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On the Genetic Code 

Deductions about the general nature of the code are 
drawn from results of biochemical experimentation. 

F. H. C. Crick 

It now seems certain that the amino 
acid sequence of any protein is deter- 
mined by the sequence of bases in some 
region of a particular nucleic acid 
molecule. Twenty different kinds of 
amino acid are commonly found in pro- 
tein, and four main kinds of base occur 
in nucleic acid. The genetic code de- 
scribes the way in which a sequence of 
20 or more things is determined by a 
sequence of four things of a different 
type. 

It is hardly necessary to stress the 
biological importance of the problem. 
It seems likely that most if not all of 
the genetic information in any organism 
is carried by nucleic acid-usually by 
DNA, although certain small viruses use 
RNA as their genetic material. It is 
probable that much of this information 
is used to determine the amino acid 
sequence of the proteins of that organ- 
ism. (Whether the genetic information 
has any other major function we do not 
yet know). This idea is expressed by 
the classic slogan of Beadle, "one gene 
-one enzyme," or, in the more sophis- 
ticated but cumbersome terminology of 
today, "one cistron-one polypeptide 
chain." 

The author is affiliated with the Medical 
Research Council Laboratory of Molecular Biol- 
ogy, Cambridge, England. This article is adapted 
from the lecture which he delivered in Stockholm, 
Sweden, 11 December 1962, on receiving the 
Nobel prize in medicine and physiology, a prize 
which he shared with James D. Watson and 
M. H. F. Wilkins. It is published with the 
permission of the Nobel Foundation. It will 
also be included in the complete volume of 
Nobel lectures in English which is published 
yearly by the Elsevier Publishing Company, 
Amsterdam and New York. 
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It is one of the more striking general- 
izations of biochemistry-one which 
surprisingly is hardly ever mentioned in 
the biochemical text books-that the 20 
amino acids and the four bases, are, 
with minor reservations, the same 
throughout nature. As far as I am 
aware, the presently accepted set of 20 
amino acids was first drawn up by 
Watson and myself in the summer of 
1953 in response to a letter of Gamow's. 

Here I shall not deal with the intimate 
technical details of the problem, if only 
for the reason that I have recently 
written such a review (1) which will 
appear shortly. Nor shall I deal with 
the biochemical details of messenger 
RNA and protein synthesis. Rather, I 
shall ask certain general questions about 
the genetic code and ask how far we 
can now answer them. 

Let us assume that the genetic code 
is a simple one and ask how many 
bases code for one amino acid. This 
coding can hardly be done by a pair 
of bases, as from four different things 
we can only form 4 X 4 (= 16) dif- 
ferent pairs, whereas we need at least 
20 and probably one or two more to 
act as spaces or for other purposes. 
However, triplets of bases would give 
us 64 possibilities. It is convenient to 
have a word for a set of bases which 
codes one amino acid, and I shall use 
the word codon for this. 

This brings us to our first question. 
Do codons overlap? In other words, as 
we read along the genetic message do 
we find a base which is a member of 

two or more codons? It now seems 
fairly certain that codons do not over- 
lap. If they did, the change of a single 
base, due to mutation, should alter two 
or more (adjacent) amino acids, where- 
as the typical change is to a single 
amino acid, both in the case of the 
"spontaneous" mutations, such as occur 
in the abnormal human hemoglobins, 
and in chemically induced mutations, 
such as those produced by the action of 
nitrous acid and other chemicals on 
tobacco mosaic virus (2). In all prob- 
ability, therefore, codons do not over- 
lap. 

This leads us to the next problem. 
How is the base sequence divided into 
codons? There is nothing in the back- 
bone of the nucleic acid, which is per- 
fectly regular, to show us how to group 
the bases into codons. If, for example, 
all the codons are triplets, then in addi- 
tion to the correct reading of the mes- 
sage there are two incorrect readings 
which we shall obtain if we do not start 
the grouping into sets of three at the 
right place. My colleagues and I (3) 
have recently obtained experimental 
evidence that each section of the ge- 
netic message is indeed read from a 
fixed point, probably from one end. 
This fits in very well with the experi- 
mental evidence, most clearly shown in 
the work of Dintzis (4), that the amino 
acids are assembled into the polypep- 
tide chain in a linear order, starting at 
the amino end of the chain. 

