Proceedings of the National Academy of Sciences of the United States of America WWW.pNas.org

On the Impossibility of all Overlapping Triplet Codesin
Information Transfer from Nucleic Acid to Proteins

S. Brenner

PNAS 1957;43;687-694
doi:10.1073/pnas.43.8.687

Thisinformation iscurrent as of March 2007.

This article has been cited by other articles:
WWW.phas.org#otherarticles

E-mail Alerts Receive free email aerts when new articles
citethisarticle - sign up in the box at the top
right corner of the article or click here.

Rights & Permissions To reproduce this article in part (figures,
tables) or in entirety, see:
www.pnas.org/misc/rightperm.shtml

Reprints To order reprints, see:
WWW. pnas.org/misc/reprints.shtml

Notes:


http://www.pnas.org#otherarticles
http://www.pnas.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=pnas;43/8/687&return_type=article&return_url=http%3A%2F%2Fwww.pnas.org%2Fcgi%2Freprint%2F43%2F8%2F687.pdf
http://www.pnas.org/misc/rightperm.shtml
http://www.pnas.org/misc/reprints.shtml

Proceedings of the
NATIONAL ACADEMY OF SCIENCES

Volume 43 - Number 8 - August 15, 1957

(ED

ON THE IMPOSSIBILITY OF ALL OVERLAPPING TRIPLET CODES
IN INFORMATION TRANSFER FROM NUCLEIC
ACID TO PROTEINS '

By S. BRENNER

MEDICAL RESEARCH COUNCIL UNIT FOR THE STUDY OF THE MOLECULAR STRUCTURE OF
BIOLOGICAL SYSTEMS, CAVENDISH LABORATORY, CAMBRIDGE, ENGLAND

Communicated by G. Gamow, June 10, 1957

It is a generally accepted view that nucleic acids control the synthesis of pro-
teins, and it has been proposed more specifically that the sequence of amino acids
in a polypeptide chain is determined by the order of nucleotides in ribo- or deoxy-
ribonucleic acid. The problem of how this determination is effected has come
to be known as the ‘“‘coding’’ problem. The formal aspects of this problem can be
investigated theoretically, and most of the work done in this field has recently
been reviewed by Gamow, Rich, and Y¢as.!

Since there are only four different nucleotides in RNA or DNA to determine
twenty different amino acids, it is clear that more than one nucleotide must be used
to code for each amino acid. Most codes have been constructed on the basis that
each amino acid is determined by a set of three nucleotides. Such triplet codes,
however, have an excess of information, since there are sixty‘four different triplets
for the twenty amino acids. In Gamow’s original diamond code,? several triplets,
chosen in a particular way, coded for any given amino acid; the code was therefore
“degenerate.” This code was also of the overlapping type—that is, the number
of nucleotides in the nucleic acid was equal to the number of amino acids in the
polypeptide chain. Gamow’s diamond code does not, in fact, code for known se-
quences, and the same is true for the major-minor code, another overlapping triplet
code, invented by L. Orgel.! These are, however, only two examples of a large
number of possible codes of this type which can be obtained by choosing different
ways of degenerating the triplets. To test all of these systematically is clearly
impossible, and hence it is necessary to have some general theorem about such
codes.

The genersl overlapping triplet code has the following properties.

(i) The coding triplets are chosen from four nucleotides, 4, B, C, and D, giving
sixty-four different triplets.

(ii) Coding is overlapping, each triplet sharing two nucleotides with the succeed-
ing triplet in a sequence. Thus the sequence ABCDA codes for three amino acids:
ABC for the first, BCD for the second, and CDA for the third. ’

(iii) An amino acid may be represented by more than one triplet; that is, the
sixty-four triplets are degenerated into twenty sets.
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Since any dipeptide sequence is represented by a sequence of four nucleotides,
there cannot be more than 256 different dipeptides. On the other hand, if all di-
peptide sequences were possible, 400 would be expected. Thus overlapping codes
introduce restrictions in amino acid sequences. The number of dipeptide se-
quences known is less than 256, and, although statistical studies have suggested
that all dipeptides are likely to be found, the significance of this result has been
difficult to assess.! The sample of proteins studied is highly selected, a large number
of sequences are fragmentary, and the methods used to study sequences further
bias the data.

However, sufficient sequences are known to prove that it is impossible to code
them with overlapping triplets. The proof is simple and does not depend on any
special way of degenerating the triplets. It consists in the demonstration that
sixty-four triplets are insufficient to code the known sequences.

