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Chemical Basis of  Heredity, the Genetic Code* 
By SEVERO OCHOA 

Department of Biochemistry, New York University School of Medicine, New York (U.S,A.) 

Work of recent years has thrown considerable light 
on the way in which the genetic information stored in 
DNA i is transmitted to the protein making machinery 
of the cell, so that  a specific nucleotide sequence in 
DNA gives rise to a unique amino acid sequence in the 
polypeptide chains of proteins. I t  may be said that  
DNA contains a coded message, the genetic code, with 
instructions for the manufacture of specific proteins. 
We know now that  RNA participates in this process as 
a messenger2,3 between the DNA and the protein. 
:DNA directs the synthesis of a specific messenger RNA 
and this in turn directs the synthesis of a specific 
protein. 

The relation between DNA, messenger RNA, and 
protein is illustrated schematically in Figure 1, in which 
portions of the nucleotide and amino acid chains of 
these compounds are shown as strips of recording tape. 
Moreover, under the assumption that  the genetic code 
is a triplet code, the continuous sequence of nucleotide 
bases in DNA and RNA is represented as a sequence of 
separate triplets for better  visualization of the corre- 
Spondence between the individual base triplets of mes- 
Senger RNA and the various amino acids. The amino 
acids on the protein strip of Figure 1 are known to cor- 
respond to the triplets having the base composition, 
but not necessarily the sequence, shown on the RNA 
strip. An account of the experimental work on which 
this correlation is based is the main purpose of this lec- 
ture, When the base composition and sequence of the 
Coding units for all of the amino acids in proteins is 
known, the genetic code will have been deciphered. We 
raay not be far from this goal. 

Code Read Out Mechanism. RNA nucleotidyl trans- 
ferase, the enzyme catalyzing the synthesis of mes- 
Senger RNA with DNA as template, operates through 
a Watson-Crick base pairing mechanism and yields, as 
Shown in Figure 1, complementary copies - or nega- 
tives _ of one of the DNA strands 4. In this first step 
the DNA code is transcribed into an RNA code repre- 
sented by a unique sequence of bases. In what follows 
the words genetic code or amino acid code will be used 
to denote the messenger RNA code. 

In the read out step the messenger RNA serves as a 
teraplate for the alignment of the amino acids in a se- 
quence prescribed by its own base sequence. For this 

purpose each amino acid is linked through its carboxyt 
group to one end of a specific amino acid acceptor or 
transfer RNA (s-RNA) of small molecular weight 
(about 25,000). This reaction is catalyzed by  a specific 
enzyme which recognizes both the amino acid and its 
s-RNA. Energy is provided each time by  the splitting 
of one molecule of ATP to AMP and inorganic pyro- 
phosphate. There are as many amino acid activating 
enzymes (aminoacyl-s-RNA synthetases) and at least 
as many species of s-RNA as there are different amino 
acids, i.e. at least twenty. The coding triplets of mes- 
senger RNA are recognized by complementary adaptor 

ONA l TrC m C A A  CTC rAA ~G CGC ATA TeA AAA CA8 GGG f 
Step1 

m-~,A t,,,,,,,,,,,AA~ AAA GUU-GAG AUU UUC ~ UAU A~0 uUu ~uc ccc / 
i ste,p~ ......... 

Protein t' glu ,lYs cys gJy tyr leu gly leU met phe arg pro I 

Fig. 1. Two-step transcription of genetic code. RNA nucleotidyl 
transferase, which catalyzes the DNA-dependent synthesis of RNA, 
is the key enzyme in the transcription of the genetic message from 
DNA to RNA (step 1). The code read-out step (step 2) can be con- 
sidered as a translation from the four character language of RNA into 
the twenty character language of proteins, m-RNA s tands  for mes- 

senger RNA. 

* Fifth PAUL KARRER Lecture, held at the University of Zfirich 
(Switzerland), June  26, 1963. 

z The following abbreviations are used: RNA, ribonucleic acid; 
DNA, deoxyribonucleic acid; A, C, G, U, T, the bases adenine, 
cytosine, guanine, uracil, thymine,  also the corresponding nucleo- 
sides or nucleotides; in the case of polynucleotides, poly A means  
polyadenylie acid, poly UG, polyuridylic-guanylie acid, etc.; H, 
hypoxanthine;  poly I, polyinosinic acid; ADP, CDP, GDP, UDP, 
the ribonueleoside 5'-diphosphates of adenosine, eytidine, guano- 
sine, uridine; ATP, adenosine 5'- tr iphosphate;  GTP, guanosine 5"- 
tr iphosphate;  TMV, tobacco mosaic virus. The amino acids are 
abbreviated by using the first three letters of their names  (e.g., 
thr,  tbreonine; try, t ryptophan;  asp, aspartic acid), with the excep- 
tion of isoleucine asparaglne, and glutamine which are abbreviated 
as ile, asn and gin, respectively, tn  the shorthand writing of poly- 
nucleotides, as in p A p U p U p U . . . p U ,  the letter p to the left of the 
nucleoside initial indicates a 5 '-phosphate;  the letter p to the 
right, a 3'-phosphate. 
F. JACOB and J. Mo~oD, J. mol. Biol. 3, 318 (1961). 

a S. BRENNER, F. JACOB, and M. MESELSON, Nature 190, 576 (1961). 
4 j .  MARMUR, Cold Spring Harbor Symp. Quant, Biol,, in press 

(1963), 
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triplets (e.g. AAA for UUU) in s-RNAS, s. The adap- 
tors are believed to be responsible for the specific at- 
tachment, through a base-pairing mechanism, of the 
amino acid bearing s-RNA to positions prescribed by  
the base sequence of the messenger RNA which, on 
interaction with the ribosomes, becomes a template for 
protein synthesis. 

As shown for hemoglobin synthesis v-9 the polypep- 
tide chain is assembled sequentially from the N-termi- 
nal end. The s-RNA is released stepwise from the 
amino acid (a) last linked to the growing polypeptide 
chain, as a new aminoacyl-s-RNA (b) is placed on the 
next  position of the template and a peptide bond is 
formed involving the acyl group of a (with cleavage of 
the aminoacyl-s-RNA linkage) and the amino group of 
the amino acid carried by b (Figure 2). 

Recent work has shown ~°-~* that  during protein 
synthesis the ribosomes form aggregates (polysomes) 
which are apparently held together by messenger RNA 
for they are dissociated by ribonuclease. These obser- 
vations have been interpreted as meaning that  several 
ribosomes are simultaneously engaged in making pro- 

tein on the same messenger as they move along its 
chain or as the messenger moves over the ribosomal 
surface. This is illustrated diagrammatically in Fi- 
gure 3. 

As discussed elsewhere ~s it has until recently been a 
mat ter  for speculation whether the ribosomes deliver 
ready made protein or only the unfolded potypeptide 
chains, i.e. the protein's primary structure. The demon- 
stration ~4 that ribonuclease and other enzymes can 
assume their native globular conformation in aerated 
buffer solutions, following unfolding through reduction 
of their disulfide bridges in urea solutions, proves that 
the secondary and tert iary structure of proteins may 
be formed spontaneously and are determined by  their 
primary structure, i.e. the amino acid composition and 
sequence. Folding of the polypeptide chains might oc- 
cur partially on the ribosomes and be completed after 
release. 

Another question of interest is the maximum size of 
individual polypeptide chains manufactured by the 
ribosomes. There is increasing evidence that native 
proteins are aggregates of subunits of relatively small 
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Fig. 2. Scheme illustrating the assembly of polypeptide chains and 
messenger read-out. The free amino group of the amino acids at- 
tached to s-RNA is shown for easier visualization of the polarity of 
chain growth, The s-RNA is represented as a T with the adaptor 
triplet on top of the horizontai limb and the amino acid linked 
(through its carboxyl group) at the free end of the vertical limb. The 
rectangles represent the ribosomal binding site. in the diagram the 
polypcptides arc assumed to he assembled on the Nbosomes as they 
move along the messenger RNA chain but it is equally possible that 

the messenger itself moves over the surface of static ribosomes, 

t~rowing polvpeptkle 
c~ains 

Nessenger RNA / 
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Fig. q. Schematic model of polysome function (courtesy of Dr. A. 
Rich). 

