ts immed ia t e  environ-  
ment .  Thus,  the  reasonable  mil ieu in which to consider  
i t  is wi th in  the  t r ans la t ion  mechan i sm proper .  Moreover,  
this  s t ruc ture  m a y  not  be a s t ruc ture  at  all. A d yna mic  

+ 

a b 
Fig. 1. Alternative structures for the tlRNA allticodon arm. 
The first and last five of the t 7 nucleotides in the arm form a 
base-paired double-helical stalk. The 3'-5' chain of the stalk 
can be coaxially extended for five additional nucleotides to 
produce the conformation shown in (a); the 5--3' chain of the 
s~calk similarly extended produces the conformation shown in 
(b) [39]. If a "positive" direction to the helix axis is defined 
from the stalk islo the loop, then the codon in (a) is read in that 
direction, while the codon in (b) is read in the opposite direc- 
tion -- hence, the designation " + "  and . . . .  for the forms in 
(a) and (b), respectively. Numbering of bases is in accord with 
the convention of Fuller and Hodgson [39] 

t R N A  could undergo a va r i e t y  of s t r u c t u r a l t r a n s i t i o n s  
dur ing the  t r ans la t ion  process. 
Therefore,  one has to consider  in add i t ion  to the  above  
a rguments  the  fact  t h a t  two ad jacen t  codons and  the i r  
an t icodons  can form a double-hel ical  segment  six base 
pairs  in length  dur ing  t rans la t ion  [t 8]. Such a sex tup le t  
duplex  s t ruc ture  is compat ib le  wi th  the  + and  - -  
conformat ions  of the  an t icodon a rm if the  n th  t R N A  
(the "peptidyl" tRNA)  adop t s  the  + conformat ion,  
and  the  n + t t h  t R N A  (the "aminoacyl" tRNA)  as- 
sumes the - -  conformat ion.  In  doing so a single coaxia l  
double-hel ical  s t ruc ture  of 20 base  pai rs  equ iva len t  
length  can be formed (see Fig.  2), involv ing  the  two 
t R N A  an t icodon  arms and  the  corresponding two 
codon s t re tch  in the  message RNA.  This large s t ruc ture ,  
called the  "translation c o m p l e x "  has several  impor t -  
an t  consequences.  I t  tel ls  us t h a t  dur ing  t rans la t ion  
the  an t icodon  a rm of a t R N A  undergoes  a conformat io-  
hal  c h a n g e - - f r o m  the  - -  to the  + form. Fur the rmore ,  
the  t rans i t ion  from - -  to + conformat ion  necessar i ly  
displaces the  preceding  codon and t R N A  from the  
coaxial  hel ix and  s imula taneous ly  creates  a s i tua t ion  
in which the  succeeding codon and  its t R N A  can now 
form such a coaxia l  hel ix  (which was impossibIe before 
the  t rans i t ion)  (see Fig.  3)- In  o ther  words,  the  - -  to  + 
t rans i t ion  in the  an t icodon  a rm is a mechanism for 
moving  the  message R N A  through  the  t r ans la t ion  
appa ra tu s  (by a r a t che t ing  t ype  of action) [40]. 
