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tige o take this gppurtum Ty ga*reiat“ 6 m;thxwg
Oy — 2 N
—~3. our knowledne of the genetic language. | For some two to fourﬂ

cn yv&ars some sucb ~anguage has probably provided the ba-
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sis for a continuous dlalogue between ce*ls and their descend-
ants. Fossil recordsia&’bacterla about 3 billion years eid -

'~:

ave been reported égngaghoornJSchopf); the first verctebrate
appeared approx1xately 500 million years ago; andc amphibians

and mammals about 350 and 180 million years &ago, respectively.
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The presence of bacteria 3 billion years ago may~indibate the
presence of an operational code at that tl.e;;élmost surely

the code has functioned for more than 500 mllllon years. The

"J

remarkable similarity in codeﬁwords used in bacterial, amphi-
bian and mammalian replicative processes suggests that most,
if not all, forms of 1ife on this planet use almost the same

genetic language, and that this language has been used, pos-

sibly wich few major changes, for at least 500 million years.
.
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It is by virtue of this language that each generation is

able to pass to the next generation a library of information

which specifies in detail how toc make the many kinds of protein

catalyst*that the cells will need for their development. -Amd-

-

Zithough ft now seems clear that all, or almost all.forms of

<

iife on this planet use virtually the same language, xecently

a number of ‘‘dialects' have been found. I shall describe thid
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The elucidation of the genetic code has been epe SUb¥eCu
/
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of much intensive work, particularly in the past four or:f;ve
years, and I would iike to stress .abwthe Quisety that this

work, anépartieularly-the work with which I have been associ-
7 . ”f,: : " e N . n 3x
&ied nas been, in a very real sense a collaborative project.
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enzyme ?NA*DOL efase ‘catalyses the synthesis of messen er-
ya } ¥

! L

RNA, qs;;g Lhe DNA as s template. Only one strand of we DNA

#

is copiea by ggi‘RNAhpolymerase;‘an&-the copying process is se-

quentiat5ﬂnd erere-dre: signals, whose exact nature is unkown,

s ,w”

wﬁmeh spec1fy the beg naing and the end of she,messengéz

g
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syn%hans S The next diagram {(Fig. 2), shows schemaelcallyg the
process of protein synthesis. In the DNA shown here, the dif-

ferent cross-hatchings represent various segments of DNA, each
[
corresponding tc & specific protein,’ or group of nroteins. Ri-

-

posomes are shown,schematically; attached to the messenser<iiA
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watle reading, or translation}begins; aort a5 soon as one rioo-

some moves down the meeeeageglRNA, another becomes attached un-

- ; T
til the m&ssgggeme?A 1s Vﬂsmhal%y xcovered Wluh ribo omes .

r/’ u,«rﬁ?ﬁx"\ L )“_ . KN %&j ; \’t‘ :‘ h}
Tae- a*ttai readlnvébake&wplaee % (nean ﬁ-s N »(S@luble-
/(37
Ay ) which carr%ﬁ; speci ific amino~acids and recognizif parti-
Ciedm
cular mgRNA code hordsﬁpn_tha_;ibesemes. Thus the G&é@wﬂ@ﬁéy
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-OF cods.. / is recognized not by the aminoc- ac1d$ perfse but by

gziaeu%cfﬁbthe-ﬁigézzzl. »

. 5t ———Fig. - iilustrates, again dlagramptlcally but in more cetaill,

the codon recognition process as exemplified by that most inten-

.o, /
sively studled organlsm PR w1%k < .
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1 ™E_yibosome pf Eeeedd ﬂomp"1se§<fwo sub—unlts- the larger B
‘56§¥ﬂxithe smaller 3g§} The messengew=-RNA lies on the sma%ker -
ool . B
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Parc of the ribosome, By and presumabxyf three bases)ln Lhe

NS S, o E’»m
measennew~NA molecule 6&-—eeéea~) are cecognlzed bi(thre% Baseé{ N

in QgghQ:KNA (an-i&ﬁe&-eeéea } can then bin
-2 ‘ - ¢ e f g ) I

fat one of two Doss1b1e binding sites on the larger ribosome sub-

unit, & -particular amino-acid, (aa). One of these binding sites
) ) L - 70 - ) 4
is for the peptidal s+RNA, s¢ the stRNA which is attached to the

growing‘(protein)igﬁiyiﬁeptide moleculeé and the otheréfor the

incoming aminoc-~acid s$RNA. {h ree eﬁzymes (G%e—uwo«c_RhA_s
- o Citiats o _\r . i s~ e ‘,,‘,,
ey R pluads which supplies the acti-

vation ergy are required for the transfer of the growing poiy-

ff.

peptide chain to the next (incoming) amino*aczd szNA complex.