5 F. H. C. CRICK, Symp. Soc. exp. Biol. I2, 138 (1958). 
6 F. CHAPEVILLEj F. LIPMANN, G. VON }~HRENSTEIN~ B. WEISBLUM~ 

W. J. RAY, JR., and S. BENZER, PrOC. Nat. Acad. Sci. U.S. 48, 
1086 (196~). 

7 j .  BIs~mP, 3. LEAHY, aad R. SC~WEET, Proc. Nat. Acad. Sci. U.S. 
46, 1030 (1960). 

s H, M. DINTZIS, Proc. Nat. Acad. Sci, U.S. 47, g47 (1961). 
0 A. GOLDSTEIN, Biochim. biophys. Acta ~3, 468 (1961). 

z0 j .  R. WARNER, P. M. KSOrF, and A. RtcH, Proc. Nat. Acad. Sci. 
U.S. 49, 122 (1963). 

it A. GIERER, J. tool. Biol. 6, 148 (1963). 
1, W. GILBERT, J. IIIoL Biol. 6, 374 (1963). 
13 S. OCHOA, in Informational Macromolecglcs (H. J.  VOOEL, V. 

BRVSON, and J. O. LAMPEN, eds., Academic Press, New York I963), 
p. 3. 

z4 C. B. ANFINS~S, in Informational Macromo[ecules (H. J. Vo~Er., 
V, B~Ysos, and J. O. LAMPEN, cds., Academic Press, New York 
1963), p. 153, 
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size. The molecular weight of the subunits of various 
proteins (hemoglobin, apoferfitin, proteins of plant 
and bacterial viruses), from 17,000 to about 25,000, 
would correspond in the upper range to chains of 200 
amino acid residues. For a triplet code this would re- 
quire a messenger 600 nucleotides long (molecular 
weight about 180,000). 

No small subunits have yet been detected in en- 
zymes. However, several enzymes and various other 
proteins are known to be polymers of two to four units 
each ranging in molecular weight from 40,000 to 
250,0001~. It appears entirely possible that these units 
may in turn consist of a number of primary" subunits. 
If so, most proteins would be formed by the - spon- 
taneous or catalyzed - aggregation of small subunits 
produced under genetic control by the protein malting 
machinery of the cell. In some cases the primary sub- 
units might aggregate first into larger, second order 
units which would finally polymerize to the native 
protein. 

Messenger RNA, like DNA, has only four different 
bases whereas proteins may have up to twenty dif- 
ferent amino acids. Therefore, at least three bases 
(triplet code) would be needed to specify one amino 
acid. Combination of four elements three at a time 
yields 4 a or 64 triplets, more than enough to determine 
20 amino acids. A doublet code would not supply 
ellough coding units, since it would yield only 42 or 16 
doublets. It appears, therefore, that at least a code of 
triplets is required for transcription of the genetic mes- 
Sage. Genetic experiments of CRICK et a1.15 have pro- 
vided elegant evidence in favor of a triplet code. 

Synthetic Polynucleotides as Messengers. The ques- 
tion arose whether synthetically prepared polyribo- 
nucteotides would substitute for natural messenger 
RNA in cell-free systems of protein synthesis and 
Would promote the incorporation of amino acids into 
proteins. If so, any correlation between the base com- 
position of such polynucleotides and the nature of the 
amino acids incorporated might open the way to the 
deciphering of the genetic code. This proved to be the 
Case. 

Key to the experiments with artificial messengers 
Was the enzyme polynucleotide phosphorylase dis- 
cOVered in our laboratory in 1955 is. This enzyme cata- 
lyzes the synthesis of polynucleotides from ribonucleo- 
side 5'-diphosphates with liberation of orthophosphate. 
The overall, reversible reaction catalyzed by poly- 
aUcleotide phosphorylase may be represented by the 
equation below, in which P~-~P stands for the pyro- 
Phosphate moiety of nucleoside diphosphates. 

(Mg ÷÷) 
n Base-ribose-P ~ P  ~ (base-ribose-P), + P~ 

In the direction to the left the enzyme catalyzes the 
Phosphorolysis of polyribonucleotides with formation 
of the corresponding ribonucleoside diphosphates. 

Homopolynucleotides, i.e. polymers of only one kind 
of nucleotide (poly A, poly U, etc.) are produced from 
individual nucleoside diphosphates (ADP, UDP, etc.). 
Copolynucleotides containing two or more kinds of 
nucleotide residues (poly AU, poly AUG, etc.), are 
formed from mixtures of nucleoside diphosphates 
(ADP and UDP; ADP, UDP, and GDP, etc.). The 
chemical structure of the polynucleotides synthesized 
by polynucleotide phosphorylase is the same as that of 
natural RNA. In fact, the copolymer poly AGUC, con- 
taining adenylic, guanylic, uridylic, and cytidylic acid 
residues, is indistinguishable from RNA except for the 
random distribution of nncleotides iv,is. Random dis- 
tribution of nucleotides permits the calculation of the 
relative abundance of different base triplets in copoly- 
nucleotides of known base composition and is an essen- 
tial condition for use of these compounds in the code 
studies discussed below. 

A further convenient feature of polynucleotide 
phosphorylase is that the base composition of copoly- 
nucleotides can be predetermined by using for their 
preparation mixtures of nucleoside diphosphates in the 
same ratio as the desired base ratios. Many poly- 
nucleotides of preselected, widely varying base com- 
position have thus been prepared in our laboratory. 
The actually determined base ratios were in all cases 
very close to the expected ones 19. Divergent results of 
other laboratories ~° might be due to the presence of 
contaminating enzymes (nucleases, nucleoside mono- 
and diphosphokinases, etc.) in the polynucleotide 
phosphorylase preparations. 

The effect of synthetic polynucleotides in promoting 
the incorporation of amino acids into protein-like 
products by a cell-flee system from Escherichia coti was 
first reported by NIRENBERG and MATTHAE121. These 
workers observed that poly U specifically promoted 
the incorporation of phenylalanine and obtained indi- 
cations that it directed in fact the synthesis of poly- 
phenylalanine. Thus UUU would be a triplet code 
letter for phenylalanine. Investigations ill our labora- 
tory 22 (see also 2s) next showed that copotynucleotides 
such as poly AU stimulated the incorporation of 
phenylalanine, isolencine, leucine, and tyrosine. Poly 

1~ F. H. C. CRICK, L. BARNETT, S. BRENNER, and R. J. ~rATTS- 
TomN, Nature I92, 1"227 (1961). 

~ S. OCHOA, Angew. Chem. 7Z, 225 (1960). 
27 L. A. HEPPEL, P. J. ORTIZ, and S. OCHOA, J. biol. Chem. 229, 695 

(1957). 
is p. j .  ORTlZ and S. OCHOA, J. biol. Chem. 234, 1208 (1959). 
x~ R. S. GARDNER, A. J. WAHBA, C. BASILIO, R. S. I~.{ILLER, P. 

LESC.VEL, and J. F. SPEVER, Proe. Nat. Acad. Sci. U.S. 48, 2087 
(1962). 

20  M. S. BRETSCItER and M. GRUNBERG-MANAGO, Nature I98, 283 
(1962). 

31 M. W. N~RENnERG and J. H. MATTHAm, Proc. Nat. Acad. Sei. 
U.S. 47, 1558 (196l). 

~2 p. LENGYEL, J. F. SPEYER, and S. OCHOA, Proc. Nat. Acad. Sci. 
U.S. 47, 1936 (1961). 

~a S. OCHOA, Fed, Proc. 22, 6~ (1963}. 
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UC stimulated the incorporation of phenylalanine, 
leucine, proline, and serine; poly UG that of phenyl- 
alanine, cysteine, leucine, valine, glycine, and trypto- 
phan. Polynucleotides with three different kinds of 
nucleotide residues, e.g. poly UCG, stimulated the in- 
corporation of arginine and alanine among other 
amino acids. Copolynucleotides other than those ]ust 
mentioned were synthesized later and were found to 
promote the incorporation of still other amino acids 
until, eventually, the incorporation of each of the 20 
amino acids could be brought about by one or another 
polymer. 

Experiments with homopolymers other than poly U 
(poly A, poly C) were at first negative or gave equi- 
vocal results. However, later work in our laboratory :g, a4 
showed that poly A directed the synthesis of poly- 
lysine and poly C promoted the incorporation of proline 
into acid-insoluble material. The effect of poly A had 
previously been missed because polylysine is soluble 
in trichloroacetic acid but was eventually detected 
with use of tungstic acid, in which polylysine is in- 
soluble, as the precipitating agent. Poly C was found 
to have low affinity for the ribosomes and the early 
negative results were due to the use of too small 
amounts of this polynucleotide. 