Here  then  is a s imple molecu la r  mechanism abou t  
which a t r ans la t ion  process can be buil t .  You will note  
t h a t  i ne f f ec t  i t  reverses our preconcept ions  concerning 
t R N A  and  r ibosome.  T h e  s tat ic ,  pass ive t R N A  has 
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Fig. 2. The  translation complex. The  complex  (in essence an  
t i N A  double  hel ix  t he  equ iva l en t  of t w e n t y  base  pairs  in length)  
compr ises  anticodoI1 a r m s  of bo th  a " p e p t i d y l "  t R N A  (tRNAP) 
in t he  + con fo rma t ion  and  an  " a m i n o a c y l "  t R N A  ( t R N A  a) 
in the  - -  con fo rma t ion  p lus  the i r  respect ive  codons.  The  two 
codons  fo rm wi th  the i r  respec t ive  an t i codons  a cent ra l  por t ion  
( r igh t -hand  bracket)  s ix  base  pai rs  in length ,  m R N A  as d r awn  
would  m o v e  f rom r i gh t  to left  ( indica ted  b y  large arrow). An  
axis  of two-fold ro t a t i ona l  s y m m e t r y  re la t ing  t h e  an t i eodon  
s ta lks  is fo rmed  b y  t h e  in te r sec t ion  of two pIanes,  one pe rpend i -  
cu lar  to t he  ax is  of t he  complex  a t  i t s  m idpo in t ,  t h e  o ther  
con t a in ing  t h a t  axis  a n d  pe rpend icu la r  to  the  " b a r s "  (base 
pairs) l i nk ing  t he  No. 5-No.  ~ 3 pos i t ions  in e i ther  an t i eodon  
s t a lk  

I) 
1970 by STANLEY JONES ond CARL R.WOESE 

Fig. 3. The  molecular  mechan ic s  of t rans la t ion ,  Smal l  
numer ica l  subsc r ip t s  refer to the  t ime  order  of ap -  
pearance  of t lRNAs; large n u m b e r s  refer to codons  in 
order  of reading.  T rans l a t ion  would  occur  as follows : 
(A) depic ts  an  a rb i t r a ry  po in t  in t he  process,  e.g. ,  
where  t he  th i rd  t R N A  is "'peptidyl" (+ conforma-  
tion) and  t he  fou r th  " a m i n o a c y l "  ( - -  confo rma-  
t ion).  S u b s e q u e n t  to pep t idy l  t r ans fe r  tIZNA 4 will 
change  f rom the  - -  to the  + con fo rma t ion  (for rea-  
sons  unspecified),  This  t r ans i t i on  has  t he  following 
consequences :  (I) I t  necessar i ly  displaces codon 
No. 3 f r om the  cent ra l  s ex tup l e t  of base  pairs ,  cau-  
s ing  t R N A  a to  exit .  (2) I t  au toma t i ca l l y  places 
codon No. 5 in  a pos i t ion  where  it  a n d  i ts  corres- 
p o n d i n g  t R N A  can now form a " t r a n s l a t i o n  com-  
p l e x "  wi th  tRNA~ and  i ts  codon (see B and  C). The  
n e x t  pep t idy l  t r ans fe r  even t  occasions a s imi lar  --  to 
+ t rans i t ion ,  th i s  t ime  involv ing  t R N A  (and codon) 
No. 5, wh ich  "ej ec t s "  the  preceding codon and  t R N A  
f rom the  t r ans la t ion  complex  and  es tabl i shes  codon 
No. 6 in pos i t ion  to form a new t r ans l a t ion  complex  
(D), and  so on. 
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become the central dynamic enti ty in translation. Tile 
"division of labor"  that  had previously assigned codon 
recognition to tRNA but  mRNA and tRNA movement 
to the ribosome, is now gone; both functions are prop- 
erties of tRNA. Now the ribosome is "passive"--i.e., 
it has nothing of importance left to do in the transla- 
tion process. [I say this last merely for shock value. 
While one no longer looks to the ribosome to provide 
specific functions in t ransla t ion--except  pe rhaps"  triv- 
ial "functions such as peptidyl t ransfer-- i t  is the problem 
of what the ribosome is doing that  is the interesting and 
fundamental  biological question. If  I am correct, the 
biologist will ul t imately find in translation (the ribo- 
some) those fundamental  biological mechanisms he has 
missed so far in studying the "be t t e r  understood" 
process, gene replication. The base pair will prove to be 
" too  good";  it is deceptively "specific".]  
The molecular mechanism for translation just described 
is almost simple enough that  one can with confidence 
invoke it as the archetypal translation mechanism. I ts  
sole drawback is the size and complexity of the modern 
tRNA molecule. Since the mechanism described above 
is confined to the anticodon arm of tRNA, I would 
consider the t R N A  archetype to be of comparable 
dimensions; i.e., a molecule that  is a short (about 20 
nucleotides in length) self-complementary polynucleo- 
tide. In any abiotic primitive environment capable of 
producing polynucleotides, self-complementary varie- 
ties are among those whose existences are most easily 
rationalized. 