Size of the Codon 

This leads us to the next general 
question: the size of the codon. How 
many bases are there in any one codon? 
The experiments to which I have just 
referred (3) strongly suggest that all (or 
almost all) codons consist of a triplet 
of bases, though a small multiple of 3, 
such as 6 or 9, is not completely ruled 
out by our data. We were led to this 
conclusion by the study of mutations in 
the A and B cistrons of the r1l locus of 
bacteriophage T4. These mutations are 
believed to be due to the addition or 
subtraction of one or more bases from 
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the genetic message. They are typically 
produced by acridines, and cannot be 
reversed by mutagens which merely 
change one base into another. More- 
over, these mutations almost always 
render the gene completely inactive, 
rather than partly so. 

By testing such mutants in pairs we 
can assign them all, without exception, 
to one of two classes which we call plus 
and minus. For simplicity one can think 
of the plus class as having one extra 
base at some point or other in the 
genetic message and of the minus class 
as having one base too few. The crucial 
experiment is to put together, by genetic 
recombination, three mutants of the 
same type into one gene. That is, either 
(+ with + with +) or (- with - 
with -). Whereas a single + or a 
pair of them (+ with +) makes the 
gene completely inactive, a set of three, 
suitably chosen, has some activity. De- 
tailed examination of these results shows 
that they are exactly what we should 
expect if the message were read in 
triplets, starting from one end. 

We are sometimes asked what the re- 
sult would be if we put four +'s in one 
gene. To answer this my colleagues 
have recently put together not merely 
four but six +'s. Such a combination 
is active, as expected on the basis of 
our theory, although sets of four or five 
of them are not. We have also gone a 
long way toward explaining the produc- 
tion of "minutes," as they are called- 
that is, combinations in which the gene 
is working at very low efficiency. Our 
detailed results fit the hypothesis that in 
some cases when the mechanism comes 
to a triplet which does not stand for an 
amino acid (called a "nonsense" triplet) 
it very occasionally makes a slip and 
reads, say, only two bases instead of the 
usual three. These results also enable 
us to tie down the direction of reading 
of the genetic message, which in this 
case is from left to right, as the r11 
region is conventionally drawn. A final 
proof of our ideas can only be obtained 
through detailed studies on the altera- 
tions produced in the amino acid se- 
quence of a protein by mutations of the 
type discussed here. 

One further conclusion of a general 
nature is suggested by our results. It 
appears that the number of nonsense 
triplets is rather low, since we only 
occasionally come across them. How- 
ever, this conclusion is less secure than 
our other deductions about the general 
nature of the genetic code. 
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Colinearity 

It has not yet been shown directly 
that the genetic message is colinear with 
its product-that is, that one end of 
the gene codes for the amino end of the 
polypeptide chain and the other for the 
carboxyl end, and that as one proceeds 
along the gene one comes in turn to the 
codons in between in the linear order 
in which the amino acids are found in 
the polpeptide chain. This seems highly 
likely, especially as it has been shown 
that in several systems mutations affect- 
ing the same amino acid are extremely 
near together on the genetic map. The 
experimental proof of the colinearity of 
a gene and the polypeptide chain it pro- 
duces may be confidently expected 
within the next year or so. 

Universality 

There is one further general question 
about the genetic code which we can 
ask at this point. Is the code universal 
-that is, the same in all organisms? 
Preliminary evidence suggests that it 
may well be. For example, something 
very like rabbit hemoglobin can be 
synthesized in a cell-free system of 
which part comes from rabbit reticulo- 
cytes and part from Escherichia coil 
(5). That this would be the case if the 
code was very different in these two 
organisms is not very probable. How- 
ever, as we shall see, it is now possible 
to test the universality of the code by 
more direct experiments. 