Table I illustrates some of these findings. It shows 
portions of the chain of various homo- and copoly- 
nucleotides with some of the triplets occurring in them 
and the amino acids whose incorporation into protein- 
like products by the E. coli system was correlated with 
the triplets of the base composition shown. 

Amino Acid Code. Most of the studies on the amino 
acid code have utilized cell-free preparations of E. cell 
consisting of suspensions of ribosomes in the super- 
natant fluid obtained by high speed centrifugation of 
bacterial extracts. The supernatant contributes s- 
RNA's, aminoacyl-s-RNA synthetases, and other en- 
zymes concerned with the polymerization of the ac- 
tivated amino acid residues. Incubation of these pre- 
parations with ATP, potassium (or ammonium) and 
magnesium ions, a mixture of the twenty amino acids, 
and GTP, which is required in an as yet unknown man- 
ner for amino acid polymerization, leads to the incor- 
poration of small amounts of amino acids into acid- 
insoluble products. This incorporation is stimulated to 
a variable degree by the addition of various ldnds of 
RNA or synthetic polynucleotides. It is often further 
increased by supplemental s-RNA. By use of amino 
acid mixtures in which one of the twenty amino acids 
is labeled with C 14 at a time, the effect of different 
polynucleotides on the incorporation of individual 
amino acids can easily be determined. The incubation 
is allowed to proceed at 37 ° for 30 or more min by 
which time the incorporation of amino acids has prac- 
tically stopped. In this manner one measures the total 
amount of amino acid incorporated, not the incorpora- 
tion rate. 

Some examples of the effect of synthetic poly- 
nucleotides on the incorporation of various amino 
acids are shown in Tables II and II1:9,~4,2~. Table II 
shows the effect of poly UG (5:1) and poly UCG 
(6:1:1) on the incorporation of arginine, phenylala- 
nine, glycine, and tryptophan. The use of polynucleo- 
tides containing a large excess of uridylic acid residues 
was prompted by the consideration that such poly- 
nucleotides would give rise to phenylalanine rich poly- 
peptides which, even if of small size, would be insoluble 
in tfichloroacetic acid. The small incorporation in the 
absence of added polynucleotides may be due to the 
presence of residual natural messenger RNA on the 

Table I. Some synthetic polynucleofides and their effect on the in- 
corporation of various amino acids into polypeptide chains. For better 
visualization of the correlation between individual base triplets and 
amino acids, the polynucleotide chains are arbitrarily represented as 
a sequence of nucleotide triplets rather than a continuous sequence of 

nucleotides 

Poly- Polynucleotide chain Amino acids 
nueleotide incorporated 

Poly A .., AAA AAA AAA AAA .., A AA ... 

PolyC ...CCC CCC CCC CCC ..,CCC ... 

Po lyU . . .UUU UUU UUU UUU., .  UUU.. .  

PolyUG . . . G U U G U G U U U U U G . . . U G U . . .  

Poly ACG ... AGG CAG AAG AAA .. .GAG ... 

Lys (potylysine 
synthesis} 

Pro (polyproline 
synthesis) 

Phe (polyphenyl- 
alanine synthesis) 

Cys, gly, phe, val, 
leu, etc. 

Scx, ala, glu, lys, 
gly, etc. 

Table II. Amino acid incorporation in E. cell system with various 
polynucleotides. Values expressed as m~moles/mg ribosomal protein. 
In this Table and elsewhere, the figures in parentheses following the 
abbreviated names of synthetic polynueleotides indicate the molar 
ratios of the individual nucleoside diphosphates used for preparation 
of the polymers [e.g. poly UG (5:1) was prepared from a mixture of 
UDP and GDP in molar ratio 5:1]. The actual base composition of 
the polynucleotides used in this work closely reflected these ratios 

Amino acid Polynueleotide added 

Notxe Poly UG Poly UCG 
(5:1) (~:1:~) 

Phenylalanine 0.18 13.40 10.60 
Arginine 0.12 0.04 0.47 
Glycine 0.19 0.74 0.45 
Tryptophan 0.03 0.70 0.46 

34 A. J. WAHBA, R. S. GARDNER, C. BAStLIO, R. S. MILLER, J. F. 
SPEVER, and P. LENGYEL, Prec. Nat. Acad. Sci. U.S. 40, 116 
(1963). 

at, j .  F. SPEYER, P. LENGYEL, C. BA$ILIO, and S. OcnoA, Prec. Nat. 
Aead. Sci. U.S. 48, 441 (1962). 
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ribosomes. As expected from the abundance of uridylic 
acid residues, these polynucleotides promoted very ef- 
fectively the incorporation of phenylalanine. Both poly 
UG and poly UCG stimulated the incorporation of gly- 
cine and tryptophan but only the latter stimulated the 
incorporation of arginine. From these results one can 

T a b l e  I I I .  A m i n o  a c i d  i n c o r p o r a t i o n  i n  E. coli s y s t e m  w i t h  v a r i o u s  

p o l y n u c l e o t i d e s .  Net  incorporat ion  values ,  af ter  subtract ion  of s m a l l  

b l a n k  i n  the absence of added polynucleot ides ,  expressed a s  m y . m o l e s /  

r a g  r i b o s o m a l  p r o t e i n .  A b s e n c e  o f  n u m e r i c a l  v a l u e s  indicates  no 
polynucleot ide  effect  on the incorporat ion  of a g iven  a m i n o  a c i d  

A m i n o  P o l y n u c l e o t i d e  
a c i d  

A A U  A C  A G  A C G  A C G  C C I  

(5:1) (5:1) (5:1) (4:1:1) (6:1:1) (5:1) 

A l a  _ _ - 0 . 1 2  0 . 0 6  - 0 . 1 1  

Arg _ _ _ 0 . 0 5  0 . 5 5  0 . 3 5  0 . 0 9  

A s a  _ 0 . 1 3  0 . 3 0  - 0 . 3 5  0 . 3 9  - - 

A s p  . . . .  0 . 0 8  0 . 0 6  - - 

G l u  _ _ _ 0 . 1 1  0 . 4 3  0 . 4 7  - - 

G i n  _ _ 0 . 4 4  0 . 0 2  0 . 6 2  0 . 6 4  - - 

G l y  _ _ _ 0 . 0 2  0 . 0 7  0 . 0 3  - 0 . 0 2  

H i s  _ _ 0 . 0 9  - 0 . 2 6  0 . 3 2  - - 

l i e  _ 0 , 1 0  . . . .  

L y s  1 . 2  0 . 4 7  0 . 9 9  0 . 3 6  2 . 0 6  2 . 9 2  - 0 . 4 4  

Pro _ _ 0 . 0 5  0 . 1 8  0 . 0 8  0 . 7 2  - 

S e r  . . . .  0 . 1 6  0 . 1 0  - - 

T h r  _ _ 0 . 2 3  - 0 . 4 9  0 . 5 7  - 0 . 0 7  

conclude that arginine has a code triplet which con- 
tains U, C, and G. 

Most of the synthetic polynucleotides in the experi- 
ments of Table III contained no uridylic acid but had 
instead a large proportion of adenylic acid residues. 
This was because, from the effect of poly A on the in- 
corporation of lysine mentioned earlier, one would ex- 
pect A-rich polynucleotides to lead to the synthesis of 
lysine-rich polypeptides precipitable by tungstic acid. 
It may be seen that of all twenty amino acids, poly A 
was effective only in promoting lysine incorporation 
while poly AC, for example, was active in promoting 
among others the incorporation of asparagine, gtuta- 
mine, lysine, and threonine. 

Table IV 19, 25, ~6 presents a summary of most of the 
experiments carried out to date in our laboratory. 
Three groups of polynucleotides were used with a large 
proportion of uridylic acid (U-rich), adenylic acid (A- 
rich), and cytidylic acid (C-rich) residues, respectively. 
Polynucleofides of the first group promoted the incor- 
poration of phenylalanine to an. extent greater than 
that of any other amino acid whereas this was true of 
lysine and proline for polynucleotides of the second and 

2a S .  OCHOA,  i n  Informational Macromolecutes ( H .  J .  V O G E L ,  V .  

B R Y S O ~ ,  J .  O .  L A M P E U ,  e d s . ,  A c a d e m i c  P r e s s ,  N e w  Y o r k  1 9 6 3 ) ,  

p .  4 3 7 .  