Restricting the complexity of the archetype tRNA in 
this way creates certain problems, such as the point 
of amino acid at tachment,  and amino acid "recogni- 
t i o n " - - b u t  the latter would be a problem in any world 
devoid of activating enzymes. Amino acid "recognJ- 
t ion"  is a property of highly evolved proteins only; it 
is not manifested by  individual amino acids nor by 
polypeptides (in this case unevolved protein). Poly- 
nucleotides today seem not to be capable of amino acid 
recognition, nor do their simpler counterparts, unevol- 
ved polynucleotides and small oligonucleotides. How- 
ever, we are not concerned with amino acid "recogni- 
t ion"  as it occurs in modern cells. As discussed above, 
what  is needed is a crude form of discrimination that  
would produce "group" codon assignments. In a pre- 
translational world, devoid of highly evolved proteins, 
polynucleotides (which could have undergone evolution 
to some extent) are as good candidates as polypeptides 
for this crude recognition function, perhaps better. 
(The purine and pyrimidine bases do exhibit a rich 
variety of reactivities, being at least as versatile in this 
regard as the more complex amino acids, such as 
histidine and tryptophan.)  
Thus, having no better  canditate available, I would 
look to self-complementary nucleic acid " loop"  struc- 
tures and the like to provide the necessary crude 
discrimination among amino acids. The fact that  the 
possible configurations these structures can assume are 
quite severely limited by  their secondary structure 
could give them properties (" recognition" being one 
example) that  would not be apparent  from a s tudy of 
simpler polynucleotides [41]. 
I do not suggest this possibility as an exercise in unbridled 
speculation. The hypothesis is readily testable now that  
the chemist has the capacity to produce such loop struc- 
tures [42, 43]. 

To complete the picture I would suggest the simple 
archetype tRNA carried its amino acid or growing 
peptide chain on the 3' anticodon-adjacent adenine 
residue, in a covalent link to the amino group of the 
lat ter  [41]. The reason for such a detailed conjecture 
lies in the following circumstantial evidence, a pe- 
culiarity of the transfer RNA molecule. The modified 
adenine residue lying on the 3' side of today 's  anti- 
codon clearly plays a most important  role in transla- 
tion. Absence of this particular modification has a pro- 
nounced effect on the hydrophobic-hydrophilic partit i-  
oning of a tRNA and its capacity to interact with 
codons [44]. The types of substitutions encountered 
at this position seem qualitatively different from the other 
base modifications found in transfer and ribosomal 
RNAs. For example, bacterial tRNAs responding to 
U I codons all have an isopentenyl-thiomethyl substi- 
tution on this adenine residue; A I responding codons 
utilize a "threonyl" substitution here [45, 46]. The 
evolutionary origin of so unique a substitution could 
itself be unique. I would propose that  it reflects an 
aboriginal association of the amino acid with this 
particular base. [Note in this context that  U I codons 
are for the most part  associated with aromatic amino 
acids, and that  the isopentenyl-thiomethyl substitu- 
tions have "~-electron-like" character; while the A I 
codons cover the amino acids threonine, isoleucine, 
and serine (among other)--al l  to one extent or another 
reminiscent of the substitution carried on the corres- 
ponding anticodon-adjacent residue.] Unpublished 
studies with molecular models (CPK) show that  
were an amino acid and a peptide linked in the 
above fashion, each to one of two proto-tRNAs form- 
ing a translation complex (Fig. 2), than a "pept idyl  
t ransfer"  is sterically permissible during the - -  to + 
transition [41 ~. Studies on the chemical reactivities of 
(umnodifled) RNA loop structures with activated 
amino acids (or vice versa) may  prove most interesting. 

Evolution o/the Ribosome and Biological Speci/icity 

At this point we have arrived at a simple mechanism 
that  can provide a "basic design" for translation. The 
mechanism itself serves as the evolutionary starting 
point. What  evolution has elaborated about it is the 
translation apparatus today. There is, I feel, a general 
lesson to be learned here concerning the nature of bio- 
logical specificity--which must  be appreciated in order 
to understand the ribosome. 
On the most superficial level the lesson is this: There 
are no molecular Rube Goldberg machines. Every  
molecular process that  shows biological specificity has 
a basic design; in each case there must  be a simple, 
"p r imi t ive"  interaction (process) upon which evolu- 
tion has superimposed a specificity. [The basis for 
translation is not an (unknowable) historical accident.] 
