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"Is there anyone so utterly lost as he
that seeks a way where there is no way."
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| P ° In this note I propose to put on to paper some of
tﬂe ideas which have been under discussion for the last year or
so, if only to subject fhem to the silent scrutiny of cold print.
It is convenient to start with some criticisms of Gamowfs
paper (Dan.Biol.Medd._z_z, No.3 (1954)) as they lead néturally
to thé‘ further points I wish to make.
Some straightforward criticisms first, vThé list
of amino acids in Table I of the paper clearly needs reconsider-
ation, and this brings us to the very interesting question aé to
which amino acids should be on the list, and which should be
regarded as local exceptions. We first remove norvaline which
we now know has never been fbund in proteins., Nor, as far as
I know, is there at present any evidence for hydroxy glutamic
and cannine. On the other hand asparagine and glutamine
certainly occur, and indeed are probably quite common., We now
come to the "local exceptions",. These are:
( hydroxyproline
hydroxylysine

g tryosine derivatives, i.e. diiodotyrosine,
: . : dibromotyrosine
thryoxine, etc. Y -

diaminopimelic

phosphoserine.
The first two occur only in gelatin. The tyrosine.derivatives
‘are found only in the thyroid (the iodo ones) and in certain )
corals (and in other marine organisms?). Diaminopimelic
occurs only in certain alg e and bactcrl and has not yet been
shown unamblguously to occur in an ordinary protein,
Phosphorous occurs in caseln, ovalbumin and pepln, and may be
present as phosphoserine,

There are, in addition, amino acids whig¢h occur in
small peptides, such as ornithine, diaminobutiric,eté. - see
Table I of Bricas and Fromageot, ad.Prot.Chem.(1953) Vol.VIII
for a comprehensive list. Under this heading one should also
include the D isomers of common amino acids, and ethanolamine,
which occurs in gramicidin. |
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In my view all these special cases can be disregarded
for the moment, and moreover proteins in which they occur should
not be considered "genuine" proteins without further justific-
ation. This applies ﬁarticularly to collegen, which may turn
out to be more a '"polymer" than a protein - and I would also
discard éilk for the same reason. Practically all the small

/peptides (e.g. the antibiotics) should be ignored, and I myself
would be cautious about ocytocin and vasopreosin, I suspect
that the tyrosine derivatives and the phosphorous derivatives
should be regarded morec as modifications to a protein, iin the
same Way as we régard the éddition of a prosthetic group.

The case of diaﬁinopimelic is more difficult - further
evidence isgclearly required here. It would be valuable if
one of the more biochemical members of the club could write a
paper discussing 211 these points in more detail then I have
done here.

There remains the cystine-cysfeine problem, It is
not unreasonable to discard cystine, ana assuﬁe that s-8 .
bridges are formed later. I doubt if we havé any evidence one
way or the other; Thus modified (i.e. With asparagine and
glutamine replacing cysteic acid and hydroxyproline) the list
comes to 20, as given in the Club tie-pin list,

Application of Gamow's Scheme.

It is well-known that Gamow's scheme does not work
for insulin; though the argument given in his paper is not
valid because one of the glutamic residues is actually glutaminc.
I showed somé time ago that the B chain could not be coded, but
the proof is long and intricate ani not worth reproducing. I
believe other people have also shown this. |
If the insulin data is combined with thét for
B-corticotropin a very neat proof is poésible, as follows,
One can list all possible amino acid combinations, using
Gamow's code, having the form xyx. It is found that there arc

ten of these, and that no two of them have the same middle
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amino acid, Now Insulin B has Leu. Tyr. Leu., and B-cortico-
' t}opin has Ser. Tyr. Ser. These cannot both be coded by

Gémow?s scheme. |

\nother proof of this type depends on the A chain of
two species of insulin| The sequences are identical except
that one (sheep) has Gly. where the other (bovine) has Ser.
The cﬁange occurs roughly in the middle of the chain. - Both
Sequences cannot be codéd by a Gamow scheme, since cﬁanging
one pair of bases necesserily alters at least two amino acids,
and this cannot be corrected without meking further changes in
the base sequence. The only way to do this efficiently is

