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& SMETRICAL PATTERN IH THE GERETIC CODE

The {riplets of links in the genetic moterinl
which specify the detailled structure of
proteins bave now been identified in sufficient
numbers to fall into a regular patbtern.

Richoyd V. Bek

The author is a biologist in the Iaboratory of Biology, Netional
Cancer Institute, Pethesds, Maryland.
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The chemical structure of the genetic mechanism must have several very special
characteristics. It must comtain large, complex molecules capable of representing
& large amowni of information inteir possible altermative configurations. It must
be avtocatalytic - capable of producing exnct replicas of itself. It must do this
with great reliability, yet be able to mutate cccasionmally, and still be auvtocatalytic
in its mutated form. The Weteson-Crick nedel demonstrates how these properties follow
from the structure of DEA.
But this accounts only for the self-reproduction ard mutation of the genetic
material. It must also have quite a different pyoperty. It must catalyse specifically

some meterial other than itself, which enters into the living chemistyy of the organism

and results in the phenotypic expression of that "geme". If it is a gene for black
rather than brown hair, for example, it must specifically produce some chemical which
affects the chain of events vhich finally results in the productlon of piguent and its
deposition in the hair. The "one gene-one enzyme" formulation has led to the
expectation that this non-genic product is protein.

This second problem is mors intricate than the first. The reproduction of the
genes was plctured as some sort of mold-snd-cast system, and so it has proved %o be.
But for a "template" to determine the structiurej of some product fundamentally dissimilar
from itself requires & more elaborate apparatus. Proteins are lomg, unbranched chains,
made of twenty different kinds of links - amino acids. The exact order of hundreds of
these links appears to de genetically determined for each of thousands of different
proteins. The DNA of the chromoscmes also oceurs as long, mbmnched chaing, but with
only four diﬁ‘erent kipnds of links - nucleotides. There are two kinds of nucleotides,
two purines end two pyrimidines, which differ markedly in size. The specific matching
of one purine with one pyrimidine - adenme vith thymine, cytosine with guanine - is the
basis for the Waison-Crick model. But hovw could there possibly be such a matching

between the nuclectides and the amino acids, especizlly in view of their different

numbers? This problem was posed in 1954 by Gamow (1) ms o mothamatical echallsnne o



Page 3

R.V.Bek
biochemistry. For each link in a protein chain being constructed, there are twenty
pessibilities. How can this be epecified by a DEA chain comtaining only four ﬁifi‘e:;«;:zziz
kinds of links? Evidently more than one, seenmingly at least three nucleotides would
beve to combine in the determination of a single eminc acid link, perhaps in some
overlapping fashion.

This mathematical puzzle remeine valid, and several facets of it bave been
clarified. The DHA produces "messenger REA" apparently by some meamf similay o the
Watson-Crick mechanism. RNA contains nucleotides corresponﬂin:hzgm, with thymine
replaced by uracil. The messenger RHA goes go the protein-producing organelles in the
cytoplasm and determines the production of specific protein molecules, asccording to
its detailed sequence of nucleotides. It does not do this directly, but vie a number
of adapter molecules, called "transfer RNA's". Presumably each amino acid has one or
more trensfer RFA which specifically attaches to it. Another Part of the transfer RHA
attaches to its specific nuclactide "codon" (triplet?) wherever it may occur in the
polyribonucleotide chain (2). Thus each amino acid is held in its proper place vhile
the polymerizing mechaniem links it to the two adjacent amino acids » deteminéd by the
sequence of mucleotides in the informatiocn-~carrying RNA. The elucidation of a codon
pattern should provide evidence on the mechanism of transfer RNA speciﬁé‘ity. How,
structurally, does the speci:ﬁngzrrecognize its proper codon combiration? An ansuer
to this question is suggested in this paper.