One must distinguish the primitive interaction that  is 
rendered specific from the enti ty (or process) that  
renders it so. The latter alone has to do with biological 
specificity. Thus, for example, the base pair should not 
be viewed as a manifestation of biological specificity; '  
it is merely an interaction that  is rendered specific (by 
the device responsible for gene replication). 
In wrongly focusing upon what is rendered specific we 
automatically emphasize the idiosyncracies in each 
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occurrence of biological specificity and miss the com- 
mon features, the principles underlying biological spe- 
cificity. As viewed today, specificity on one level of 
biological organization has nothing to do with specifi- 
city on some other level. Enzyme specificity has no 
real connection with specificiLy in animal behavior, for 
example. This is an unavoidable consequence of a 
conceptually fragmented science held together solely 
by a thin reductionist thread. 
Biological specificity is fundamentally the same no 
mat te r  where it is encountered. Future biology must  
come to realize this, just as it must  realize that  the 
essence of biological specificity is not to be found 
simply in the myriad examples of its all around us. I ts  
essence lies in the fact that  it evolves. Biological speci- 
ficity is aprocess--Whitehead calls i t "  concrescence"--  
we have been focusing on static t ime slices through this 
process. Biological specificity is part  and parcel of the 
problem of "macroorder" emerging from a "micro-  
un ive r se" - - the  passing from one level of organization 
to another E47, 481. A "primitive process" on one level 
becomes the basis for the elaboration of a "macro-  
en t i ty"  on the next level, which renders the primitive 
process specific. Hence, the main questions regarding 
biological specificity have to do with t h e "  evolutionary 
s t ructure"  of the macroent i ty- - i t s  hierarchical struc- 
ture, the manner in which it arises, the relationship 
between the nature of this enti ty and the constraints it 
places on the underlying interaction. 
As discussed above, the ribosome can no longer be 
viewed in the conventional way: it is not directly 
responsible for any of the major  functions in transla- 
tion; in this sense it might appear passive. However, 
from what  has just been said, the ribosome is what 
gives biological specificity to translation. (This is not 
to ignore activating enzymes, of course.) The initial 
problems in probing the evolutionary structure of the 
ribosome are again largely conceptual; what  are the 
important  parameters  or properties that  have to be 
characterized ? In the overall, some relationship must  
be defined between the mass of the mechanism, its 
accuracy, and the speed with which it functions ~20]. 
"Mass"  in this case is not measured in daltons; it is 
some "effective mass" ,  more a measure of the number 
of components in the device. "Accuracy"  {s, as dis- 
cussed above, not a simple mistake frequency, but  
more a discrimination measure. "Speed" of course, is 
the max imum rate at which the device can process 
codons, but  its real meaning is hidden in the internal 
workings of the device. Over and above this is the 
question of the nature of the individual functional units 
in the device. These are not necessarily proteins or 
individual nucleotides, e tc . - - jus t  as words or letters 
are not necessarily the basic functional units in langua- 
ge. What  are the general properties that  make them 
functional, and the rules for their coupling (inter- 
action) ? And finally what  are the rules for evolving 
such a device-- the  stages in its design ? 
The molecular geneticist tends to view ribosomal RNA 
as a framework, a scaffolding, upon which to position 
the " r ea l "  functional units, the ribosomal proteins. 
This is merely one more example of the static way in 
which nucleic acids have been treated. Here I will adopt 
the opposite view (with a touch of overemphasis for 
heuristic purposes). The basic functional units in the 
ribosome are assumed to be in the RNAs. 

As mentioned previously the "loop-stalk" configura- 
tions characteristic of transfer RNAs (e. g., the anti- 
codon "arm") are prevalent in ribosomal RNAs as well 
[241. These m a y  be the ribosome's functional units, for 
they seem to share one characteristic that  would make 
them important.  They are allosteric; they can exist in 
(at least) two quasi-stable conformations. 