Proof: Since successive triplets share two nucleotides in common, any given
triplet can be preceded by only four different triplets and succeeded by only four
different triplets. In an amino acid sequence j.k.l., we call j an N-neighbor, and 1
a C-neighbor, of k. For every four different N-neighbors (or C-neighbors) or part
thereof, £ must have one triplet assigned to it. Thus the minimum number of
triplet representations for each amino acid can be counted from a table of neighbors.

The available sequences are given in the Appendix. From these sequences a
grid is constructed and the different neighbors counted for each amino acid. The
number of triplets assigned to each amino acid is based on the larger number of its
neighbors. These data are given in Table 1, from which it can be seen that seventy

TABLE. 1
Minimum . Minimum
No. of No. of

Amino Triplets Amino Triplets

Acid C-Neighbors N-Neighbors Required Acid C-Neighbors N-Neighbors Required
Lys 18 17 5 Pro 13 12 4
Ser 17 . 13 5 Tyr 12 10 3
Gly 15 15 4 Glu 11 11 3
Leu 15 15 4 Glun 12 9 3
Cys 15 14 4 Asp 10 11 3
Arg 14 16 4 Asn 9 10 3
Ala 14 15 4 Ileu 9 9 3
Val 14 12 4 His 6 9 3
Thr 13 14 4 Met 5 7 2
Phe 13 14 4 Try 3 3 1

Total 7

triplets would be required to code the sequences. We conclude, then, that all
overlapping triplet codes are impossible.

This result has one important physical implication. The original formulation of
overlapping codes was based on the similarity of the internucleotide distance in
DNA to the spacing between amino acid residues in an extended polypeptide
chain. It was supposed that each amino acid was spatially related in a one-to-one
way with each nucleotide on a nucleic acid template. The present result shows
that this cannot be so and that each amino acid is stereochemically related to at
least two, if not three, nucleotides, depending on whether coding is partially over-
lapping or nonoverlapping. The difficulties raised. by this cah easily be overcome
by assuming that the polypeptide sequence is in contact with the nucleic acid tem-
plate only at the growing point, and detailed schemes can be readily proposed.
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As far as the coding problem is concerned, it now appears that all amino se-
quences are likely to be found and that it will not be possible to effect a ‘‘decoding”
by discovering restrictions in sequences. The nonoverlapping of triplets implies
that there must be some way of determining which triplets in a sequence are coding
triplets and which are not, and a very interesting code has recently been proposed
by Crick, Griffith, and Orgel,? in which this problem is dealt with in a novel manner.

APPENDIX
AMINO AcID SEQUENCES

In writing the sequences, the same conventions used by Gamow et al.! have been followed.
Wherever doubt exists as to whether glutamic acid is present as such (glu) or as the amide
(glun), it has been assigned as “glux,” and the same rule has been followed for aspartic acid
and asparagine. All the longer lysozyme sequences suggested by Thompson (Btochem. J.,
60, 507; 61, 253, 1955) have been omitted, since some of these appear to be incorrect when
compared with those established by the French workers. Sequences established by carboxy-
peptidase digestions alone are given at the end of the list but are omitted from the grid.
The same applies to the pepsin sequence of Williamson and Passmann (J. Biol. Chem., 222,
151, 1956), as there are conflicting reports about the N-terminal group (Van Vunakis and
Herriott, Biochim. et Biophys. Acta, 23, 60, 1957).

The grid (Table 2) shows the number of times dipeptide sequences are found. Identical
sequences from the closely related proteins vasopressin and oxytocin and corticotrophin and
melanophore-stimulating hormone are only recorded once. Dipeptide sequences from
lysozyme are not recorded if the same sequence is found in a longer peptide. When both
glu and glun are absent, glux is counted as a neighbor, and the same rule is followed for asp,
asn, and ax.

SEQUENCES USED IN THE GRID*
-thr. gly. ileu®-
-thr. ser. ileu® %-
-ala. gly. val’-
Insulin A: Gly. ileu. val. glu. glun. cys. cys. ala. ser. val®. cys. ser. leu. tyr. glun. leu. glu.
asn. tyr. cys. asn.*~®

Insulin B: Phe. val. asn. glun. his. leu. cys. gly. ser. his. leu. val. glu. ala. leu. tyr. leu. val.
cys. gly. glu. arg. gly. phe. phe. tyr. thr. pro. lys. ala.% ®

Ozxytocin: Cys. tyr. ileu. glun. asn. cys. pro. leu. gly. NH,.”

.a,rg“-
Vasopressin: Cys. tyr. phe. glun. asn. cys. pro. lys®. gly. NH.