T a b l e  I V .  Effect  of syn the t i c  po lynucleot ides  on the incorporat ion  of a m i n o  acids into  prote in  i n  E. coli s y s t e m .  T h e  c x p e r i m e n t a l  r e s u l t s  

are expressed a s  % of the incorporat ion  of the  one  a m i n o  acid (phenyla lanine ,  l y s i n e ,  p r o l i n e )  w h i c h  i s  p r o m o t e d  m a x i m a l l y  b y  polymers  
of each of  the three  g r o u p s  { U - r i c h ,  A - r i c h ,  C - r i c h ) .  T h e  incorporat ion  of each  amino  a c i d  w a s  i n d i v i d u a l l y  t e s t e d  w i t h  e a c h  of the poly-  

nucleot ides  s h o w n  except  for the  three cases  m a r k e d  wi th  an a s t e r i s k .  A b s e n c e  o f  n u m e r i c a l  v a l u e s  indicates  that  there  was  no  ef fect  

A m i n o  a c i d  Polynuc leot ide  

U - r i c h  A - r i c h  C - r i c h  

U U A  U C  U G  U A C  U C G  U A G  A A U  A C  A G  A C G  C C I  

( 5 : 1 )  ( 5 : 1 )  ( 5 : 1 )  ( 6 : 1 : 1 )  ( 6 : 1 : 1 ) ( 6 : 1 : 1 )  ( 5 : 1 )  ( 5 : 1 )  ( 5 : 1 )  ( 4 : 1 ' . I )  ( 5 : 1 )  

A l a  . . . . .  3 . . . . .  6 - 2 2  

Arg . . . . .  3 . . . .  13  2 7  - 19  

A s h  - 7 - - 7 - 5 - 2 8  3 0  - 17  - - 

A s p  . . . . . .  3 . . . .  4 - - 

C y s  - - - 2 0  - 2 5  3 2  . . . . . . .  

G l u  . . . . . .  2 - - - 3 0  21  - - 

G i n  . . . .  • _ * - - 4 4  6 3 0  - - 

G l y  - - - 4 - 3 . . . .  5 3 - 5 

~ i s  . . . .  3 . . . .  9 - 1 3  - - 
Ile - 20 - 16 - 32 - 2 0  . . . . .  

L e u  - 1 4  2 0  13  2 5  2 5  2 7  - 3 . . . . .  

LYs - 3 - - 2 - - 1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  - - 
M e t  . . . . .  4 . . . . .  

P b e  1 0 0  1 0 0  1 0 0  I 0 0  1 0 0  1 0 0  1 0 0  . . . . . .  - 
P r o  - - 8 - 3 3 - - - 5 - 9 I 0 0  I 0 0  

Ser - - 2 5  - 2 5  2 6  . . . .  8 - - 

T h r  . . . .  9 . . . .  2 3  - 2 4  - - 

T r y  - - 5 - 4 * . . . . . . .  

T y r  - 2 5  - - 2 5  - 2 0  - 3 . . . . .  

V a l  - - - 2 0  - 2 0  2 5  . . . . . . .  

P o l y  C I  ( p o l y c y t i d y l i c  i n o s i n i c  a c i d )  w a s  u s e d  i n  place  of po ly  C G  b e c a u s e  the former promotes  a m i n o  a c i d  i n c o r p o r a t i o n  s o m e w h a t  more  
effect ively t h a n  the  latter.  A s  s h o w n  p r e v i o u s l y  w i t h  other po lymers  (e .g .  p o l y  U G  and po ly  UI) ,  h y p o x a n t h i n e  can  b e  s u b s t i t u t e d  for 
guanine w i t h o u t  change  in the coding character is t ics  of the p o l y m m l e o t i d e s .  
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Table V. Correlation of relative triplet abundance with the incorporation of amino acids promoted by some polynucleotides 

Polynucleotide Triplets Relative abundance of each Relative amino acid incorporation 
triplet 

Poly UG (5: 1) UUU 100 Phe, 100 
UUG, UGU, GUU 20 Cys, 20; val, g0 
UGG, GUG, GGU 4 Gly, 4; try, 5 
GGG 0.8 

Poly AC (5: 1} AAA 100 Lys, 100 
AAC, ACA, CAA 20 Asn, 30; thr, g3, glu, 44 
ACC, CAC, CCA 4 Pro, 5 
CCC 0.8 

Poly CG (5:1) CCC 100 Pro, 100 
CCG, CGC, GCC ~0 Ala, $2; arg, 19 
CGG, GCG, GGC 4 Gly, 5 
GGG O.8 

third group, respectively. It may be seen that  the base 
composition of the polynucleotides had a marked ef- 
fect on the kind and amount of amino acids incor- 
porated [cf., for example,poly AC with poly AG, poly UC 
with poly UCG, poly UA (5 : 1) with poly AU (5 : 1)]. 

For each polynucleotide group in Table IV the in- 
corporation of any one amino acid relative to that  of a 
reference amino acid (e.g. phenylalanine), can be cor- 
related with the calculated mean abundance of trip- 
lets of a given base composition relative to that  of a 
reference triplet (e.g. UUU in U-rich polynucleotides). 
This enabled us to assign triplets of known base com- 
position to individual amino acids. 

Table V 26 gives some examples of matching triplet 
abundance to amino acid incorporation. The Table 
lists from left to right a polynucleotide of preselected 
base composition, the relative abundance of each trip- 
let assuming random nucleotide distribution, and the 
relative incorporation of amino acids promoted by this 
polynucleotide. From the effect of poly U, poly A, and 
poly C in stimulating, respectively, the incorporation 
of phenylalanine, lysine, and proline to the exclusion 
of other amino acids, the activity of each of the three 
polynucleotides in Table V on the incorporation of the 
above amino acids is referable in each case to the high 
abundance of UUU, AAA, and CCC triplets. If the 
abundance of UUU triplets in poly UG (5:1) is taken 
as 100, each of the triplets having 2 U's and 1 G (UUG, 
UGU, and GUU) will occur with a mean relative abun- 
dance of 20 while each of those having 1 U and 2 G's 
(UGG, GUG, and GGU) will occur with a mean abun- 
dance of 4. The abundance of GGG triplets is too low 
to be of any significance. 

Poly UG (5 : 1) promoted the incorporation of phenyl- 
alanine, cysteine, valine, glycine, and tryptophan to a 
relative extent of 100, 20, 20, 4, and 5, respectively. The 
incorporation agreed exceedingly well with the mean 
abundance of UUU (phenylalanine), each of the 2U1G 
(cysteine, valine), and each of the 1U2G (glycine, 
tryptophan) triplets. I t  was therefore concluded that  

cysteine and valine are each coded by triplets of base 
composition 2U1G, while glycine and tryptophan are 
each coded by triplets of base composition 1U2G. 
From the results (Table V) with poly AC (5:1) and 
poly CG (5:1) it was concluded that  asparagine and 
threonine are coded by 2A1C, proline by 1A2C 
(besides CCC), alanine and arginine by 2C1G, and 
glycine by lC2G triplets. I t  must be emphasized 
that, except for AAA, CCC, and UUU, the experiments 
so far described give the base composition but not 
the base sequence of the code triplets. 

Experiments with a variety of polynucleotides, with 
use of C14-1abeled amino acids of high specific radio- 
activity, have led to the code triplet assignments for 
all twenty amino acids shown in Table VI z4,~7. The 

Table VI. Genetic code triplets 

Amino acid Code triplets Shared doublets 

Alanine CUG, CAG, CCG CoG 
Arginine GUC, GAA, GCC GoC 
Asparagine UAA, CUA, CAA C • A 
Aspartie acid GUA, GCA G • A 
Cysteine G U U 
Glutamic acid AUG, AAG Ao G 
Glutamine UAC, AAC • AC 
Glyeine GUG, GAG, GCG Go G 
Histidine AUC, ACC A t  C 
Isoleucine UUA, AAU, CAU • AU 
Leueine UUC, CCU, UGU, UAU U •  U ? 
Lysine AUA, AAA A •  A 
Me•hi•nine AGU 
Phenylalanine UUU, UCU U • U 
Proline CUC, CAC, CCC CoC 
Serine CUU, ACG, UCC 
Threonine UCA, ACA, CCA • CA 
Tryptophan UGG 
Tyrosine A UU, ACU A •  U 
Valine UUG 

~7 A. J. WAItBA, R. S. MILLER, C. BASILIO, R. S. GARDNER, P" 
LENGYEL, and J. F. SI'EYER, Proe. Nat. Acad. Sci. U.S. 49, 880 
(1969). 
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order of the bases in this Table is purely tentat ive and 
probably wrong. I t  is mostly based on correlations 2s of 
the base composition of the various triplets with single 
amino acid replacements in proteins, assumed to be 
due to single base mutations, and on experimental 
evidence to be mentioned later that  the one triplet so 
far disclosed for cysteine has the absolute sequence 
GUU and one of the tyrosine triplets the sequence 
AUU. These two triplets are in italics in the Table. 