Attack on the Genetic Code 

It is believed, not that DNA itself 
controls protein synthesis directly in a 
cell in which DNA is the genetic mate- 
rial, but that the base sequence of the 
DNA-probably of only one of its 
chains-is copied onto RNA, and that 
this special RNA then acts as the 
genetic messenger and directs the actual 
process of joining up the amino acids 
into polypeptide chains. The break- 
through in the coding problem has 
come from the discovery, made by 
Nirenberg and Matthaei (6), that one 
can use synthetic RNA for this pur- 
pose. In particular, they found that 
polyuridylic acid--an RNA in which 
every base is uradil-would promote 
the synthesis of polyphenylalanine when 
added to a cell-free system already 

known to synthesize polypeptide chains. 
Thus, one codon for phenylalanine ap- 
pears to be the sequence UUU (where 
U stands for uracil; in the same way 
we use A, G, and C for adenine, 
guanine, and cytosine, respectively). 
This discovery has opened the way to 
a rapid, although somewhat confused, 
attack on the genetic code. 

It would not be appropriate to review 
this work in detail here. I have dis- 
cussed critically the earlier work in the 
review mentioned (1), but such is the 
pace of work in this field that more 
recent experiments have already made 
the discussion out of date, to some 
extent. However, some general con- 
clusions can safely be drawn. 

The technique mainly used so far, 
both by Nirenberg and his colleagues 
(6) and by Ochoa and his group (7), 
has been to synthesize enzymatically 
"random" polymers of two or three of 
the four bases. For example, use of a 
polynucleotide [which I shall call poly 
(U,C)], having about equal amounts 
of uracil and cytosine in (presumably) 
random order, will increase the incor- 
poration of the amino acids phenyla- 
lanine, serene, leucine, and proline, and 
possibly threonine. By using polymers 
of different composition and assuming 
a triplet code one can deduce limited 
information about the composition of 
certain triplets. 

From such work it appears that, with 
minor reservations, each polynucleotide 
incorporates a characteristic set of 
amino acids. Moreover, the four bases 
appear quite distinct in their effects. A 
comparison between the triplets tenta- 
tively deduced by these methods with 
the changes in amino acid sequence 
produced by mutation shows a fair 
measure of agreement. Moreover, the 
incorporation requires the same compo- 
nents that are needed for protein syn- 
thesis and is inhibited by the same 
inhibitors. Thus, the system is most 
unlikely to be a complete artifact and 
is very probably closely related to 
genuine protein synthesis. 

As to the actual triplets so far pro- 
posed, it was first thought that possibly 
every triplet had to include uracil, but 
this was neither plausible on theoretical 
grounds nor supported by the experi- 
mental evidence. The first direct evi- 
dence that this was not so was obtained 
by my colleagues Bretscher and Grun- 
berg-Manago (8), who showed that a 
poly (C,A) would stimulate the incor- 
poration of several amino acids. Rte- 
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cently other workers (9, 10) have re- 
ported further evidence of this sort for 
other polynucleotides not containing 
uracil. It now seems very likely that 
many of the 64 triplets, possibly most 
of them, may code one amino acid or 
another, and that in general several 
distinct triplets may code one amino 
acid. In particular, a very elegant ex- 
periment (11) suggests that both 
(UUC) and (UUG) code leucine (the 
parentheses imply that the order within 
the triplets is not yet known). This 
general idea is supported by several 
indirect lines of evidence which cannot 
be presented in detail here. Unfortu- 
nately it makes the unambiguous de- 
termination of triplets by these methods 
much more difficult than would be the 
case if there were only one triplet for 
each amino acid. Moreover, it is not 
possible, by using polynucleotides of 
"random" sequence, to determine the 
order of bases in a triplet. A start has 
been made to construct polynucleotides 
whose exact sequence is known at one 
end, but the results obtained so far are 
suggestive rather than conclusive (12). 
It seems likely, however, from this and 
other (unpublished) evidence, that the 
amino end of the polypeptide chain 
corresponds to the "right-hand" end of 
the polynucleotide chain-that is, the 
one with the 2',3' hydroxyls on the 
sugar. 

It seems virtually certain that a single 
chain of RNA can act as messenger 
RNA, since poly U is a single chain 
without secondary structure. If poly A 
is added to poly U to form a double 
or triple helix, the combination is in- 
active. Moreover, there is preliminary 
evidence (9) which suggests that sec- 
ondary structure within a polynucleotide 
inhibits the power to stimulate protein 
synthesis. 