.to have a sequence of the type

G
kN
KN

L

L
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o
-
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-
oy
i
=
)

b,
=
Ry
(€Y

and since there are only’two distiﬁct diamonds with (3,L) top
and bottom (r ana t), one cannot code more than 5 :esidues from
?he changed émino acid. Thus to code both species of insulin
A chains is impossible. A third method to disprove Gamow's
scheme, given sufficient data, is to‘count neighbours: This
is particularly useful in a scheme which does not distinguish
between neighbours-on-the-right and neighbours-on-the-left.,
Using'ﬁhe data from the two insulin chains and
B—corficotropin one finds 10 amino acids having 8 neighbours
or more. Gamow's scheme (see his Table III) allows only 8
‘amino acids to have more than 7 neighbours. Thus coding

would be impdssible.
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I have used the szme mcthod for testing Gamow's schenc
aésuming it epplied to glternate aminc acids, i.e, fhe'odd
pbsitions form one sequence, and the even ones another. Thie
time the proof is more complicatel, since in the sbove data
only 7 amino acids have 8 neighbours or more. However 1t is
easily“shown that the association rules of Gamow's Teble III
cannot‘be obeyed; as follows |

aelio associates with
(aeio + dghn) + “mp + fuv, while dghn associates with

(aeio + dghn) + kst + ber.

Thus apart from the (éeio + dghn) group, whiéh we have
identified (with one exceptibn),the other neighbours of the
(aeio + dghn) group should fall into two mutually exclusive
classes. This is easily shoﬁn nct to be the case, Thus
Gamow's scheme cannot work,

I have set cut these at length, not to flog a dead
horse, but to illustrate some of the simplest ways of testing
a che. It is‘surprising how quickly, with a little thought,
a scheme can be rejected, It is better to use one's hesd for
a few minutes than a cémputing machine for a few days.

Gamow's Scheme: Fundamental Objections. ~

The most fundamental objecfion to Gamow's scheme is
that it does not distinguish betweén the direction of a sequence;
that is, between Thr. Pro. Lys. ala. and sla. Lys. Pro. Thr.
using the usual convention, There is little doubt that Naturs
makes this distinction, thouch it might be claimed that she
produces both sequences at random, ani that tﬁe "wrong" ones -
not being able to fold up - are destroyed. | This seems to me
unlikely.

This dlfflculty brings us face-to-face with one of the
most puzzling features of the DNa structure - the fact that it
'1s non-polar, due to the dyads at the side; or put another way,
that one chain runs up while the other runs down. It is true |

that this only applies to the backbone, ani not to the base
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égquence, as Delbrlick has emphasised to me in correspondence.
Tﬁis may imply that a base seguence read one way makes sense,
and read the other way makes nonsense. Andther difficulty is
that the assumptions made about which diamohdsare equivalent sre

notavery plausible. It is not perhéps inplausible that

3 X
'<>2 should be the same as 2<>, , (though this
: 4
& .

' égsumption has structural implications), but it has also been

|

| b
“assumed e?at these are the same in their effect as !<i&1

'
{

and 20N | « This would be not unreasonable
if the amino acid could fit on to the template from either side,

into cavities which were in a plane, but the structure certainly

‘doesn't look like that, The bonds seem mainly to stick out

15

‘ perpendicular to the axis, and the templatexreally a surface with

knobs on, and presents a radically different aspect on its two
sides.,

Gamow's argument about the bilateral symmetry of the

"majority of the amino acids is the wrong way round. Such

'amino acids would more reasonably be associated with cavities
which have this symmetry already - that is, the ones in his. list

which are not marked with ‘an asterisk.

"The Gamow approach.

~ What, then, are the novel and useful features of
Gamow's ideas? It is obviously not the idea of amino acids

fitting on to nucleic acids, nor the idea of the bases sequence

- of the nucleic acids carrying the information, To my mind

‘Gamow has introduced three ideas of importance:

(1) In Gamow's scheme several different base sequences
can code for one amino acid (as just discussed)f
This "degeneracy" seems to be a new ides, ahd, as
discussed later, we can generalise it. | .