Degeneracy. Since proteins contain twenty different 
amino acids the genetic code might consist of only 
twenty meaningful triplets (non-degenerate code). On 
the other hand, each of several amino acids might be 
coded by more than one triplet (degenerate code). It  
appears from Table VI that  the code is extensively de- 
generate. It  may be further seen that  degeneracy oc- 
curs according to a regular pattern whereby the triplets 
for a given amino acid often share a doublet, e.g. C and 
G for alanine and arginine, G and A for aspartic and 
glutamic acid, A and C for glutamine and histidine, etc. 
The occurrence of a regularity in the code has also been 
pointed out by  EcI~ ~9. In a degenerate code, replace- 
ment of one base within a triplet would occasionally 
lead to one of the other triplets for the same amino acid. 
Thus, froln an evolutionary point of view extensive de- 
generacy of the genetic code would tend to stabilize 
the species by decreasing the frequency of mutations. 

Degeneracy of the code would appear to involve the 
existence of different s-RNA's for one and the same 
amino acid, each with the appropriate adaptor for each 
of the amino acid's code triplets. Several workers have 
reported on the separation by various methods of two 
or more s-RNA's for each of several amino acids a°, al, 
a n d  W E I S B L U M  et al. 39. have found that  one of two 
leucine-s-RNA fractions isolated from E. coli interacts 
predominantly with poly UG wherea~s the other does so 
mainly With poly UC. 

To date, 46 out of the 64 possible triplets have been 
assigned. The base distribution for the sum total of 
Code triplets at present is A 38, U 40, G 23, C 37; 
A +  U/G+  C = 1.3. It  is not possible to say how many 
of the remaining 18 triplets will prove to be meaning- 
ful. I t  is not unlikely that  in the code A = U = G = C 
and, since at present A ~ U _  C >  G, several G-rich 
triplets would seem to be still missing. Detection of 
further G-rich triplets is difficult due to the ease with 
which G-rich polynucleotides assume secondary struc- 
ture and to the fact, noted by  various workers, tha t  
polynucleotides with a high degree of secondary struc- 
ture do not stimulate amino acid incorporation in the 
cell-free system due perhaps to tack of interaction with 
the ribosomes. This situation is not helped by the fact 
that inosinic acid can replace guanylic acid in coding 83 
for I-rich polynucleotides also acquire secondary struc- 
ture readily. Since poly G, contrary to poly I, is not 
easily synthesized by polynucleotide phosphorylase x*, 
We have tried poly I for stimulation of amino acid in- 

corporation, glycine and t ryptophan in particular, 
under a variety of conditions but  it was inactive. I t  
cannot be decided whether this inactivity is due to 
secondary structure or to intrinsic meaninglessness 
of the I I I  (GGG) triplet. 

Table VII lists all of the 64 triplets, arranged in 20 
series, and the amino acids assigned to 46 triplets with 
indication of the 'empty '  spaces. The tentat ive base 
sequences of the previous Table have been used in this 
one. I t  is of interest to note that  no one triplet series 
has a number of assigned amino acids higher than the 
number of triplets in it; this gives confidence on the 
experimental approach and the assumptions made in 
our triplet assignments. As noted by a footnote, the 
assignments for the triplet series l, 2, 3, 5, 7, 8, 10, 12, 
14, 15, and 18 are complete. From this it follows that  
all of the triplets in poly AU (series 5 and 8), poly AC 
(series 7 and 14), poly UC (series 10 and 15), and poly 
AUC (series 18), are meaningful. These polynucleotides 
should therefore direct the synthesis of long, unbroken 
polypeptide chains. 

Work on the amino acid code has been carried out 
independently, and almost simultaneously, mainly in 

Table  VII .  D i s t r ibu t ion  of amino  ac ids  a m o n g  t r ipIe ts  

T r ip l e t  T r ip le t s  Amino  acids  
series 

l a  AAA Lys  
2 ~ U U U  Phe 
3 a CCC Pro 
4 GGG 
5 a A U U  UAU UUA Tyr ,  leu, lie 
6 AGG GAG GGA - ,  gly, - 
7 a ACC CAC CCA His,  pro, th r  
8 a UAA AUA AAU Asn, lys,  lie 
9 UGG GUG GGU Try,  gly, - 
10a UCC CUC CCU Ser, pro, lcu 
11 GAA AGA AAG Arg, - ,  glu 
12 a GUU UGU UUG Cys, leu, va l  
13 GCC, CGC, CCG Arg, - ,  a la  
14 a CAA ACA AAC Asn, thr ,  gin 
15 a CUU UCU UUC Ser, phe, leu 
16 CGG GCG GGC - ,  g l y , -  
17 AUG AGU UAG UGA GAU GUA Glu, met ,  - ,  - ,  - ,  asp  
18 a AUC ACU UAC UCA CAU CUA His, tyr ,  gln, thr ,  ile, asn 
19 AGC ACG GAC GCA CAG CGA - ,  s e r , - ,  asp, a l a , -  
20 UGC UCG GUC GCU CUG CGU - , - ,  a r g , - ,  a l a , -  

a Series wi th  comple te  amino  acid ass ignments .  

2s T. H. JuKEs,  Amer.  Scient i s t  ~1, 227 (I963). 
a9 R. V. Ecl% Science 140, 477 (1963). 
s o  D. P. DOCTOR, J .  APGAR, and  R. W. HOLLEr, J .  biol. Chem. Z36. 

11_17 (1961). 
sl N. SUEOKA and T. YAMANE, in  In/ormational Macromolecules 

(H. J.  VOGRL, V. BRYS0N, J .  0 .  LAM~Ei% eds., Academic  Press, 
New York  1963), p. 205. 

s2 B. WE~SBLVM, S. BENZER, and  R. W. HOLLEr, Proc. Nat .  Acad. 
Sci. U.S. 48j 1449 (1962). 

a3 C. BASILIO, A. J.  WAHBA, P. LENGYEL, J.  F. SPEYER, and S. 
OCHOA, Proe. Nat .  Aead. Sci. U,S. 48, 613 (1962). 
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two laboratories - our own and that  of NIRENBERG. 
In their code studies the Bethesda workers 34,a5 fol- 
lowed the approach that  had been started in our 
laboratory with use of copolynucleotides containing 
different proportions of various bases. With few excep- 
tions their results have been in good agreement with 
OUrS. 

Code Triplets and Mutations. The experimentally 
determined triplets of the genetic code are in good 
agreement with single amino acid replacements which 
take place in the protein coat of tobacco mosaic virus 
as a result of single-base substitutions brought about 
by  treatment of TMV RNA with nitrous acid 33. Two 
changes can be brought about in this way; one is the 
deamination of cytosine to uracil (C->-U), the other 
the deamination of adenine to hypoxanthine (A-->H). 
As previously mentioned, hypoxanthine can be substi- 
tuted for guanine in coding, showing that it is equiva- 
lent to guanine in this respect. Moreover on replication 
of the RNA in the tobacco leaf guanine will take the 
place of hypoxanthine. Therefore, the net result of the 
deamination of adenine will be an A->G conversion. 

Infection of tobacco plants with HNO~-treated 
TMV RNA often results in the production of TMV 
mutants which can be characterized because the lesions 
to which they give rise are different from those pro- 
duced by wild type TMV. As illustrated in Figure 4, in 
some of these mutants  a single amino acid is replaced 
by  a different amino acid (e.g. serine by  phenylalanine, 
aspartic acid by  glycine) at certain positions of the 
polypeptide chain of the viral protein 3n,37, and such 
replacements can be correlated with the C->-U or the 
A-->G change produced by HNO v 

As shown in Table viii ,  in which the amino acid 
code triplets are given in the base sequence of the two 
preceding Tables, 12 out of the 17 replacements re- 
ported agree with the code triplets that  have been de- 
duced from experiments with the cell-free E. coli sys- 
tem. This agreement, to the extent of 70%, cannot be 
due to chance for random agreement could only occur 
to the extent of 16-17%. The reason for the lack of 
agreement of the 5 amino acid replacements listed in 
the legend to the Table is not known. Replacements 
observed only once, e.g. asp-->-ser, may have been the 
result of spontaneous rather than HNO2-evoked muta- 
tion. I t  is also possible that  some of the non-agreeing 
replacements involve still 'missing' triplets. 