Corticotrophin: Ser. tyr. ser. met. glu. his. phe. arg. try. gly. lys. pro. val. gly. lys. lys. arg-
arg. pro. val. lys. val. tyr. pro. asp. gly. ala. glu.? asp. glun. leu. ala®. glu. ala. phe. pro. leu-
-glux. ala. ser‘-
glu. phe.10—13 )

Glucagon: His. ser. glun. gly. thr. phe. thr. ser. asp. thr. ser. lys. tyr. leu. asp. ser. arg. arg.
ala. glun. asp. phe. val. glun. try. leu. met. asn. thr.1

_Sel‘a-
M elanophore-stimulating hormone:  Asp. glu®. gly. pro. tyr. lys. met. glu. his. ‘phe. arg. try.
gly. ser. pro. pro. lys. asp.}—17
*¢ Cattle. °Pig. °Sheep. © Whale. °Horse. 7 Salmon. ¢ Chicken. * Man.



‘ TABLE 2
Grip SHOWING NUMBERS OF N- AND C- NEIGHBORS

[oR
NEIGE-

N-NEIGHBORS

Try

His Met

Ileu

Asx

Glux Asp Asn

Glun

Glu

Tyr

Lys Ser Gly Leu Cys Arg Ala Val Thr Phe Pro

BORS

Lys
Ser

o™

™

Gly

Leu
Cys

Arg
Ala

Val
Thr
Phe
Pro

Tyr
Glu

4]

Glun

Glux
Asp
Asn

™

™

Asx

1

Ileu

His

Met

Try



Hypertensin:

Cytochrome c:
Trypsinogen:

Ribonuclease:

-ileu®- :
Asp. arg. val. tyr. val®. his. pro. phe. his. leu.1s 1?

-seré-

-val. glun. lys. eys. ala® ¥ 7 glun. cys. his. thr. val. glu. lys-20. 21
Val. asp. asp. asp. asp. lys. ileu. val. gly-2% 23

Lys. glu. thr. ala. ala. ala. lys. phe. glun. arg. glu-*4—*

-tyr. cys. asn. glun. met. met. lys. ser. arg. asn. leu. thr. lys. asp. arg. cys.24—2

-lys. asn. val. ala. cys. lys. asn. thr-26. 27

-cys. asn. arg. glu. ser. thr. ser. gly. lys. tyr. pro. asn. ala. cys. tyr. lys. thr. thr. asn
ala. lys. his-%: 7

-tyr. glun. ser. tyr-4
-phe. asp. ala. ser. val.24 %, 29

Lysozyme: -lys. asx-%

-arg. his. lys-3

Lys. val. phe. gly. arg-

-ala. lys. phe. glux-

-asx. tyr. arg. gly-

-arg. gly. tyr. ileu. leu-

-asn. ala. tyr. gly. ser. leu. asn-

-thr. pro-

-leu. pro-3?

-asn. arg-

-ileu. arg-

-thr. pro. gly. ser. arg-

-val. ala. try. arg-%®

-gly. cys. arg. leu.

-phe. glu. ser. phe. asp. glu. ala. thr. asp. arg-

-cys. glu. ala. leu. ala. ala. met. lys. arg-34

-ala. ala- -asx. ileu- -ileu. arg- -ser. ala-

-ala. leu- -asx. leu- -ileu. asx- -ser. arg-

-ala. lys- -cys. ala- -ileu. val- -ser. asx-

-ala. met- -cys. arg- -leu. ala- -ser. leu-

-arg. asx- -cys. asx- -leu. cys- -ser. val-

-arg. cys- -cys. glux- -leu. leu- -thr. ala-

-arg. gly- -cys. ileu- -lys. gly- -thr. asx-

-arg. leu- -cys. lys- -met. asx- -thr. gly-

-asx. ala- -gly. leu- -met. lys- -thr. glux-

-asx. arg- -gly. met- -phe. asx- -thr. pro-

-aS8X. asx- -glux. ala- -phe. glux -val. ala-

-asx. gly- -glux. leu- -val. asx-
-val. cys-

. -val.” glux-%
Ovalbumin: -ala. gly. val. asx. ala. ala-3

-asx. ser. glux. ileu. ala-

-glux. ser. ala-¥ .