(2) Gamow boldly assumed that code would be'of the
overlapping type. That is, if we denote the sequence
of bése.pairs by 12345 6 ceessees, he assumed that

the first amino acid was coded by 1 2 3, and the next by
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2 304, not by 4 5 6., Watson and I, thinking mainly
gbout coding by hypothetical RN4 structures rather than
by DNA, did not seriously consider this type of coding,
(3) Gamow's scheme is essentiaily abstract. It originally
paid 1ip—service to étruotural oonsiderations; but thé
position was Soon'reached when "coding" was looked upon
as a problem in itself, independent as far.as possible
of how things mighf fit together. As T shali explain
later, such an approach, though at first sight unnecess-
arily abstract, is imﬁortant.
Finally it is obvious to all of us that Wiﬁhout our
President the whole problem would have been neglected and few
of us would have tried to do anything about it.

Structural Considerations.

I want to consider two aspects of the DNA structure.
Firstly its dimensions; secondly its chemical character.
_/ The dimensional side is soon disposed off In the
"ﬁaracrystalline" form of DNA (Structuré B) we have one base
pair every 3.4 2 in the fibre direction. A fully extended
: poiypeptide chain measured about 3.7 2 ffom one émino acid tQ
the next. Therefore it is argﬁed that not more than one basc
pair can, on the average, be matched with an amino acid. If
we go up the outside of the helix the ﬁosition is worse, since
vhe distanée per base-pair is now zreater, perhaps twice as great.
I want to point out that this argument, though powerful,

‘is not completely water-tight. To begin with, in crystalline

DNA (Structure A) the distance between base pairs along the film
~axis is less than 3.4 2, being probebly about 2.5 A. Now

"in solution" one might eXpecttStructure B to prevail, but such
DNa might'easily go over to Structure 4 When amino acids condensed
on it. Moreover, for all we know, the process of tilting the
bases may perhaps go even further, and there may ve a third, semi-
'stéble, configuration with a base-pair distance even shorter

than 2. 5 2.



Then, again, we-ﬁave‘no evidence to teli us whether the
completed part of the polypeptide chain stays on the template,
.It is just possible that the distance between thé growing end of
the chain and the next (free) amino acid at the operative moment
may be greater than 3.7 ﬂg though I doubt if it could be much
greater, Thus it seems to me just possible, though not very

probable, that one amino acid might stretch over two base pairs
rather than one. (Notice that this argument 1is weakened if the

polypeptide beckbone is put at a distance from the fibre axis,
even 1f the inside of the nucleic acid structure is used for
coding, rather than the outside.) It seems highly unlikely

on the present DNa struoturé that one could have three base—pairé
per amino acid (RNA may be different of course)w

R T T— e
—~ ~hs_regards chemicdl Character, I want €0 ¢sngider- ot

@39 only the-DNi-structure;~but-alss &Ny conceivabie TOTM UF—RNA

N '
structure——Now—whet-—I-find-profoundly -disturbing—is—thet I

(T ol , RNAcc DNA
-- - cannot conceive of any structure (@orAeithePwnuclelo»aohd

acting as a direct template for amino acids, or at least as a

specific template, In other words, 1f one considers the

Dhy81ca1—chemlcal nature of the armino a01d side chains we do

not find complimentary features on the nucleic acid. Vhere are

the knobly hydrophobic surface to distinguish valine from
leucine and isoleucine? where are the charged gfoups, in
{ : \SpGlelC pOSlthﬂS, to go Wlth the acidic and basic amino acids?

It is true that a “Teller" scheme, in which the amino acids

! b.a;ready condensed act effectively as part of the template, mignt
j ' be;a little easier, but a study of sequences from this point of
{ - view is not encouraging.
% I don't think that anybody looking at DN& or RNA would
\ thipk of them as templates fﬁr amino acids were 1t npot for other,
indirect evidences. |

What the DNA structure does show (and probably RNA will

do the same) is a specific pattern of hydrogen bonds, and very

little else. It seems to me, therefore, that we should widen

our thinking to embrace this obvious fact. Pwo—schemes~suggest.

