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Previous workl 20on the incorporation of amino acids into acid-insoluble products
by a cell-free Escherichia coli system in the presence of synthetic polyribonucleotides
led to the assignment of triplet nucleotide code letters (of as yet unknown sequence)
for eleven amino acids. Since out of 64 triplets in RNA only six, corresponding to
A + C + G permutations,3 were not represented in the polymers tested, it seemed
that code letters for more than eleven amino acids should be present among the 58
triplets covered by those polymers and that some of them might stimulate the in-
corporation of additional amino acids if it were possible to increase the over-all
activity of the system.

It may be remembered that, of the various polymers tried, poly U accounted for
one amino acid (phenylalanine), poly UC and UA for seven (isoleucine, leucine,
lysine, proline, serine, threonine, and tyrosine), and poly UG and UAC for three
(cysteine, histidine, and valine), and that poly UCG and UAG did not stimulate
the incorporation of additional amino acids. Moreover, the activity of the system
with poly UG, UCG, and UAG, as reflected by phenylalanine incorporation, was
rather low. Accordingly, these polymers were selected for further study.

It has now been possible to boost the activity of the incorporation system with
poly UG or poly UCG eight- to ten-fold by increasing the amount of (a) polymer,
(b) transfer RNA, and (c) cold amino acids. At the same time, the sensitivity
of the assay was augmented by increasing the specific radioactivity of the C14-
amino acid tested. In this way, three more amino acids, arginine, glycine, and
tryptophan, have been added to the list. Their code letters are 1U IC 1G, 1U 2G,
and 1U 2G, respectively.

Preparations and Methods.-DL-asparagine-2,3-Cl4 was obtained from the New
England Nuclear Corporation, Boston, Mass. All other preparations were as
previously described." 2 Poly UG (5:1) and poly UCG (6:1:1) were from the
same batch of polymers used in the experiments of the preceding paper.2 The
experimental procedure followed closely that already described' except that the
mixture containing ribosomes and supernatant (each with 5 mg protein) was pre-
incubated for 30 instead of 15 min at 370 with no cold amino acids present and that
the final reaction mixture contained transfer RNA in saturating amounts (1.3 to
2.5 mg, as assayed for phenylalanine incorporation in the presence of poly U);
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poly UG or poly UCG, 80 instead of 20 1Ag previously employed; and a mixture of
19 cold L-amino acids (each 0.044 instead of 0.009 1umoles previously present).
Results.-Table 1 shows the results of one out of two closely agreeing experiments.

It may be seen that, under the new experimental conditions, the activity of the
system both with poly UG and poly UCG was much higher than previously.
Under the present conditions, poly UCG stimulated the incorporation of arginine
and both poly UG and UCG stimulated that of glycine and tryptophan. Sub-
tracting the "blanks," i.e. the incorporation values in the absence of added polymer,
the following incorporation ratios were obtained: Phenylalanine/arginine with
UCG, 10.4/0.35 = 30; phenylalanine/glycine, with UG 13.2/0.55 = 24, with
UCG 10.4/0.26 = 40; phenylalanine/tryptophan, with UG 13.2/0.67 = 20, with
UCG 10.4/0.43 = 24. Since the UUU/1U 2G frequency ratio in poly UG (5: 1) is
25 and the UUU/1U 1C 1G frequency ratio in poly UCG (6: 1: 1) is 36, the results
justify the code letter assignments shown in the last column of Table 1.

TABLE 1
AMINO ACID INCORPORATION IN E. cOli SYSTEM WITH VARIOUS POLYNUCLEOTIDES*

Polynucleotidc
Amino acid None UG (5:1) UCG (6:1:1) Code lettert

Phenylalanine 0.18 13.4 10.6 UUU
Arginine 0.12 0.04 0.47 1ULC 1G
Glycine 0.19 0.74 0.45 1U 2G
Tryptophan 0.03 0.70 0.46 1U 2G
* mpmoles/mg ribosomal protein. t Sequence unknown.

Negative results were obtained with alanine, aspartic acid, glutamic acid, as-
paragine, glutamine, and methionine. In the preceding paper,2 we had ventured
the prediction that the code letter for glutamine would be 1U 1C 1G. This was
based on the replacement of glutamine by valine (code letter 2U 1G) reported by
Tsugita4 in a nitrous acid mutant of tobacco mosaic virus. However, no stimula-
tion of glutamine incorporation was obtained in two separate experiments with poly
UCG. In these as in previous experiments, glutamine gave high "blank" values.
High blanks were also obtained with asparagine in the present experiments. Fur-
ther investigation showed that the blank incorporation of glutamine-C14 is ribo-
nuclease-insensitive and consequently cannot be due to incorporation of the amide
into a polypeptide chain. The reason for our negative results with glutamine and
poly UCG is unexplained. They might be due to the presence of inhibitory impuri-
ties or to deficiency of glutamine-activating enzyme and/or glutamine-specific
transfer RNA in our system.

Conclusion.-Triplet code letter assignments, although of unknown sequence, are
now available for fourteen amino acids: arginine, cysteine, glycine, histidine, iso-
leucine, leucine, lysine, phenylalanine, proline, serine, threonine, tryptophan,
tyrosine, and valine. This leaves alanine, aspartic acid, asparagine, glutamic acid,
glutamine, and methionine still to be accounted for.

Note added in proof: Evidence for the assignment of the following additional code letters will
be given in a subsequent publication in these PROCEEDINGS: Alanine, 1U IC IG; asparagine,
1U 1A IA; methionine, 1U 1A 1G; aspartic and glutamic, each probably 1U 1A 1G. There are
some indications for degeneracy in the asparagine (1U 1A 1A and 1U IA IC) and threonine
(1U IC iC and 1U 1A iC) code letters.
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Sequences which accounted for about 60 per cent of the oy chain of human fetal
hemoglobin have previously been reported.' We report here a sequence of the -y
chain in which only a few residues are not definitely placed.
Experimental.-The experimental procedure has followed and extended that

previously described. ' The most extensive information has been obtained from the
peptides of tryptic, chymotryptic, and peptic hydrolysates of the -Y chain itself and
of a chymotryptic hydrolysate of oxidized y chain. In the determination of se-
quence of the individual peptides, extensive use has been made of the Edman degra-
dation in a modified form of the paper strip method.2

Results and Discussion.-The soluble tryptic peptides of the z chain account for
little more than 50 per cent of its 146 residues. The insoluble portion exhibits con-
siderable heterogeneity. Much reliance, therefore, has been placed on chymotryp-
tic and peptic peptides not only to provide the usual overlap between tryptic pep-
tides but also to provide largely the sequence of the insoluble portion. The avail-
able evidence suggests the sequence of the y chains as shown on page 285.
Inasmuch as the a chains of human adult and fetal hemoglobin probably are

identical in sequence, the f3 and y chains must play analogous roles in the two mole-
cules. It is of interest to compare their primary structures and to discuss possible
effects on secondary and tertiary structure.
The oy chain contains 146 residues, as does the f3 chain.3 The difference in amino

acid composition of the 3 and -y chains may now be listed; relative to the d chain,
the y chain contains fewer of these residues four alanyl, one cysteinyl, two histidyl,
one leucyl, three prolyl, one tyrosyl, and five valyl and more of these residues-
one glutaminyl, four isoleucyl, one lysyl, one methionyl, six seryl, three threonyl, and
one tryptophyl. Thus, in amino acid composition, 17 residues have been replaced
by 17 others.

In the above sequence of the y chain, the residues within parentheses are placed
in their most probable sequence. There are 38 differences in the sequence of the
and o chains on the basis of the present results and the sequences of the fi chain as