The discovery two years ago that a non-living system could be made to synthesgize
an arbificial‘ protein, polyphenylalanine, using as messenger RNA synthetic polyuridylic
acid (3), has made possible a rapidly developing experimenial ettack on this problem.
The in vitro synthesis of proteins using various synthetic copolymers of twe or more
ribonucleotides as artificial messenger REA bas been reported from wo laboratories.
Tables have been published giving groups of three mucleotides {"triplets”) which have
been identified es "coding for" the various amino acids {4). There has been much interest
and speculatvion in the mumber of codons and the possible relationships among them.
Vasious polteras bove bteen wropoaided whieb vouw il sescuaylete The wrinlets
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that date, and predict certain others. The discovery of additional triplets has
then required that many of these hypotheses be abandoned or much modified. Judging
by the rate at which nev ones have been discovered it eppears that nearly 11, if not
all 4 x 4 x 4 «» 64 mathematically possible triplets will ultimately be identified es
codons. Will these appear 4o be a chectic Jjumble, oy will they fall into some regular
pattern? |

Some regularity can be seen in the 1ist of published triplets. No more amino
acids are usually assigned to & nuclectide combination than there can be alternsiive
rearrangements of it. This supports the expectation that the meximum mmber will not
exceed 64. There are only three exceptions to this, two of which may be due to
laboratory errors. The third exception will be considered later.

It frequently appears that the two or more triplets found 4o code for the same
amino acid have two of thelr three nucleotides in common. Roberts has used this
property to derive aicublet" code » vhich implies tha% the third nucleotide is
irrelevant (5). This, of course, gives only 16 combinations and requires some
supplementary explamation to account for the 20 amino acids. It has also been
suggested that the code may be partly doublet and partly triplet.

The Purine-Pyrimidine Pattern

In the most recent lists fyom the two laboratories there ave a total of L9
different triplets, 26 of them reported by both (4). This seems like a large emough
proportion of the 64 %o outline an over-all pattern, if one exists. The date can be
arranged in various ways, and if one tabulates these triplets as in table 1, such a
pattern emerges clearly. The pattern is this: A1l 64 %riplets occur. Esch amino
acid is represented by one or more pairs of triplets vhich are identical except for
one nuclectide. The non-identical nucleotides in each pair ere the two purines or
the two pyrimidires. For example, ACC and AUC have been found to code for histidine.
GGU codes for tryptophan, and this patiern predicts that GAU will also be fourd to
ccde for tryptophan.

This pattern scems acceptable sterecchemically. Purthermore, it is complete ord
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gelf-consistent. Thers are exactly 32 pairs, each using ob leest one yeporbed tripled.
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A1l 64 possible permutations are used. Of the 4O reported triplets, four were discayded:
two beceause there were four amino acids assigred vhere there could be caly three
vermutations, one because it weg assigned €o YU in confiicet with phesylalanine, and

oply one because it was inconsistent with the palisrn presented hers. The 19 remaining

the pattern symmetrically. For example, arginine has a pair, CCG and (UG, and one
unpaired triplet, AAG. The nmissing triplet could be AAA or AGG. But £AA is alyesdy fvlly
"occupied"”, and AGC is mot. Arginine is therefore assigned the missing AGG. As this
process continues, completing all the pairs, the pusbey of remsining alternatives is
greatly reduced, bulb all the missing triplets can be accounted for with only one
discrepancy as notel.

This last poiat is illustratsd in {table 2 in vhich the sang;e.ssigzments are re-
tabulated. Here one can readily confiym that each triplet has exnctly as meny amino
acids assigned to it as there can be permutations.

Any pattern of this sorxt 1s open to the suspicion that it may merely resembie the
true pattern. It would be pointless o ccumpute a "probability"” that it could have
occurved by chance", because the data obviously £all into some sort of pattern - they
are not random. But there is a suitable test. Ons can attempt t{o construct similay-
appearing patterns of 32 pairs in which AC end QU are paired, or AU and CG. This
attempt was made; these patierns caanot be constructed without discarding an unreasonable
nunter of well-establiched date. Por example, the matching triplet for phkenylalanine -
UUU would have ¢o be UGU or UAU respectively. Both laboratories have identified each
of these with three other amino acids. Omiy UCU, as in the proposed pattern, is free
to represent phenylahnine. About seven such conflicts developed in each atbempt. In
the puring-pyrimidine pattern only one triplet assigumment had to be discarded ir this
way, and it was reported from one laboretory only. This appears to be a moderately
strong indication that this pattern (which incidentally 'makes sense" chemically) is

not just e contrived modification of some 'partially doublet” code.
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This test indicates that if there is a pattern of this general sort in the
64 possible triplets, the existing b6 data (after excluding the three vhich erc
inconsistent in any case) are more than sufficient to determine that pattern. I
appears that this many dats could f£it oaly into a true pattern. Previously, when
there vere too few data it was possible to devise en almost endless number of
patterns in vhich they could be accomodated.