That  biological macromolecules are allosteric is one of 
the most important  discoveries in all of biology, (And 
Monod more than any other molecular biologist must  
be given credit for recognizing this.) However, I feel 
we have yet to comprehend the full extent to which 
a11osterism is woven into the fabric of biology. As we 
are beginning to see here, molecular allosterlc behavior 
is not confined to protein; in fact, evolution seems to 
bring forth allosteric elements on all levels of biological 
organization. In the ult imate analysis it may  be more 
important  that  an element is allosteric than that  it is 
composed of this or that  kind of subuni t - - for  the essence 
of all biological organization may  lie in bistable (multi- 
stable) dements.  
Properties of systems of coupled bistable elements have 
been investigated to some extent, and are, to say the 
least interesting E49, 50]. To give an example - -  
consider a system comprising a reasonably large num- 
ber of suitable coupled bistable elements. The system 
would then possess 2n different configurations, or 
microstates. If a certain subset of the microstates gave 
the system as a whole a distinct property,  caused it to 
interact in a characteristic way, then we could speak 
of a macrostate of the system (as a whole). An impor- 
tan t  property of such a system is that  random per- 
turbations (changes of state in individual bistable 
elements) cannot take the system from one microstate 
to a (totally) different microstate in a short period ~f 
time. Thus, if the, system exhibited distinct macro- 
states, thermal transitions between them could be 
made inappreciable merely by  virtue of the fact that  
n (the number of elements) is large 5. What  would bring 
about a macrostate transition however, is the supply- 
ing of information (plus a little energy)--say in the 
form of a specific macromolecule. Thus, these systems 
can create "barriers" between macrostates impossible 
to surmount by  thermal energy alone, no mat ter  how 
great, but  barriers around (through) which the system 
can pass (tunnel) if given information. (The analogy 
of a maze through which it is practically impossible to 
pass without a map is perhaps better.) 
Thus I postulate that  the ribosome is basically a collec- 
tion o/ coupled bistable elements so arranged as to "buf- 
fer"  the basic tRNA rateheting mechanism from the>  
real perturbations. Furthermore, this arrangement 
somehow makes "recogni t ion" of codon by  transfer 
RNA a more accurate process than it would otherwise 
be. The evidence bearing on this last point though 
small in amount is most intriguing in its implications. 
A number  of t reatments of the ribosome--e,  g., muta-  
tional alterations, antibiotics, or the l ike--cause trans- 
lation to become less accurate than normal ~51]. In 
itself this is not overly interesting, but  a related 
phenomenon is. Ribosomal phenotypes selected for 
resistance to the antibiotic streptomycin often (if not 
always) exhibit the totally unexpected property of 

5 Of course,  t he  b i s tab le  e l emen t s  would  also h a v e  to be 
" s u i t a b l e  c o u p l e d "  if t he  ind iv idua l  m a c r o s t a t e s  were to be 
s table  to p e r t u r b a t i o n  in t he  f irst  place. 
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translating more accurately than wild-type ribosomes 
[5t J. A proper, thorough scrutiny of this phenomenon 
is warranted, for were a definite inverse relationship 
between speed and accuracy of translation to emerge, 
we would be on the track of some general fundamental 
principle in the workings of the mechanism. 
I t  is premature to consider in any detail how the postu- 
lated bistable elements are coupled--i,  e., the detailed 
design of the machine. The general problem here, 
however, is not simply designing and building a pre- 
sent-day ribosome. As we have seen, it is designing a 
first-generation machine, whose design leads to a better, 
second-generation, mechanism, and so on. In this 
design evolution any increase in discrimination and/or 
speed requires a significant increase in the mechanism's 
mass (number of components). I have argued elsewhere 
that  such design changes must  involve discontinuous, 
quantized changes in size of the mechanism [35 ]. This 
is in effect a general principle in machine design; one 
does not often radically improve any mechanism by 
slightly modifying (adding a few new parts) its original 
design. Rather  profound changes, additions of many  
more components, new types of components, whole new 
submachines, are required. The limited data now 
available seems to indicate that  evolution of the ribo- 
some in particular, and of macromolecular complexity 
in general proceeds in this way; two identical machines 
become coupled, through some "dimerization" opera- 
tion, and then evolutionary events modify one of them 
in order to improve, create "fine tuning" for, the 
function of the other [35J. In other words, the stages 
in ribosome evolution are to a large extent defined by 
a series of doublings in size of the RNAs, accompanied 
by comparable increases in the number of associated 
proteins. Such a genesis is experimentally testable, 
provided tha t  the similarities among components that  
would prove their common ancestry have not been 
obliterated by  the evolutionary process. 