-cys. ala- -thr. cys- -cys. phe-

-cys. gly- - -val; cys- -gly. cys-

-cys. val- -cys. glux- -asx. cys-®

-Ser. cys- -phe. cys-

-val. ser. pro.®

. glun.
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Papain: Tleu. pro. glux-3

-Ser. asx- -CyS. asx- -val. cys-4
-asx. cys- -cys. gly. asx-
Hemoglobin: Val. glun. leu-

Val. leu-#! .
-lys. arg- -arg. leu- -val. lys-
-lys. leu- -phe. lys- -arg. lys-
-ser. arg- -arg. phe- ~tyr. arg-
-ala. arg- -leu. arg- -phe. arg-?

Myoglobin: Gly. leu-43: 4

y-Globulin: Ala. leu. val. asx. glux-. %

B-Lactoglobulin: -val. glux- ~thr. lys- -ala. lys-
-val. leu- -lys. gly- -leu. lys-
-asx. lys- -pro. lys- - -phe. lys-#
-glux. lys- -lys. pro-
Carboxypeptidase: Asn. ser-
-ser. thr-#
-thr®-

Serum albumin: Asx. ala®-4
Lactogenic hormone: Thr. pro. val. thr. pro-%

Tobacco mosaic virus: -thr. ser. gly. pro. ala. thr.®
Pro. ileu. glux-

Casetn: Lys. leu. val. ala. glux. asx-5
-leu. gly- -ser. pro- -ger. leu-¥

Chymolrypsinogen: -gly. leu. ser. arg. ileu. val-# 5
-tyr. thr. asn. ala-%
-gly. asp. ser. gly-¥

SEQUENCES NOT USED IN THE GRID

Serum albumin: -gly. val. ala. leu”.®
.-ser. val. thr. leu. ala. ala®%®

Actin: -his. ileu. phe.®
Tropomyosin: -ala. ileu. met. thr. ser. ileu.5
Pepsin:  Leu. gly. asp. asp. his. glu-* (cf %)

1 G. Gamow, A. Rich, and M. Y¢&as, Advances in Biol. and Med. Physics, Vol. 4 (New York,
Academic Press, Inc., 1955). i

2 G. Gamow, Nature, 173, 318, 1954; Kgl. Danske Videnskab. Selskab Biol. Medd., 22, 3, 1954.
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mann and Li ef al. (see nn. 12-13 below) in pig and sheep corticotrophin, but these are doubtful
(see Howard et al. [n. 11 below]).
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INFECTION OF PROTOPLASTS BY DISRUPTED T2 VIRUS

By Joun Spizizex*

DEPARTMENT OF MICROBIOLOGY, WESTERN RESERVE UNIVERSITY SCHOOL OF MEDICINE,
CLEVELAND, OHIO

Communicated by H. G. Wood, May 29, 1957
INTRODUCTION

The functions of the components of virus particles have been the subject of much
investigation in two widely different virus systems. In the case of tobacco mosaic
virus (TMYV) it has recently been demonstrated that the ribonucleic acid isolated
from the virus retains infectivity® * and possesses the property of genetic deter-
mination.® In contrast with the low infectivity of TMYV, bacteriophage T2 can
be studied with very high precision. The protein coat of T2 isolated after osmotic
rupture has been found to adsorb to the receptor site on the cell wall of the host
and to stop multiplication of the host cell.* After injection through the tail of T2
virus into the host cell, the deoxyribonucleic acid (DNA) component is found to be
associated with the replicating activity of the virus.>® However, no direct biological
activity of the isolated DNA has been demonstrated. It would be of much interest
to determine whether the biological activity of the protein moiety subsequent to
attachment* ¢ is a necessary prerequisite for the function of the DNA portion or,
indeed, whether DN A can be active in the complete absence of protein.

Since cell wall components and the protein tip of T2 virus interact prior to injec-
tion of DNA, it was considered possible that the removal of the cell wall might per-
mit the replicating moiety of the virus to enter the cytoplasm directly. Removal of
cell walls can be achieved by lysozyme treatment of Escherichia coli B in hyper-,
tonie suerose to produce forms known as ‘“‘protoplasts.”’”:  Intact T2 virus will not
infect these protoplasts. We have attempted to infect protoplasts directly with DNA
isolated from T2, without success. However, when osmotically disrupted prepara-
tions of T2 virus® were mixed with protoplasts of E. colz B, significant increases in
the numbers of infective particles were observed. In fact, similar increases in infec-
tive units were obtained with protoplasts of a number of bacteria whose cells are nor-
mally resistant to infection. Although the osmotically shocked preparations em-
ployed in these studies contained all the components of the original virus, we have
obtained evidence to indicate that the activity observed may be due to DNA units
protected by a protein shell. This communication describes some of the data ob-
tained on the interaction of protoplasts and disrupted T2 virus, as they relate to the
functional requirements of virus-cell interaction. '