It has yet to be shown by direct 
biochemical methods, as opposed to the 
indirect genetic evidence mentioned 
earlier, that the code is indeed a triplet 
code. 

Attempts have been made, from a 
study of the changes produced by muta- 
tion, to obtain the relative order of the 
bases within various triplets, but my 
own view is that such attempts are 
premature until there are more exten- 
sive and more reliable data on the 
composition of the triplets. 

Evidence presented by several groups 
(8, 9, 11) suggest that poly U stimu- 
lates the incorporation of both phenyl- 
alanine and a lesser amount of leucine. 
8 FEBRUARY 1963 

The meaning of this observation is 
unclear, but it raises the unfortunate 
possibility of ambiguous triplets-that 
is, triplets which may code more than 
one amino acid. However, one would 
certainly expect such triplets to be in 
a minority. 

Origin of the Grouping 

It seems likely, then, that most of 
the 64 possible triplets will be grouped 
into 20 groups. The balance of evi- 
dence, both from the cell-free system 
and from the study of mutation, sug- 
gests that this grouping does not occur 
at random, and that triplets coding the 
same amino acid may well be rather 
similar. This raises the main theoretical 
problem now outstanding. Can this 
grouping be deduced from theoretical 
postulates? Unfortunately, it is not 
difficult to see how the grouping might 
have arisen at an extremely early stage 
in evolution by random mutations, so 
that the particular code we have may 
perhaps be the result of a series of 
historical accidents. This point is of 
more than abstract interest. If the code 
does indeed have some logical founda- 
tion, then it is legitimate to consider 
all the evidence, both good and bad, 
in any attempt to deduce it. This is not 
true if the codons have no simple logical 
connection. In that case, it makes little 
sense to guess a codon; the important 
thing is to provide enough evidence to 
prove each codon independently. It is 
not yet clear what evidence can safely 
be accepted as establishing a codon. 
What is clear is that most of the ex- 
perimental evidence so far presented 
falls short of proof in almost all cases. 

Unsupported Proposals 

In spite of the uncertainty of many 
of the experimental data, there are cer- 
tain codes which have been suggested 
in the past which we can now reject 
with some degree of confidence. 

1) Comma-less triplet codes. All such 
codes are unlikely, not only because of 
the genetic evidence but also because 
of the detailed results from the cell-free 
system. 

2) Two-letter or three-letter codes- 
for example, a code in which A is 
equivalent to C, and G to U. As al- 
ready stated, the results from the cell- 
free system rule out all such codes. 

3) The combination triplet code. In 
this code all permutations of a given 
combination code the same amino acid. 
The experimental results can only be 
made to fit such a code by very special 
pleading. 

4) Complementary codes. There are 
several classes of these. Consider a cer- 
tain triplet in relation to the triplet 
which is complementary to it on the 
other chain of the double helix. The 
second triplet may be considered as 
being read either in the same direction 
as the first or in the opposite direction. 
Thus, if the first triplet is UCC, we 
consider it in relation to either AGG 
or (reading in the opposite direction) 
GGA. 

It has been suggested that if a triplet 
stands for an amino acid its comple- 
ment must necessarily stand for the 
same amino acid, or, alternatively in 
another class of codes, that its comple- 
ment will stand for no amino acid- 
that is, will be nonsense. 

It has recently been shown by 
Ochoa's group that poly A stimulates 
the incorporation of lysine (10). Thus, 
presumably AAA codes lysine. How- 
ever, since UUU codes phenylalanine, 
these facts rule out all the foregoing 
proposed codes. It is also found that 
poly (U,G) incorporates quite different 
amino acids from poly (A,C). Simi- 
larly, poly (U,C) differs from poly 
(A,G) (9, 10). Thus, there is little 
chance that any of the theories of this 
class will prove correct. Moreover they 
are all, in my opinion, unlikely for 
general theoretical reasons. 

A start has already been made on 
investigations of the role of the same 
polynucleotides in cell-free systems 
from different species, to see if the code 
is the same in all organisms. Eventually 
it should be relatively easy to discover 
in this way whether the code is uni- 
versal and, if it is not, how it differs 
from organism to organism. The pre- 
liminary results presented so far disclose 
no clear difference, with respect to the 
code, between E. coli and mammals, 
and this is encouraging (10, 13). 