This mode of genesis of the ribosome in turn suggests 
a general manner in which the individual bistable 
elements might be coupled. In effect the structure of 
the ribosome would be an hierarchy of units, each unit 
on a "h igher"  level comprising two (or more) units on 
the next lower level, and so on. The coupling would 
reflect this. Coupling would in effect occur among units 
as wholes on each level--as opposed to a simpie cou- 
pling on the level of the basic bistable elements alone 
[52]. I feel that  once one treats these systems on more 
than a superficial descriptive level, interesting and 
fundamental  problems will arise, problems conceivably 
akin to some in basic physics [52, 54]. 
Since the terms I have used to conceptualize the ribo- 
some are rather general and in any case are quite unlike 
the customary "s i te" ,  " factor" ,  "subunit " termino- 
logy, it is perhaps usefulto relate the ribosome's evolutio- 
nary structure to the conventional view. 
The central dogma for translation is the A-site-P-site 
model [55, 56]. (I use the term " d o g m a "  purposely, 
for this model is presented in text  books, etc., to the 
student as though it were established fact, although all 
its critical features remain unproven.) In essence the 
model states that  the tRNA enters an " A  si te"  on the 
ribosome, where it reads the codon. Next (i. e., after 
peptidyl transfer) the tRNA and attached codon are 
" t rans loca ted"  to a second, or " P "  site, from which 
the preceding tRNA, now discharged, is simultaneously 

ejected. In this way theA site is freed for the entry of 
the succeeding tRNA and its codon. En t ry  into the A 
site is facilitated by certain " T  factors"  and a GTP 
energy source. The " t ranslocat ion"  is facilitated by 
a " G  factor";  again using a GTP energy source in some 
manner. The main features of the model then are: 
(a) the assumption of two kinds of sites, A and P, and 
(b) a unidirectional movement,  or translocation, of 
tRNA and associated codon between the two sites. 
Such a mechanism is an asymmetric, serial processing 
device. 
The A-site-P-site dogma is not a true molecular model. 
The model discussed above (Figs. t, 2, and 3) is. Hence 
the two are not comparable. The former speaks of the 
ribosome, in terms of ill-defined "s i tes" .  The latter 
does not speak to the problem of the relationship 
between the basic translation complex (Fig. 2) and the 
ribosome. However, the latter is a symmetric mechan- 
ism, and as such. suggests the ribosome to be a func- 
tionally symmetric structure as well ~401. (This is an 
esthetic, not a necessary, consequence of the symmetry  
in the molecular level model.) The site-level model for 
the ribosome thereby suggested runs exactly counter to 
the A-site-P-site dogma. In the former case the ribo- 
some would still contain two translation "si tes" ,  but  
these would not be of different kind; they would be 
functionally identical. A tRNA would enter and remain 
in one these s i tes~i ,  e., there would be no translocation. 
Instead, a transition in the state of the  site, the gross 
accompanyment of the - -  to + transition in the anti- 
codon arm seen in the molecular level (Fig. 3) would 
occur. In this way, all the even-numbered codons are 
processed in one of the sites, the odd-numbered codons 
in the opposite site [40]. 
Evidence for functional symmetry  in the ribosome is 
not overwhelming at present, to say the least. But  in 
fairness, characterization of the ribosome and transla- 
tion is still at  a primitive stage. No proteins on the 30S 
ribosomal subunit exist in two copies per particle. 
However, one instance of two very closely related 50S 
proteins has been reported (57). In any case, the 5oS 
subunit appears to be "doub le"  the 30S subunit in a 
number of respects. Far  more extensive characteriza- 
tion of the pr imary structure of the 50S and 30S pro- 
teins than now exists is required to resolve this ques- 
tion. A search for pr imary structural relatedness be- 
tween halves of the 23 S rRNA has begun. 