Determinaticn of Orler

The pattern at this stage depends only on the published tables of tiiplets, not
on data from amino acid "mitants", ete. If these additionsl clues are used, a
beginning can be made in determining the order of the nucleotides vithin each triplet.

In the experiments which have yielded the triplet codons, no order can be
determined. Thus, in table 1 "AAQ" means, "AAG, AGA, or GAA". In {able 2, "ACG
means "ACG, AGC, CAG, CGA, GAC, and GCA". In teble 3, however, these orders have
been assigned, and "CAA-‘hreonine" means thab exact order, with the peowigion the
the eviilence is not rigorously conclusive, and it might be AAC. If the purine-
pyrimidine link is always in the same rosition, and if this positien were knowm,
the sequence would be determined in all those cases vhere cae remeining two are the
seme (ACA = ACA). The experimentslly determined sequence AUU for “wrosine and GUU
for cysteine (6) requires one of the isoleucine codons to be UUA and valine to be
UUG i€ the special link is in the niddle, or UAU and UGU if it is at the right end.
It evidently cannot be at the left end. Tor illustration, it is assumed to be in
the middle.

Aside from these, the orderings in table 3 are not rigorously determined. Axyy
aucleotide pair might be exchanged with the diagonally coryesponding one and still be
censistent with tsble 2. For example, lySineoAAU and isoleucine~UAA might ke inter~
chenged. However, some pessibilities seém much ﬁore plausible ihan others. Tt szems
reasonable o expect that a mutetion will often involve the change of o single link.
The amine scids which could replace one another in this way might be expected to be
found most frequently as "allele” pairs in homologous protein sequerces. For exammle,

~o o Va

alamine can change to serine if one of its mueleaiides changes from & Eo 1, This oo
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occur in two different pairs. However, if the alanines at C...G were exchanged with
serine and arginine at G...C, thers would then be no codons of alanine and seripe
bhaving two letters in common. Since alenine-serine is the most frequently-cccurring
"allele" pair (7), the arrangement as shown is much preferred. Simiiarly, if valine
and g:ysteine were exchanged, the numerous allele pairs val-ala, val-ilu, val-leu, and
others would not be producible by single-link "interchanges". (This, with the
previously-mentioned determination of the 'sequenl:e valine = WG, constitutes support
for this procedure.) By comparing each possible altermative in this way with a list of
about three hundred "alleles” from hemoglobin and other proteins, the tentative
arrangement shown in table 3 was derived.

There are some other uncertain details in table 3. Different aminc acids might
have been discarded. For example, glutamine et AGC might have been retained, and
arginine at AAG discavded {(table 2). Furthermore, glycine at GAG might exchange places
with glutamine, if it wers retained at AGG. There are, however, only a few such
alterpatives, and at each choice there seemed some good clue to the selection. Another
source of uncertainty is the possibility of experiucnial error. Of the 32 pairs, iive
consist of an unreported (predicted) triplet and a triplet reported from only ome
laboratory. Any of these might prove to be in error.

Even if there weve no basis for choicg in the aliernative positions indicated in
table 3, it would contain much infoymation about sequence. For each triplet in table 2
theye are one, thryee, o six possible sequences. Table 3 reduces these to two
alternatives at most.

This pattern predicts a.ll the amino acids coded by the ramaining 19 orderved
triplets, suggesting that there may bes no "ronsemnse" combinations. This is not a
strong inference, however. If onas of the reported triplets i3 eyroneous its assigred
pair might represent "nonsense”. Or, in a few cases the pairs might be sub-divided,

one of the +wo triplets being "noasense”.
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Predictions Concerming Transfer RiA's