20 g
At A o i, S R
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/ tjemselvesr~mmlnuthe=first~small~molecules~(phospholipides? donsz

chelated_on guanine?) could condense-on-the nucleic acid and ped -

it suitebly; and the resulting combination Would‘form“the’temnlgte,

-~ E— = e e

Ilshallmgggﬂdisoussmibis»furthermhere. Iﬂ~$ﬂ8“@€CUn5) esch
amino acid would coubine chemically, at a special enzyme, with

a small molecule which, having a specific hydfogen—bonding surfzce
would combine specifically with the nucleic acid terplate,  This

?ombination would also supply the energy necessary for polymer-

isation. In its simplest form there would be 20 different kinds

of adaptor rmolecule, one for each amino acid, and 20 different

enzymes to join the amino ascid to their adaptors. Sydney

Brenner, with whom I have discussed this idea, calls this the

"adaptor hypothesis", since each amino acid is fitted with an

adaptor to go on to the template.

A ety s e T T _"-‘.MWN‘M.‘

—
-The usual argument presented asgainst this latter scheme

is that no such small molecules have been found, but this

objection cannot stand. . For suppose, as is probable, that the
small adaptor molecules are in short supply. .Then consider the
experiment in which all aminolacids except one, (saylﬁucine) is
supplied to an organism, so that protein synthesis stops. Why

do not the intermediaries - the (amino acid + adaptor) molecules -

‘accumulate? Simply because there is very little of them, and

no more amino &dcids can conbine with these adaptors until the
amino acids, to which they sre at that moment attached, have been

made into proteins, thus releasing the adaptor molecule. Thus

: under the3e conditions free amino acids accumulate, not

amino a01ds -plus-adaptor molecules.

~,

(In passing, 1t\@euld be intefegting to do thiskexoeriment
: N AN AN
with rarex@g\no acids, llke\tryptoohqne and . 1soleucine, to - eee 1i
\
protelns without them continued to be synthe51sed Perhups -

NG —

someone has a sultggle mutant, )
\ In any case it-seems unllkely that totally free amino

acids uctually go on to the temolete, erbuse a free energy sunply

N N \

.
is necessar\\ esne01ally When™ one bears in mind the entropy

contribution needed to assemble tne*amlno acids 1n the correct ™
: .

~
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order, Free energy must be supplied to prevent mistakes in
)

sequence being made too frequently. ‘
The adaptor hypotinesis implies that the actual set of

-

twenty amino acids found in proteins is due either to & historicsail

accident or to biological selection at an extremely primitive st

This is not impossible, since once the twenty had been fixed it
would be very difficult to make a change without altering every
protein in thé organism, a change which would almost certainly
be lethal, It is perhaps surprising that an occasional virus
has not done tais, but even there a number of steps would bé
required. Incidéntally the adaptor mechanism may make it essicr
.to explain some ofrthe Jocal egcepfions to the "magic 20"
rule-diaminopimelic should be watched from this point of view,
also thyroxine. y |
It is also conceivable that there is more than one
adaptor molecule for one amino acid, end the number 20 may be
simply an accident (in any case we need a code for 'end chain",
SO perhaps 21 would be rore reasonable). Alternatively the same
adaptor molecule might fit on in more than one way (related9 say,
by a rotation of 6°.) |

Degenerate Templates.

Such a point of view discoufages a purely structural
approach to the problem, &at least fo: the moment, and throws us
back on "coding", which, it is important to noté,'still remeins
a problem evén with this new approach. However, we now have
.even fewer structural limitations than before, since we cen think

N

of “other types of degeneracy; raether than the Gamow type.

To make this clearer, let us cohsider the Gamow code.
Let us denote the four possible base‘pairs by A 8 C D, reserving
the small letters, 2, b, ¢; ¢vee... for the amino acids. Then
in Gamow's code an smino acid is represented by several separatc

sequences of three letters. . For example if

12 = A
2 1 = B
54 = ¢
L 3 = D

where 1, 2, 3, L are the four bases,
_9_.
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then Gamow's a, which in his notation is

j 0 P S | o
; A SR /
Na N N /
P72 0 2000y al Y2 er 200y
\/ VA \
W by R P
would be; _ |
A A D D
A s B s L - or B
i C B B

or more_éonvenientiy written
CAA, CBA, BaD or BBD
- In his code 12 of his\amino acids have u_possible representations
ahd thé remaining 8 have 2 representations, making a total of
. 6@ reprgsentationé in all, this being the number of possible
permﬁtations of four types of things taken three at a time,
! We can'generélise fhis as follows. We can try to
construct a code with the following properties:
(1) Four types of letters: 4, B, C, and D.