The fact that  little evidence exists for two-fold sym- 
met ry  in the ribosome stems from the 50S but not the 
30S subunit, leads one to entertain an interesting 
not ion~interest ing because once again it introduces a 
more dynamic element into the generally static mode 
of viewing translation. Even were the 30S subunit to be 
structurally asymmetric, it could nevertheless function 
symmetrically. For example, a two-fold symmetric 50S 
subunit could hold (in two functionally equivalent sites) 
the two tRNAs of the translation complex (Fig. 2). 
A 30S subunit containing one "complemen ta ry"  site 
could be positioned so that  it rotates about the axis of 
symmetry  of the 50S subunit, and thereby effects state 
transitions in first one, then the other of the 50S sites 
and associated tRNAs, and so on [581. (Incidentally, 
g iven  that  the 5S rRNA is required for 30S-50S 
association, and that  the 5 S rRNA will bind specifically 
to the 30S subunit under the proper conditions, I 
would suggest that  function of this small RNA is to 
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act  as a " p i v o t "  in such a " r o t a t i n g  r i bosome"  
[59, 6@)  
Pe rhaps  the  mos t  promis ing  approaches  to  the  r ibo-  
some in the  i m m e d i a t e  fu ture  are (a) those  t h a t  would  
y ie ld  the  genealogies of the  R N A s  and  m y r i a d  pro te ins  
associa ted  in one w a y  or ano ther  wi th  the  t r ans l a t ion  
appa ra tus ,  and  (b) those  t h a t  define evo lu t ionar i ly  
c o n s e r v e d - - a n c i e n t  as well as i m p o r t a n t - - f e a t u r e s  in 
the  t r ans l a t ion  appa ra tus ,  and  (c) those  t h a t  e luc ida te  
the  in vivo assembly  of the  r i b o s o m e - - a  process t h a t  
mus t ,  in a crude w a y  a t  least ,  reflect  r ibosomal  evolu-  
t ion.  
The  a m o u n t  of d a t a  a t  this  po in t  in t ime  does not  
w a r r a n t  a de ta i led  discussion of the  genealogies,  etc.,  
of the  components  of the  t r ans la t ion  appa ra tus .  I 
would  mere ly  res ta te  as a general  pr inciple  the  pre-  
judice  t h a t  wha teve r  funct ions  are u l t i m a t e l y  assigned 
to var ious  proteins ,  groups  of proteins ,  etc. ,  will  be 
" m e r e l y "  to  increase accuracy  in, to add  specif ic i ty  to,  
funct ions inheren t  in s impler  under ly ing  processes. I t  
is in te res t ing  to  note  in this  r egard  t h a t  m a n y  of the  
pro te ins  whose funct ions a l r eady  have  been to some 
ex ten t  defined, seem not to be necessary in the i r  roles, 
b u t  r a t h e r "  f ac i l i t a t e "  var ious  processes in t rans la t ion .  
One word  should  be said abou t  the  so-called " G "  and  
" T "  factors.  I men t ioned  t h a t  the  r ibosome m a y  be 
some sort  of "biological m a z e " - - a n  en t i t y  t h a t  (today) 
cannot  pass  from one mac ros t a t e  to ano ther  w i thou t  
add i t ion  of inJormation. The G and  T factors  are p r ime  
cand ida tes  for th is  r o l e - - o n e  for the  one direct ion,  the  
o ther  to  re turn .  (A complex  sys tem does no t  genera l ly  
r e tu rn  to a g iven s t a t e  b y  the  same p a t h  i t  left  t h a t  
s tate . )  
In  the  final analysis  we are no t  out  to  expla in  the  
r ibosome in t e rms  of "s i t e"  models,  models  t h a t  are 
bas ica l ly  classical and  macroscopic  mechanisms.  The  
r ibosome mos t  ce r ta in ly  is a molecular  machine ,  and  
has  to  be unde r s tood  in app rop r i a t e  terms.  A t  ve ry  
leas t  i t  is no t  insensi t ive  to t he rma l  buffe t ing;  hence, 
coping wi th  pe r tu rba t i ons  w i thou t  becoming  macro-  
scopic is one of the  m a j o r  p rob lems  in i ts  design. And,  
as I have  said, there  jus t  migh t  lie ahead  some funda-  
men ta l  p rob lems  in this  design. 