It is consistent with this paticrn that there could e 64 i{yansier RHA‘s,one for
wach triplet. The patitern of 32 pairs suvggesis, bowever, ¢lai there may be only 32
transfsr REA's end that each one responds ixdiscriminately to both of its specific
triplets. The specificity of the abtachment site would wveside in: ope of the four
weeleotides in one position, a purine or a pyrimi&ine in anothey position, and one of
the Pour nucleotides in o thivd positicn. These threw determ nants vouid cceup in
threw epecific {not necessarily edjocent) positions on the mersenger BBA chein. The
two triplets of each pair would preswmadly be indistinguisbadle o the trensfer R¥A,
winich might recognize ihe thizd (middle?) nucleobide oniy by its size. .'{xz this
sense each cc@en would consist of a paiy of «riplets. Ope might faoe icvr'?af eall
this & “two-apd-a-helf-letier” code. Om this interpreinbtion there wowld bz only ons

wrensfer BHA oy aspaytic seid, cysteine, ¢ ILm: waine, hdstidine, weibioning, nhenyialaninz,

tryotophasn, tyrosine, and valipe. Theve wovld be two for ezch of ths other amivo aclids

except geyine, walch would have thiee. (Borring eryors, as mantionea‘;ahave;} The
werimental determimeticn of the mmber of tronsfer FHA's for sach a.zﬁ:;;o acid would

be o powerful check on the coryectness of vhis pattern, aud therefore on the validivy

of the individual reported triplebts. The {wo specific transier Rih's veported for

leucine ave consistent with this prediction {2).

A gtyong check will also be providsd by each subseguent @iscovery of a triplet

¥ y>
et o £ . % Yy T fonls os o, ] B K e,
hich Tits, sin he symmelyy of this patiern lesves 13tile voom oy reavrangements.

Yor the evidence on which Hoberts besed his "dsublet” code (5). One night also interor-i

“ots pattern as o code which is partly doublcot ard partly triplet. This coulé te tested
covimentally.  IF oniy one transfer IR can be found fer alandune, glyeine, fsolensiso
souiine, ond {hrecnioes, end ex.tl;;f twvo for epydne, these will renrspent “dotbleito”
) vntosrnoe.  On the other hond, I the punive~pyoinidine pairs are fundamenial
. Ahou i e e 22 pald ot g
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There are four crucial tests which could be made with isolated transfer RMA's.

Is the trarsfer RHA of proline which yesponds %o CAC the same as the ope which responds
to CGC? Similarly for aspazticacmzcs and AUG; glycine GCC and QUG; asrd leucine UAU ond
UWU. If these should prove %o be identical, this patteim would be validated.

Unsetitled Questicus

The finding that leucine as well as phenylalenine (4) is ccded by UUU is of
considerable interest. Is it an eccident cauvsed by some abnormal condition in the
in vitro situstion, or is it of fundemsntal significance? It reises the possibiiity
that pexhaps in the presence of some other source of information not normslly present
in the artificisl situation there might be s second pabtern of 32 codons. Perbaps some
of the triplets discarded in making this patésma are other ambiguities of thie kind
rather than errors. Evidence vhich sgems contrary to this is the finding that the same
transfer RFA of leucine vesponds to UGU and to WUU (2).

This pattern seems to be good evidence for a tyiplet code, since in it triplets are
necessary and sufficient. But if the above-mentioned embiguities prove to be furdamental,
they would require extra information, which might reside in stlll other links {(as an
overlapping quedruplet code?).

If this patiern were the complete code, any simple type of overlapping shouid be
irmediately evident by substituting the tripiets for the amizo aecids in a fev of the
kvown protein sequences. This does not appear to be the case.

If it were possible to make regularly ordered synthetic polymers such as poly-
dinucleotides, ete., the question cf vhether the threedemenis of each triplet ave
adja.éent in the chain could be setiled. Also, such polymers coumld ke used 4o study
the possibility of overlapping codes. IY semus possible that some regular RA's covld
be synthesized from synthetic DFEA's using the mechanism reported by Chamberlin and
Perg and by Otska et al. (8).
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In retrospect, it seems that this simple pattern could have been discoversd with
fever clues, and we may wonder why it was not fourd earlier. In the lastiwo years
there bave been & remarkable number of ad hoc proposals to account for the data
currently at hand. When thére were about twelve triplets identified it was expected by
some that the total number would be exactly 20 - one for each amino acid. later a
number of special combinations were comsidered, such as combining the thiee nucleotides
vithout regard to order, and others of this sort vwhich were mathematically possible bub
structurally wnimaginable. Then there wvas the "high-U" code, chemicelly implausible
but mathematically capable of accounting for the results to that date. Recently it
was proposed that there may be some simple pattern in vivo but that some circumstance
48 obscuring it in the in vitro experiments. Ry permitting some normally hidden
potentialities to be expressed, this would produce too many triplets. All of these
were attempts to account for the number 20 and to gusss the patterm et a stage when an
irdefinitely large numbey of pa%ems wvere yet mathematically possitle. Por this
reagon the probabilities were strongly against success in this approach.