(2) Bach sequence of three consecutive letters has
a meaning

(3) OVerlapping i.e. DABDC.;;...
meané DAB'.
'.then ABD |
then - BDC etc,

(u) A particular amino acid 1is répresented.by one or
more sets of three letters, chosen at will.

\To illustrate, consider an unlikely codé:

The combination code

There'are 20 different combinations of four types Of
thing chosen three at a time (Note that Gamow's/ZO‘comes from
twice-ten, where ten is the number of combinations of four
types of thing taken tWo at a time). | o

‘ 'Thus.one amino acid, say a, would be represgnted by
the permutations: ABC, ACB, BAC, BCA, CAB and CBA. |

o Another, say b, by BBD, BDB, DBB, and a third, say v,
-by CCC only. | | |

-10-



This code seems structurally unlikely, but it does give
the magic number 20, and it does make some letters (amino acidg)
rather frequent and some rather rarac. Note that, like Camow's

code, it has no directional properties.
$

We can test this very rapidly. It is easy to show that

. . N e .
no amino acid could have more than 10 neighbours, The data

. for insulin and B-corticotropic shows Val., to have 11, Moreover

T g

of its neighbours, not more than three can have more than 7.
neighbours, whereas the data show that Glu, Phe, Leu, Ser, Cys;
and Pfo (211 neighbours of Val) have 8 or more. This acts as
a double check. Thus the code ié impossible.

The Eassy-Neighbour Code.

I nexttried:to see 1f I could construct a code of thié
tjpe for which all neighbours and next neighbours
were possible, To make things a little simpler to
stert with, I assumed only 16 amino &cids, intending to expand
thiflist later. To my surprise, I found I could do this; I

found 6 different and apparently independent solutions ( I have

not checked this last statement carefully). One of these wes

S AAA LB AAC 55D
BAB . BxC - BED BLA
CAD CAA CALB CLC
DAC DAD DAA DaB
ABL - ABB ABC £BD
\ B3B BAC BED BBA
‘ CBD CB4 CB3 CBC
DBRC DBD DB& DBB
) ACA ACB ACC  © ACD
BC BCC BCD BCA
CCD CCix ce3 cce
DCC DCD DCA DCB
ADA 4D3 ADC 4DD
BDB . BIC BDD B8DA
CDD CD4 CDB « CDC
DDC DDD DDA DDB
Each set of four permutations corresponds to an amino acid. 1t

is easy to see that any amino acid (of the 16) can neighbour any

other, or near-neighbour any other. Yoreover the restrictions

11—



oﬁ Xyx sequences are not severe, and four itypes of xxx are
possible., Thus at first sight it secmed promising. I was
therefore annoyed to find that it is impossible to code the two
species of insulin A chains with it,;, as it is impossible to code
two sequences identical except for one amino acid near the middle
of the sequences., The same applieé to my other solutions.

Directional Codes

The above codes are not directibnalg that is, no
sequence of letters makes nonsense. Is it possionle to construct
~a code which, when read backwards, makes nonsense almost everyihere?
This, again is not very difficult.i Leaving aside symmetrical
éets like 4hA, or BLB, one must simply decide for eaoh\unsymmetriéal
pair (e.g. DBA and ABD), which will mean something and which will
make nonsense. There are 12 such peirs made of sets having
no fwo letters the same. Thesesone can allocate systematically -
if one wishes (using a tetrahedron with the four letters at the
veftices). There are 12 more pairs having twg letters of each
sét the same, Theré scems to be no systematic way of allocating
theée between. sense and nonsense, so one can do it arbitrarily.
The remaiﬁing 16 permutaticns are symmetrical and we arbitrerily
assume that they represent sense. Thus one gets 2L permutations
making nonsense, and 4O making sense, This suggests that cns
should systematically degenerate the LO permutations to 20 pairs
but it is not obvious how to do this, If it is done (so thot
each amino acid is represented by exactly tWwo per@utations) then
a? the most, on one side, only eight neighbours are possible, and
I am sure that sufficient good data exists to show that more than
eiéht~neighbours9 on one side, do.occur (following Serine, for
example) . However, it is possible that a logical method of

degenerating exists which would give more than two representaticns
to some amino acids and less than two (i.c. one).to'others.