Universality. The question whether the genetic code 
is universal, i.e. whether there is but  one code for all 
living beings, is of considerable interest. A number of 
facts suggest that  this is indeed the case. The following 
may be mentioned: (a) The incorporation into hemo- 
globin of leucine from E. coli leucyl-C14-s-RNA by a 
mixed system of E. coti supernatant and rabbit reticu- 
locyte ribosomes 83, This suggests that the adaptor tri- 
plets of E. coli leucine s-RNA 'fit' the leucine triplets of 
rabbit hemoglobin messenger RNA. (b) The agreement 

noted in the previous section of the amino acid replace- 
ments in the protein of HNO2-induced mutants of 
TMV with the code triplets derived from experiments 
with the E. coli system. This suggests that  the TMV 
code is the same as tha t  of E. coll. (c) The agreement 
noted by various workers ~s,~9 of single amino acid 
replacements due to spontaneous - presumably single 
base - mutations in human hemoglobin and other pro- 
teins with the E. coli triplets. 

... UUUCCC G U A C U U  G U A U U U A A A . . .  RNA chain (wild type) 

. . .phe  pro asp ser asp phe lys ... Peptide IV chain (wild 
type) 

... UUU CCC GUA U U U GUA UUU AAA ... RNA chain (mutant) 

. . .phe pro asp phe asp phe lys ... Peptide IV chain (mu- 
tant) 

... GCC UUG GCA GUA CAG UCA UUG.. .  RNA chain (wild type) 

. . . a rg  val asp asp ala thr val ... Peptide IX chain (wild 
type) 

... GCC UUG GCG GUA CAG UCA UUG.. .  RNA chain (mutant) 

. . . a rg  val gty asp ala thr val ... Peptide IX chain (mu- 
tant) 

Fig. 4. Scheme i l lustrat ing the relation of single amino acid replace- 
ments in TMV protein to single base changes in the RNA brought 
about by nitrous acid treatment.  Upper half, C--~ U conversion; 

lower half, A -->- G conversion. 

Table VIII .  Amino acid replacements in nitrous acid mutants  of 
tobacco mosaic virus. Of 17 different replacements, 12 (or 70%) agree 
with the code tr iplet  assigmnents, The five non-agreeingreplacements 
(number of times observed given in parentheses) are asn-->-ser (~), 

asp-->-ser (1), asp--~ala (6), thr--~met (3), and glu-->-vat (2) 

Replacement Times observed Code triplet change 

c - > - u  

Thr ---~ ile 8 UCA - ~  UUA 
P r o +  ser 4 CCC --~ UCC 
Pro--->- leu 3 CCC -->- CCU 
Leu-->- phc 1 UUC--->- UUU 
Ser --->- phe 7 UCC --~ UCU 
Ser + leu 2 UCC -->- UUC 

A---~ G 

Asp---~ gly 4 GCA --~ GCG 
ne - +  val  3 U U A - ~  UUG 
lle + met I AAU---~ AGU 
Glu -->- gly 2 AUG --~ GUG 
Thr--->- ser 2 ACA + ACG 
Arg-->- gly 5 GAA --~ GAG 

34 0.  W. JONES, JR. and M. W. NIRENBERG, Proc. Nat. Acad. Sci. 
U.S. g8, 2115 (1962). 

3~ M. W. NIREtCBERG and O. W. JoNEs, JR., in InlormationalMacro- 
molecules (H. J. VOGI~L, V. BicYsoN, J. O. LAMPEN, eds,  Academic 
Press, New York 1963), p. 45I. 

36 H. G. WITTMANN, Z. Vererbungslehre 93, 491 (1962). 
a7 A. TSUGITA and H. FRAENKEL-CONRAT, J. tool. Biol. 4, 73 (1962). 
as G. vo~ EHRENSTEI~ and F, LIPMANN, Proc. Nat. Acad. Sei. U.S. 

47, 94t (1961). 
39 ]2. L. SmTn, Proe. Nat. Acad. Sci. U.S. 48, 677 (196~). 
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More recent experiments in several laboratories with 
cell-free systems from animal and bacterial sources 40-4s, 
have shown that synthetic polynucleotides (poly A, 
poly U, poly AU, poly AC, poly UG, etc.) promote in 
general the incorporation into acid-insoluble material 
of the same amino acids as the E. colt system. Thus far 
these results also speak in favor of the universality of 
the genetic code. 

Preliminary Experiments on Base Sequence of Code 
Triplets. With extensive degeneracy of the code, deter- 
ruination of the base sequence of the code triplets will 
at best be a long and tedious task. Only a modest be- 
ginning has been made. This was based on the use of 
polynucleotides with a triplet of predetermined se- 
quence at one end of the chain. HEPPEL et al. 46 have 
demonstrated that polynucleotide phosphorylase adds 
nucleotide residues to short oligonucleotide chains. 
These serve as nuclei for growth of the polynucleotide 
and act therefore as primers of polynucleotide syn- 
thesis. As shown in Figure 5 when the dinucleotide 
pApU (AU) is added as primer for the synthesis of poly 
U, the polynucleotide pApUpUpU.., pUpU (AUUU,.. 
UUU) is formed. It has an AUU triplet at the origin of 
the chain. In experiments with the E. colt system 47 
this polynucleotide promoted, of course, extensive in- 
corporation of phenylalanine into acid-insoluble mate- 
rial; it also promoted consistently a very small incor- 
poration of tyrosine, but of no other amino acids, in- 
cluding isoleucine, asparagine, and lysine which are 
COded by 2U1A or 1U2A triplets. Similar experiments 
With a poly GUUU...UU, suggested the sequence 
GUU for the 2U1G cysteine triplet. 

Attempts were made to locate the position of the in- 
COrporated tyrosine, which should be present at one end 
or another of a polyphenylalanine chain, by end group 
assays. The solubility of polyphenylalanine, however, 
made these attempts exceedingly difficult. Neverthe- 
less, following sohibilization of the product by sulfona- 
tion with concentrated sulfuric acid, experiments with 
either phenylalanine_Ct4 and cold tyrosine or tyrosine- 
C14 and cold phenylalanine, indicated the presence of 
N-terminal phenylalanine, but not tyrosine, as well as 
that of C-terminal tyrosine. N-terminal groups were 
assayed by Sanger's dinitrofluorobenzene and C- 
terminal groups by Akabori's hydrazinolysis method. 
From these preliminary results it would appear that 
the polypeptide synthesized by the E. colt system with 
Poly AUUU...UU as messenger has the sequence 
Shown in Figure 5. Were this indeed the case these ex- 
periments would disclose the direction in which the 
Code is read since, as already mentioned, proteins are 
synthesized in the direction from the N-terminal to the 
C'terminal amino acid. If one writes the polynucleotide 
Chain, as in Figure 5, with the end bearing a mono- 
esterified 5' phosphate to the left (pApUpUpU... 
PU'~u~ le ~ /' synthesis of the polynucleotide proceeds from 

ft to right while that of the polypeptide would pro- 

ceed in the opposite direction, i.e. the code would be 
read from right to left. 

We have recently tried a different approach for the 
determination of triplet sequences. We have synthe- 
sized poly AC (cytidylic acid residues labeled with C ~4) 
and poly AU (uridylic acid residues labeled with C 14) 
containing on the average 30 times as many A as C or 
U residues. These polynucleotides promoted effectively 
the incorporation of lysine into acid-insoluble mate- 
riM. Digestion with pancreatic ribonuclease yielded 
ApApAp...ApApCp or ApApAp...ApApUp from 
which the terminal, 3'-monoesterified phosphate was 
removed with phosphomonoesterase to yield ApApAp... 
ApApC and ApApAp...ApApU, respectively. The 
average chain length of these fragments, as determined 
by end group assay, was in the neighborhood of 30 
residues. However, while these short poly A's with 
AAC and AAU triplets at the right-hand side end were 
30 to 50% as active as the parent polynucleotides in 
promoting the incorporation of lysine, they proved to 
be inactive toward other amino acids including aspara- 
gine, glutamlne and isoleucine (cf. Table VI). This 
failure was probably due to the presence in the E. colt 
supernatant of an exonuclease 4s which, like snake 
venom phosphodiesterase, cleaves polynucleotides by 
successive removal of nucleoside 5'-monophosphate 
residues starting from the end with two unesterified 
hydroxyls, i.e. the right-hand side end in our present 
convention. The radioactivity of our C-C 14- or U-C 14- 
ended polynucleotides was in fact rendered acid-soluble 
with extreme rapidity upon incubation with E. colt 
supernatant. 