The point of view vhich led to this pattern was from the opposite direction:
Whatever the patiern may be, there are 64 triplets. In the end some of them may be
"nonsense”, or even non-existent in nature. Some may prove o be equiiralent to others,
etc. But vhatever those details may be they will consist of some sub-pattern of the
6l mathemntically possible triplets. Now, vith a total of L9 different triplets
identified, surely the patiern must be visible! I tabulated these triplets in various
weys and shoxtly this detail appeared: Five emino acids had two triplets, with two
letters in common. Another had three, the third being unvelated to the first two. OF
these six examples four contained the alternatives C vs. U (e.g. aspartic acid-ACG and
AUE). It was not surprising that nome contained G in such eltermatives, since the G
polymers had given the most experimental difficulty and most of the combinsbions having
two G's vere as yet wnessigned. From this observation table 1 followed directly and

the puzzle practically solved itself.
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A similar history has occurred in the related problem of overlapping or ron-
overlapping codes. Gamow suggested that the necessary amount of information might
be reduced by some systematic comstraint on the sequences of amino ecids. This could
be caused by the same nucleotides serving in more than one triplet simultansously (1).
At that time there was a moderate amount of proteinm sequence dataavnilable. Several
curious overlapping codes were proposed, each of vhich was followed enthusiastically
ard then disproved mathematically, using the then currently aveilable data as it con-
tinued to incyease in amount. Then Bremmer (9) comeluded thet all overlapping triplet
codes were inconsistent with the data, and the attenmtion of most protein eryptographers
wasg diverted to non-overlapping codes, vhere it has remained ever since. However, the
problem wvas not approached in its most gereral form. Bremmer's computation, the
results of the single step mutations, and the resulte of Crick et al (10) have been
taken to disprove overlapping codes, but this is true only for a certain sube-class of
such codes. Furthermore it includes the unstated assumption that there is mo other
source of genetic informetion. (The results of Crick et al (10) bave slso been taken as
evidence for a triplet code but this inference is valid only for non-overlapping codes.)
A large pumber of overlapping codes are still mathematically possible (11), and several
are even structurally plausible which involve a regelar folding or coiling of the RNA
strand so that the non-adjacent nuclectides of the cofions assume their specific positions.

The substance of the argument against overlapping codes, whether from amino acid
sequences or from Vthe single~-step mutation data, is that such codes could not comtain
enough information to acccunt for the observed mmber of variations in protein sequences.
However, all proposed ccdes have required, explicitly or implicitly, some additionmal
unknown source of information such as "commas", spacers", "stepping by threes",
"forbidden combinaticns”, etc. As long as the nature of that additionsl mechanism is
undiscovered the peseibility remeins that it could contain enough information 4o
supplement: an overlapping code. Cleayr evidence of patterns in the constraints on protein
scquences would be a basis for an atteck on this problem. The amount of protein sesuence

via nov availeble sry be bavely sufficient for this (7). In numewrical proporition ¢his
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problem is at a much earlier stage than that of the nucleotide triplets. Here we
required about 45 of the &4 possibilities befoze the pattern revealed itself. In the
protein cryptogran less than two thousand of the potential eight thousand tripeptide
sequences have been reported. If, say, three thousand of the eight thousand were
"forbidden” according to some pattern, could we see that pattera? Perhaps this
secmingly obscure problem will seem simple vhen it is solved.
Summary

The accumulation of experimental results from the system of Nirenberg and Matthaei
has nov reached about 75% of the total possible, if the "triplet” concept is correct.
Considered as a mathematical puzzle this has proved to be sufficient to detemmine an
apparently unique soluticn: The sixty-four combinations of four nucleotides taken
three at a time, are resolved into thirty-two pairs. The second member of eachpir is
identical with the first, except that in ome position a purine is replaced by the other
purine or @ pyrimidine by the other pyrimidine. Almost all of the reported triplets
fit into this pattern, and it predicts which amino acids will be found to coryespond to
the remaining ninetecen unidentified triplets. This pattern accounts for several of the
observaticns concerning regularities inthe data. I¢ partially determines the oxder of
the nucleotides in each triplet apd suggests a structurzl basis for transfer RNA
gpecificity. Whether the three nucleotides of each triplet are adjacent in the mueleic
acid chain, and vhether they somshow impose constraints on the possible sequences of
amino acids which they determine, is yet to be worked out.
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L symmetrical pattern in the genetic code