The latter qould only hsve, at the most, four neighbours on cach
slde. - I would be interecsted to ﬁnow what the known, relicblc,
neighbours are for say, Met; Try, Ileu, and Aép (not 4spN).

4Lt the moment this scheme looks unpromising and I have not

examined it further,
-1o-



Logical Degeneracy.

although I have argued that there may be no simple
'relationship between the different triplets df base-pairs
representing one amino acid, it is dbvioﬁsly sensible to
investigate forms of degeneracy which deri&e from simple
structural idcaé, asléamow's did. To illustrate this, consider
a simple example,

Imagine a code based on diamonds like Gamow's, and allow
< g -y . 4

. 3

rotational degeneracy, i.e., if 1,f>j

£y : "\\ >
then associate with it ;/\, b

' A [ 3 .
: 3 ;

but not the other pair, ;J/f; and ;;<:>,
allowed by Gamow, - 3 ‘ 4

This gives too many possibilities, Now argue as
follows: Supbosé that we consider the‘NH2 of zdenine as
different in its effect from the NH, of cytosine, but the C = O
of ghymihe as indistinguishable from thet of guanine as far as

/

the’ top and bottom of the diamonds are concerned. Let us put

Guanine = 1
Cytosine = 2
Thymine ; 3
Ldenine = 4

Then, for example, we shall have one amino acid represented by

the following diamonds:

\» A
{2,
\\ ,l/b |

h
YO

That is, if we have 3 in the top or bottom position, we can clso

{

e 2>

have 1 (and vice versa).

It will b;“found that there are 18 such sets. Two of
them contain eight represcntations each, eight cbntain fodr gach,
and the remaining eight contain two re@resehtations cach; This

N

does not quite get us to. 20, but one might manage this by relaxing

-13-



tge degeneracy a little. This cbde suffers from the usual defect
of ‘being non-directional, but here again it.might be saved by
deleting certain representations; 5n gnd-ofjchain mark might be
'provided in & similar way. |

| The "neighbour rules" arc not excessively restrictive,
but the code fails to code the two<specicskof insulin & chain.
Qné cannot code with it two seguences differing, near their
riddle, by one amino acid only. |

The General Case.

The problew Which I have failed to solve is "are all
schemes of this type impossible?" One test, which can be
‘applied eventually, is that there cannot be more than 256
‘differcnt amino-acid pairs (out of a possible LOO), since any
sequence of four base-pairs implies a definite pair of amind
acids (though the converse is not true). My own impression is
that the large number of pairs (i.e. neighbours) now recorded,
and the difficulty of coding the three species of insulin & ,
togethef with the directional difficﬁlty, make a.solution unlikely,
. but perhaps someone can produce a proper proof. It is obviously

not easy since such a large class of codes is involved.

Further Structural Remarks,

If we accept the ideea that what matters in DNA are the
hydrogen-bonding sites, it seems plausible to assume that each
"site“ will combine with one adaptor and one adaptor only. Thet
is, the spare H of the NH2 on adenine will not conmbine first witi
one adaptor and then another. This requirement 1s not essential
but it is likely if adjecent adaptors hnve to be combined with the
DNA at the same time for polymerisation to occur. If we restriot
ourselves to the NH and C = O groups this makes anything like

Gamow's scheme unlikely, It sugeests rather schemes of the type



t .

where each dot reprcsehté a‘C = O or NH éite on a bése, and the
bubbles show which sets code for onerémino acid. This scheme
%ﬁplies two amino acids every Eﬁggg'basé pairs, which, as we have
éeen, is not absolutely impossible on dimensional grounds. ‘I
shall not discuss such codes in detail. Obvious modificatioﬁs
-and complicétions suggest‘themselves, and 1 may look into it
further in the near future. Note that a maximum of 256 amino-

acid pairs are possible, where pairs are not all adjacent amino-

})

acids in a sequence, but are split up; 1i.e. for insulin B, either

' Phe. Val,— AspN. Glul. His. Leu. Cys. Ser.-—— etc.

or

-Phe. Val.aspN

~- GluN.His, Leu. Cys.™ ™ etc.