(1) pApU + n U D P - ~  pApUpUpUpUpUpUpUpU. . .pUpUpU + nP 

(2) pApUpUpUpUpUpUpUpUpUpUpU. • • pUpUpU 

(3) (COOH) tyr phe phe phe...phe(NHu) 

Fig. 5. Scheme illustrating preliminary experiments on base sequence 
determination of 2U1A tyrosine triplet and direction of code reading. 
(1) Synthesis of poly AUUU. . .UUU template with polynucleotide 

phosphorylase. (2) Template chain. (3) Polypeptide formed. 

4o H. R. S. ARNSTEIN, R. A. Cox, and J. A. HUNT, Nature 194, 1042 
(1962). 

~1 E. S, MAXWELL, Proe. Nat, Acad. Sci. U.S, 48, 1639 (1962), 
42 I. B. WE~NSTEI~ andA. N. SCHECHTER, Proc. Nat. Acad. Sci. U.S. 

48, 1686 (1962). 
43 A. C. GRIFFIN and M. A. O'N~AL, Biochim. biophys. Acta 61, 496 

(1962). 
44 I. B. WEINSTEIN, in Inlornmtional Macromolecules (H. J.  VOGEL, 

V. BRYSO~, and J. O. LAMPEN, eds., Academic Press, New York 
1963), p. ~46. 

45 j .  j .  PROTASS, J. F. SPEYER, and P. LENGYEL, Science, in press. 
4, M. F. SINGER, L. A. HEPPEL, and R. J. HILMOE, J. biol. Chem. 235, 

738 (1960). 
4~ A. J. WAHBA, C. BASILIO, J. 12. SPEYER, P. LENGYEL, R. S. MXLLER, 

and S. OCHOA, Proc. Nat. Acad. Set. U.S. 48, 1683 (1962). 
48 p. F. SPAHR and D. SCHLE$SINGER, J. biol. Chem. 238, PC2251 

(1963). 
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While attempts are being made to remove nucleases 
from the supernatant, other polynucleotides are being 
prepared, e.g. CAAA...AA, by priming the synthesis 
of poly A with C~4-1abeled di- and trinucleotides of 
known base sequence, for further experiments of the 
type described above with AUUUU.. .  UU. The pres- 
ence of radioactivity in the nucleotides at the origin of 
the chain is expected to facilitate' characterization of 
these polymers whereas the poly A sequence, by direct- 
ing the synthesis of lysine-rich, soluble polypeptides, 
should facilitate the structural study of the products. 

It might be mentioned that an alternating poly AU, 
prepared with RNA nucleotidyl transferase using poly 
dAT as template, was inactive in stimulating amino 
acid incorporation in the E. coli system, even though 
all triplets having A and U (and therefore AUA and 
UAU) are meaningful. This negative result may be 
attributed to the high degree of secondary structure in 
alternating poly AU. 

Identification of Polypeptides Synthesized with Poly- 
nucIeotide Messengers. Identification of the products 
formed by the incorporation of amino acids into acid- 
insoluble material, promoted in cell-flee systems by 
synthetic polynucleotides, lagged behind the use of 
these polymers in studies on the amino acid code. 
However, since the assignment of code triplets is based 
on the assumption that homopolynucleotides direct 
the synthesis of homopolypeptides and, even more im- 
portant, that copolynucleotides direct the synthesis of 
copolypeptides, evidence that this is indeed the case 
was badly needed. 

In their first paper on the effect of poly U NIREN- 
BERG and MATTHAEI ~1 reported the partial character- 
ization of the product as polyphenylalanine based 
mainly on its solubility properties. Characterization by 
means of proteolytic enzymes was precluded by its in- 
solubility. With the demonstration lg that poly A pro- 
moted the incorporation of lysine, and A-rich poly- 
nucleotides that of lysine with smaller amounts of 
other amino acids into tungstic acid-insoluble but 
water soluble products, it became possible to identify 
the products as polypeptides by conventional chemical 
and enzymatic methods lg, 4~. 

Tryptic digestion of the tungstic acid-insoluble ma- 
terial formed on incubation of lysine-C 14 with the E. 
coli system, in the presence of poly A, yielded radio- 
active di- and trilysine (Figure 6). These are the main 
products of cleavage by trypsin of chemically syn- 
thesized poly-L-lysine 5°. The product was, as expected, 
resistant to chymotrypsin. These experiments showed 
unequivocally that poly A directs the synthesis of 
poly-L-lysine by the E. coli system. 

End group assay by the dinitrofluorobenzene method 
of samples of polylysine-C 1., isolated by precipitation 
with a mixture of trichloroacetic and tungstic acids, 
gave mean chain lengths varying from 17 to 30 residues 
in several experiments. Since the average chain length 

of the poly A used was in excess of 200 nucleotide 
residues - which for a triplet code should yield poly- 
lysine of a mean length of 70 or over - cleavage of the 
poly A by nucleases may have been responsible in part 
for the shorter length of the polylysine formed. There 
was in fact cleavage of C14-1abeled poly A on incuba- 
tion with the E. coli system under the conditions of 
polylysine synthesis. 

STEWART et al. 61 have developed an excellent 
method for the fractionation of lysine polypeptides on 
carboxymethylcellulose columns. Analysis by SMIT~ 
and STAHMANN 52 of total reaction mixtures after in- 
cubation with poly A and lysine-C 14, without prior 
isolation of lysine peptides, showed the presence of di-, 
tri-, tetralysine etc. up to polypeptides with 15-17 
residues. Dilysine made up almost half of the peptides 
present with decreasing amounts of higher peptides as 
their chain length increased. There were no tysine pep- 
tides in samples incubated without poly A. These re- 
sults suggest that the E. coli fractions contain proteo- 
lytic enzymes which hydrolyze polylysine to yield di- 
lysine, trilysine, and some higher oligopeptides soluble 
in tungstic acid. This possibility was in part corrob- 
orated by the finding that biosynthetic polylysine-O 4, 
isolated by the tungstic acid procedure, was slowly de- 
graded upon incubation with a mixture of E. coli super- 
natant and ribosomes. 

Poly AU (5:1) was used for identification of copoly- 
peptides 4s. As already pointed out all triplets in AU 
polymers are meaningful. These polymers promote the 

g" in 

Fig. 6. Identification of the product of lysine incorporation in the 
presence of poly A as poly L-lysine. The products of tryptic digestion 
were separated b y  paper chromatography. Upper panel, actigraph 
tracing; middle panel, autoradiogram; lower panel, from left to 

right, lysine, dilysine, trilysine, and tetralysine markers. 

4s y .  KAZIRO, A. GROSSgA~r, and S. Oc~oA, Proc. Nat. Acad. Sci. 
U.S. 50, 54 (1963). 

60 S. G. W*L~:Y and J. WATSON, Biochem. J. 55, 328 (1953). 
~ J. W. STEWART and M. A. STAHMAN~, J. Chromatogr. 9, 933 

(1962). 
~ M. A. Smw~ and M. A. STAHMAN~, Biochem. biophys. Res, 

Comm., in press. 
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incorporation of six amino acids, namely asparagine, 
isoleucine, leucine, lysine, phenylalanine and tyrosine. 
The ~o incorporation relative to that of lysine and the 
% triplet abundance relative to that of the two lysine 
triplets (AAA, 2A1U) for poly AU (5:1) are shown in 
Table IX. In one experiment a mixture of isoleucine- 
C z4 with cold asparagine, leucine, lysine, phenylalanine, 
and tyrosine, was incubated with poly AU, E. coli 
ribosomes and supernatant and the remaining usual 
additions. Following isolation of the tungstic acid- 
insoluble peptides and digestion with trypsin, high 
voltage paper electrophoresis yielded four main radio- 
active peptide peaks (Figure 7, upper tracing). It 
might be noted in passing that omission of cold lysine 
markedly reduced the incorporation of isoleucine-C z4 
into trichloroacetic-tungstic acid-insoluble material. A 
similar pattern was obtained in another experiment 
with a mixture of asparagine-C 14 and cold isoleucine, 
leucine, lysine, phenylalanine, and tyrosine. The pat- 
tern of radioactive peptides was analogous when lysine 
was the only labeled amino acid, except for the pres- 
ence of two additional peaks moving closer to the cath- 
ode in the position of dilysine and trilysine. When two 
of the six amino acids were labeled, e.g. isoleucirte and 
lysine (Figure 7, lower tracing) or  asparagine and ly- 
Sine, the pattern was very much the same as when only 
lysine was labeled, with six major radioactive peaks of 
Which peaks 5 and 6 moved in the position of di- and 
trilysine, respectively. 