General Properties 

At the present time, therefore, the 
genetic code appears to have the fol- 
lowing general properties. 

1) Most, if not all, codons consist of 
three (adjacent ) bases. 

2) Adjacent codons do not overlap. 
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3) The message is read in the correct 
groups of three by starting at some fixed 
point. 

4) The code sequence in the gene is 
colinear with the amino acid sequence, 
the polypeptide chain being synthesized 
sequentially from the amino end. 

5) In general, more than one triplet 
codes each amino acid. 

6) It is possible that some triplets 
may code more than one amino acid- 
that is, they may be ambiguous. 

7) Triplets which code the same 
amino acid are probably rather similar. 

8) It is not known whether there is 
any general rule in accordance with 
which such codons are grouped to- 
gether, or whether the grouping is 
mainly the result of historical accident. 

9) The number of triplets which do 
not code an amino acid is probably 
small. 

10) Certain codes proposed earlier- 
such as comma-less codes, two- or three- 
letter codes, the combination code, and 

various transposable codes-are all un- 
likely to be correct. 

11) The code is probably much the 
same in different organisms. It may be 
the same in all organisms, but this is 
not yet known. 

Finally, one should add that in spite 
of the great complexity of protein syn- 
thesis and in spite of the considerable 
technical difficulties in synthesizing poly- 
nucleotides with defined sequences, it 
is not unreasonable to hope that all 
these points will be clarified in the near 
future, and that the genetic code will 
be completely established on a sound 
experimental basis within the next few 
years. 
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Space Science 

The future holds exciting possibilities for scientific 

research by man in space. 

Homer E. Newell 

Today, as never before, our world is 
conscious of its position in space. Rock- 
ets, satellites, and deep space probes are 
demanding the attention of the thought- 
ful citizen, as these devices play their 
role in the greatest adventure of man- 

kind, that of reaching out into space, 
beyond man's traditional home. 

A major, indeed inseparable, part of 
this activity is what has come to be 
known as space science. The range of 
this scientific activity is extremely broad, 
encompassing the earth, the moon, the 

sun, the planets, the stars, the galaxies, 
and the vast intervening spaces. Al- 

The author is director of the Office of Space 

Sciences, National Aeronautics and Space Admin- 
istration, Washington, D.C. This article is adapted 
from a lecture presented 26 December 1962 at the 
Philadelphia meeting of the AAAS. 
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though space science focuses on those 
researches and investigations that are 
carried out in rockets, satellites, and 
deep space probes, it is, as every scien- 
tist recognizes, absolutely inseparable 
from the rest of scientific activity. Thus, 
as we -look back into the past, we find 
the roots of the present program of sci- 
ence in space in the ground-based in- 
vestigations of the very same subjects 
that now comprise space science. 

In other words, space science is not a 
new subject. The objects of interest and 
investigation are the same as they al- 
ways have been. The new elements in 
space science are the spacecraft, with its 
scientific instruments, and the rocket 
that launches the spacecraft to its van- 
tage point far above the ground. 

Past 

Space science has a past that is as 
illustrious as its present is exciting and 
its future is promising. One need only 
point to the tremendous accomplish- 
ments of ground-based astronomy to 
prove this point. Throughout most of 
its history, astronomy has been limited 
to the very narrow range of wave- 
lengths in the visible portion of the 
spectrum, plus small extensions into the 
ultraviolet and the infrared. The addi- 
tion of a portion of the radio wave- 
length spectrum to ground-based ob- 
servation was a recent event in astro- 
nomical history. Yet in spite of these 
limitations, which theory indicates to be 
very great indeed, a remarkable body 
of astronomical knowledge and theory 
has been built on the knowledge that 
has been obtained from ground-based 
observations. 

Closer to home, but still inaccessible 
to the observer, the earth's upper atmos- 
phere also received the attention of the 
ground-based scientist. Supported by 
observations of meteor trails, aurora, 
and airglow, by reflections of sound 
waves, by radio echoes, and by theory, 
the upper-atmosphere researcher did 
good detective work. Subsequent direct 
measurements by sounding rockets 
showed that the investigators were in- 
deed on the right track. They were, 
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