It is s well to Ee’aware of this soft of possibiiity while
examining the sequence datsa. Incidentally such a,séheme has
one minor point to commend it. A fully extended polypeptide
"qhaiﬁ does not truly repeat after 3.7 2’ but after twice‘this,
t%eysymmetry opereation being a screﬁ dia&. An associatioh?in—
pairsvis thus not totally. silly.

- Our sssumption (that a site is only bonded once) does
not compel us fo a scheme of the above sort, because of the
nitrogen in the 7 position of the two purines which Fould‘acoept
a(hydrogen bond. This suggests schemes like the follbwing.
‘Represent NH by +, C = 0 by -, a purine N by X and the cdrres—
~ponding pyrimidine bosition by O. Thus a schematic view-bf

the sequence



guanine - cytosine
cytosine - guanine

adenine - 'thymihe

thymine - adenine C -

the bubbles representing the grouos that d601de which amino acids
- go in. (The + and - group will be in sllgbtlj dlfferent p081t1LuJ
a pFndlng upon whlcn base pair thcy belong to).

j Such a scneme is a sp601c1 tyge of our wide cless

con81dered earlier, and since it has not led anywhere I shall

not dlscuss it further.

) Gencral Remarks
| The mein purpose of this Pote is to put forward the
édaptor hypothes;s for serious consideration and to point out
its implications for degenerate templates. It can of course be.
con51dercd in & Wider'conteﬁt. I have not considered ”Tellér“
schemes here - by Whlch I mean codes whlch depend on the orev1ous
amino acid - bgt the adaptor hypothesis removes even the fllmsy
structural justifications put forward for the particular Teller
'scheme suggested (and shown to us by Gamow at Woods Hole).
The ba51c dlfllculty of Teller schemes is that they are potentl 1iy
of enormous variety, and one simply doesn t know how to get down
.to them-till'more seqﬁence data has accumulated. The féct'thaf
the particular scheme pﬁt forward looked implausible éhould not
- mislead ényone into thinking that all schemes ofathe Teller type
\are uﬁlikely.

\

\ ' :
- Leaving aside Teller schemes, the adaptor hypothesis

allows other general t:ipes; for exaﬁple, depending on a sequenée
of fouf base pairs. ‘The insulin 4 chain data make this unlikely,
»but it 'is dlfflcult to dlsvrove rlborously.

I have tacitly dealt with DNA throughout,‘bqt the
arguments would carry over to some types of Rlia structure.
If it turns out that LNA, in the double—helix form, does not'act-
directly as a template for protein synthesis, but that RN4 does,

many more families of codes are of course possible. &EnCldbﬂbullJ
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thq protein sequences we use to test our theories - insulin, for

!
example - are probably RNiz-made proteins. Perhaps a specisl

class of DNi -mede proteins cxists, almost always in small

quentities (and thus normally overlocked), excoit rerhops Where
. - . »
there are gicnt chromusomcs:§ To pacticular base pairing may be

abssnt in RNA or take a radically different'formg and there may

~

be more than one base to the asymmetric unit, without a structurc

|

|
fori RNA one can only guess.
’ Altogether the position is rather discouraging. Whereas

on the one hand the adaptor hypothesis allows one to construct,

“in theory, codes of bewildering variety, which are very difficult

to reject -in bulk, the actual sequence data, on the other hand,
gives us hardly any hint ol regularity, or connectedness, and

suggests that all, or almost all sequences mey be allowed.

In the comparative isolation of Cambridge I must confess theat

there are times when I have no stoimach for decoding.