Conclusion 

I n  considering the  evolu t ion  of the  genet ic  code one is 
i nev i t ab ly  led to a new out look on biology.  The prob-  
lem is no t  wha t  i t  in i t i a l ly  appears ;  and  in a t t e m p t i n g  
to come to grips wi th  it, one 's  bas ic  biological  pre judices  
mus t  be  reexamined .  More t han  a n y  o ther  biological  
p rob lem in recent  t imes,  the  genet ic  code demons t ra t e s  
the  far - reaching  effect of the  under ly ing  ethos,  the  
pa rad igm,  on the  scientif ic approach .  To the  molecu la r  
genet ic is t  the  genet ic  code was a mere  set of codon 
ass ignments  whose e labora t ion  was the  swan song of a 
glorious era  in b iology whose crowning ach ievement  
was the  e luc ida t ion  of the  s t ruc ture  and  mode  of repl i-  
ca t ion  of the  gene. To the  evolut ionis t  the  molecular  
basis for gene repl ica t ion  is mere ly  a first  step,  the  
genet ic  code the  second, in a t ra i l  t h a t  leads ever  
deeper  in to  the  na tu r e  of evolut ion,  and  so the  g round  
s t ruc ture  of the  universe.  
I n  a n y  case, one th ing  is cer ta in :  w h y  pheny la lan ine  
is assigned U U U  (the convent iona l  f raming  of the  prob-  
lem of evolving a genet ic  code) is bas ica l ly  i r re levant .  

The  p rob lem has to do r a the r  wi th  the  g radua l  e labora-  
t ion of a r ibosome (and i ts  en tourage  of factors,  etc.) 
abou t  a basic  t r ans l a t ion  process,  and  how the  bas ic  
process t akes  on increasing levels of d i scr imina t ion  
thereby .  A m b i g u i t y  in codon and  amino acid recogni- 
t ion gives w a y  to mere  inaccuracy.  Longer  and  longer 
messages can be processed wi thou t  d isas t rous  in te r rup-  
tions. U l t i m a t e l y  the  precision (discrimination) of the  
mechanism reaches a po in t  (in i ts  modern  versions) 
where inaccuracy,  where noise, no longer places l imi ta-  
t ions upon  the  types  of pro te ins  t h a t  can evolve.  
Evo lv ing  a genetic code is not  some id iosyncra t ic  his- 
tor ica l  accident .  I t  is not  a s t u d y  in particular s t ruc tur -  
es (molecules, codon assignments)  and  how they  change 
wi th  t ime.  Even  v iewed s imply,  the  genet ic  code is a 
general  s t u d y  in evolving specif ic i ty  at  the  macromole~ 
cular  level. I t  could be gene repl ica t ion  or any  o ther  
macromolecu la r  process;  all will evolve,  increase in 
specifici ty,  a long the  same general  lines. 
Pe rhaps  the  mos t  f undamen ta l  considera t ion  to emerge 
from the s t u d y  of the  evolut ion  of the  genet ic  code will 
be the  real  significance of biological  specifici ty.  As we 
have  seen, wha t  is cal led biological  specif ic i ty  is un- 
d o u b t e d l y  only  a s ta t ic  slice th rough  a process,  the  
process of macroorder  emerging from a microuniverse .  
W e  mus t  view biological  specif ic i ty  not  in t e rms  of 
what is rendered  specific, not  in t e rms  t h a t  make  
specif ic i ty  on one level of biological  o rganiza t ion  t o t a l l y  
unre la ted  to specif ic i ty  on some other  level, b u t  in 
t e rms  t h a t  br ing  for th the  general  pr inciples  of biologi- 
cal s p e c i f i c i t y - - t h e  hierarchical  s t ruc ture  of the  macro-  
ent i t ies  t h a t  confer biological  specif ic i ty  on an under-  
ly ing  process,  the  rules b y  which biological  specif ic i ty  
evolves (i. e., the  mode  of concrescence of the  " m a c r o -  
en t i t i e s" ) ,  the  general  changes t h a t  occur in the  under-  
ly ing process when incorpora ted  in the  macroen t i ty .  
Clearly the  s t u d y  of evolut ion  of the  genet ic  code will 
have  much  to say  abou t  the  u t i l i t y  of a reduc t ion is t  
view of the  universe.  
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