The radioactive peptide peaks were eluted, hydro- 
lyzed with hydrochloric acid, and the free amino acids 
separated by paper chromatography. The actigraph 
tracings of Figure 8 show the distribution of radio- 
activity in the HC1 hydrolysates of peptide peaks 1 and 
3 from the experiments with both isoleucine and lysine 
(sections A and B) and asparagine and lysine labeled 
(sections C and D). Asparagine is of course converted 
to aspartic acid by hydrolysis. Both peaks yielded 
radioactive lysine and isoleucine in one case and lysine 
and aspartic acid in the other. It may be seen, how- 
ever, that the proportion of lysine relative to that of 
the other amino acid was higher in peak 3 (the peak 
closer to the cathode) than in peak 1. This suggests 

Table IX. Relative triplet abundance and amino acid incorporation 
with poly AU (5:1) 

Amino acid Code triplets Triplet abundance Incorporation 
% % 

Lysine AAA, 2A1U 100 I00 
ISoleueine 2A1U, 1A2U 20 20 
LAsparagine 2AIU 16.6 28 

euciae 1A~U 3.a 3.2 
Tyrosine 1A~U 3.3 3.4 
Phenylalanine UUU 0.7 - 

that whereas peak 1 peptides may contain labeled 
lysine and isoleucine (or asparagine) in a 1:1 ratio, 
peak 3 peptides probably contain these amino acids in 
a ratio of 2:1 or higher. 

Further work aimed at closer identification of the 
polypeptides formed with synthetic copolynucleotide 
messengers is in progress. In the meantime the above, 
preliminary experiments leave little doubt that co- 
polynucleotides do indeed direct the cell-free synthesis 
of copolypeptides and lend firm support to the results 
and deductions of the work on the genetic code re- 
viewed in this lecture. 

Concluding Remarks. The fact that synthetic poly- 
ribonucleotides can take the place of natural messenger 

rSOOcpm ~ C~'Isoleucine 

Front in 
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Fig. 7. Tryptic peptides from products of incorporation of various 
amino acids in presence of poly AU (5:1). Aetigraph tracings of 
peptides separated by high voltage paper electrophoresis. Upper 
tracing, the incubation mixture contained isoleueine-O 4 and cold 
asparagine, leueine, lysine, phenylalanine, and tyrosine. Lower 
tracing, the incubation mixture contained isoleucine-O ~, lysine-C x~, 
and cold asparagine, leueine, phenylalanine, and tyrosine. Bottom 
panel, from left to right, trilysine, dilysine, lysine, and isoleueine 

markers. 

Front Origin 

C, Peak1 

Front Origin 
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Fig. 8. Amino acids released by acid hydrolysis of tryptic peptides 
from products of incorporation of various amino acids in the presence 
of poly AU (5:1). Aetigraph tracings of paper ehromatograms. A and 
B, peaks 1 and 3 from experiment with isoleucine-C 1~ and lysine-C xt. 
C and D, peaks 1 and 3 from experiment with asparagine-O 4 and 
lysine-C x4. The position of amino acid markers is shown on the 

middle strip. 
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RNA and direct the cell-free synthesis of polypeptides, 
the amino acid composition of which depends on the 
base composition of the polynucleotides, has brought 
us surprisingly close to the solution of the genetic code 
puzzle. The enzyme polynucleotide phosphorylase has, 
as we have seen, been the key to this development. 
Progress in our understanding of the code, together 
with the spectacular advances in our knowledge of the 
basic, chemical and enzymatic processes underlying 
the replication of DNA, the synthesis of messenger 
RNA, and the biosynthesis of protein, have given us 
deep insight into the molecular mechanisms of heredity. 

There is evidence that the genetic code is of the non- 
overlapping type Be. For correct transcription the mes- 
sage must be read through from one end of the messen- 
ger to the other. For a triplet code the coding ratio, i.e. 
the ratio of nucleotide residues of the polynucleotide 
template to amino acid residues of the polypeptide syn- 
thesized, should have a value of 3. Direct determina- 
tion of this ratio is barred at present due to degradation 
of polynucleotides and polypeptides by nucleases and 
peptidases present in the crude cell fractions available 
for protein synthesis studies. As already pointed out 
these enzymes also interfere with the experimental 
determination of base sequer~ce of the coding units. It 
thus appears that the preparation of purified systems 
of protein synthesis.will be a prerequisite for successful 
experimental attack of some of the most important 
problems still awaiting solution in the study of the 
genetic code 53. 

Zusamme~fassung. Die Nukleotidreihenfolge der 
DNS, des Tr~igers der genetischen Information, wird 
in der Zelle in die komplementiire Nukleotidreihenfolge 
der ~¢messenger,> RNS iibertragen. Letztere wirkt als 
Matrize ftir die Synthese von Proteinen, deren primate 
Struktur, das heisst deren Aminosiiuresequenz yon der 
Nukleotidreihenfolge der ~¢messenger~> RNS bestimmt 
wird. Auf diese Weise wird die Sprache der Nuklein- 
siiuren, die 4 Buchstaben (die 4 Nukleotidbasen) ~ um- 
fasst, in die]enige der Proteine, welche ans 20 Buch- 
staben (den 20 Aminos~iuren) besteht, tibersetzt. Es 
wird angenommen, class ]e drei aufeinanderfolgende 
Nukleotidbasen der Matrizen-RNS eine AminosAure be- 
stimmen, dass also der genetische Code ein <¢Triplett- 
code~> sei. 

Polyribonukleotide, die man mittels des Enzyms 
Polynukleotidphosphorylase synthetisch aus den Ribo- 

nukleosid-5'-diphosphaten leicht darstellen kann, k6n- 
nen natiirliche Matrizen-RNS im zellfreien protein- 
synthetisierenden System ersetzen und den Einbau 
von Aminosiiuren in Polypeptidketten leiten. Die Tat- 
sache, dass die Art der eingebanten AminosAuren yon 
der Basenzusammensetzung der synthetischen Poly- 
nukleotide abhAngt, hat zur Entschltisselung der 
Basenzusammensetzung einer Anzahl "der den ver- 
schiedenen AminosAuren entsprechenden Tripletts ge- 
ftihrt. Im Escherichia coli-System bewirken Homo- 
polynukleotide wie Polyadenylsiiure, Polycytidylsiiure 
und Polyuridyls~iure den Einbau von Lysin, Prolin und 
Phenylalanin. Unter diesen Bedingungen werden Poly- 
lysin, resp. Polyprolin und Polyphenylalanin gebildet. 
Copolynukleotide, die zwei oder mehr verschiedene 
Nukleotidbasen enthalten, bestimmen die Synthese 
von Polypeptiden, die aus mehreren verschiedenen 
AminosAuren'bestehen; zum Beispiel bedingt Poly- 
adenyl-cytidylsiiure die Synthese von lysin-, isoleucin-, 
asparagin-, leucin-, tyrosin- und phenylalaninhaltigen 
Peptiden. 

Durch Korrelation der Basenzusammensetzung ein- 
zelner synthetischer Polynukleotide, die dem zellfreien 
E. coli-System zugesetzt wurden, mit der Art und 
Menge der Aminosliuren, deren Einbau sie bedingten, 
gelang es bisher die Basenzusammensetzung yon 46 
yon 68 m6glichen Tripletts der Matrizen-RNS festzu- 
legen, die den 20 AminosRuren der Proteinen entspre- 
chert. Wahrscheinlich sind noch nicht nile ccsinnvollen* 
Tripletts bekannt. Aus der Zahl der bis ]etzt bekannten 
Codetripletts folgt, dass in manchen FAllen eine ge- 
wisse Aminos~iure von mehreren Tripletts bestimmt 
wird; man spricht hier von einem ~degenerierten~ 
Code. Mit wenigen Ausnahmen ist bisher nur die 
Basenzusammensetzung, nicht aber die Folge der 
Basen in den Tripletts bekannt. Es gibt Hinweise da- 
ftir, dass der genetische Code universeU ist, das heisst 
class es nur einen Code fiir alle Lebewesen gibt. 
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