Alanine COGHF  CAGF Leucine UADSF  oOUsf (UG
CUG#  3a7 vaEf  coue discard}
Arginive Cosf  AMGH Lysine AMMHE ARUHE  (ACA®
CUB#  AQGe AGA®  AGU? discard)
Aspavagine ACA%}  CaUf Hethionine AT
AVA#  COU? ACG?
Aspartic acid AsCo# Phenylalenine UUDR#
20GH 317
Cysteine GUGH Proline Ceosf  cacHH
a8eue cucsf  coc
Glutamic acid AAGHF GAUSH Serine cossg cacfF  caue
ADGT GO COUWHE  CEG?  CAU?
Glutamine AaCHE  (aced Thieonine ACC®  AACHE  (coef
£03C? discard) AucE acce discard)
@ilycine GUGRE  cARf Tryphophan GGU*F
aced  ¢ase GAU?
Histidine accag Pyrogine AUGHS
EUCH# aAcuU?
Isoleucine AUURE  AAGH Yaline GUU“f
ACU?  ABTY Gcur

Table 1. In this pattern thore ars 32 pairs having the two puvines or the
tvo pyrimidines in a cextain position {illustrated as if in the center). It
includes all 6% possible configvrabions of three miclectides. It eccommodates
45 of the 49 pudiished wripletes. Threc ave discarded because they are intern-
ally inconsistent with the published list (oo meny amino acids for ops trip-
let). Cne is discarded because it is inconsistent with this patiern. 19
remaining triplets ave predicted, as shown. The actual order of the nucleotides
iz still undeteminsd, except AUU for tyrosine and GUU for cysteine.

% = Reported by Birepkerg's group.

# = Reported by Ochoa's growp.

? = Predieted by this pattern.
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& Syompetrical Pasiern in the Gepetic Code

Peporied Prodicted Tiscard

A Iysif
CCC Proswyt

GGG aly
UG  Phesy Leu®
ARC  Aspf Qlotf Thraf Lys#

AG Argd @uwd Iyes
AAD  Asngt  Tiui  Yyenf

CCA  Hie¥#f PPro¥Wf Thrit

CC3 Alamf Arghf Pro® Thrf
CCU  Protf SQepisf Isu

GGA Clyf Arg Glu Ginf
cac elyd Ala Bex

GOU  Glyf Tayuf Glu

WA iluif Lesif Tyref
UOC Lew™} Fhef Scr¥f
UUE Cys% Ieu valug)

26 Alaf  Aspf  Serxf Gln Mot Tar
ACU Asnd  Hisit  Toyd v Ser Ty
AZU  AspF Gl Mel Ilu Iys Try
CBU Alsdt  Argf Serw Cys ¥al Asn

Table 2. Entries of table 1 rearranzed » to ecuphasize the nunmber of emino
acids reported and predicted for esch Swiplet. There arve as rany entries
for cach triplet es there are possible perpuiatioas of the three nucleo-
tides - one, three, or six.

* = Reported by Hivenberz's group.

# = Reported by Ochoa's group.
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& symmetriced pattewn in ke genelic code
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The purine-pyeimidine pairs in the genetic code, with order

tentatively determined. Tn one position of sach pair, the iwo Durines

(& ard €}, and the two wyrimidires {C ond U) ave equivalent, veducing the

6h triplets to

0 32 "codoms". Aminc acids in capitels have thelr seguences

unambiguously detesmlined, essuning thet the special positicn is in the

middle.

Aminc acids in Jower cose could ropsibly belong to the pairs

aisgonally opposite, e.g., CAA~gln; AL(-¢hy, ete. The Prequencies of

anino acld "alleles" suggent the a agsigemonts indicated.

* = Reporied by Wireakerg's group.

':};"’.

v Repopied

by Ockoa's group.