Waen this is accomplished the srRNA required for the previous
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aminoJECid is discarded, and a shift im-—seme-way occcurs so that
the nexc codon (&riplet of bases) on the m$RNA can be recognized
5 T,

by a new stRNA. In this way the protein syntnes;s starts at a

A«(\ e
given place (on the mtRNA), reads grouplngs of three bases se~-

quentiarly and with a given polarity. fgf ﬂﬂﬂﬂﬂ f~ S S
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In an actcual living cell, even the*sma%%e&t bacterlal cell
Ay, ot &ty

i orumerstiT-blochemical processes axe simultaneouslxmiﬂmpaaeeﬁ&g:
all part of the cell metabolism. The synthesis of even a single

+ <y A

orotein is quite an elaborate process involving, \inter-alia,
the tr.-sfer of a long DNA message to an mfRNA molecule which

Voas typreally sufficient nucleotides (about 1,500) to code seme -
e R RS T S Y g ot £ o ~E

3&& aminc-acids for the»protexn poly+pepﬁ1ae—cha1ns¢ Moreover.

in an actual cell these 1,500 nucleotides will not be arranged

¢
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in any simple sequence, reflie cLlng Lne fe that there is a
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great Aumoer o< dlfferent sequerices OffaanQ“aCldS éeémwhiehwzg

Hita, A’«&fl- . o .
different-varieties- anelg;dea whrich constitute different proteinss

Nonetneless?.y & gueat variety of biochemical and genetic

anestlgaelons especi 1iy with bacteria and viruses, asgeeat

\
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“many features of #B® protein synfhesisJ anlud ng{;an partlcolar[

“ i

s informatior, zbout the codephas been obtaLned§ The work T
g

shall %€ cescribbmg is, however, characterized by the use of much
simpler, In viiro systems, where the essentially chemical feacures
of some of the basic steps in the whole process are studied. The

¢, +de

success of these methods}‘”hnd the concurrerc.a a8, vesults £88m
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Glem-with those from in vivo experiments, where—beth-are avaii-

M sasmasisirutisiine

apes— will)I hope)demonstrate how a physio-chemical or mole-
cular basis can be found for thc basse processes governing such
fundamentally biological phenomena as cell metabolism and repli-
cation.

The basis for our earlier work on the DNA-RNA code was the
use of synthetic messages,%(in place; thet 1is, of actual mERNA)

~which were randoml y oriented sequences of the four code letters,

1A et

'Uﬁﬁ@ﬁ;f,j R C(%#9031€e) A(den%ne) G(%anlne), the four bases

- LN

of miRNA. 1In thls raccerlstlc of the code could be

-
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determlnedmﬂ 1n~pef?eea¥%r -the. base eonp031tlons of .iba code- ‘

4 («~ ‘k«“‘ﬂ ‘vj\- LI G (../w .
words, but not o secueﬂdejvfwﬁhe~bases Lnushe, in the

-
words. Taus the problem/fup to two or three years ago was iike
that oL an anagram: we knew the letters comprising the code<words

but nd%the order of the letters within each word.
Ixuﬂaa beerswett establlshed* in several laboratories that
Lo ' N )
érranewaeeea(a synthetic megsenger-RNA, in particular polyuri-
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dylic acid™ e thetle RNA with entirely U bases/%/to a suic-
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abie mixture of ribosomes, s%RNA S, enzymes, AT%, P and amino=
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U weetd selectively bind® pnenyLaLanLne s%RNAY/

.e. the particular s}QhA asscciated with the incorporation of +i:

[
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amino=-acid phenylalanine in protein),. to the ribosomes. My coi-

et e o

m

league Philip Le’eg)and I then speculated now small & message

{¢. the RNA type) would direct the binding of s~RNA to the ribo-



some. Zxperiment showed that only three bases were needed,
chat is?very small molecules comprising only the triplet itself
would direct the binding of & the appropriate amino-acid skRNA
to tae ribosomes. This provided a,rather simple route towards
the determination of the sequence of letcters in the RNA code= -
words.

Our main problem was to devise suitable techniques for syn-
thesizing triplets. At the time we started our work with such
triplets, methods had been reported for making some 20 or 25 of
the 64 (=43) triplets which can be constructed from the four

M“'A
nucleotides U, C, Ay G. These had been prepared by enzymatic
breakdown of RNA, or by chemical synthesis, in the latter case
using some of the very elegant techniques devised by Xhorana
and his associates.

Two general techniques were developed in our laboratory,
the first by Leder, Singer and Brimacombe, and the second by

Mertorn Bernfieid. The first employed polynucleotide phosphory-

‘
_ SF S -
lase L‘Ne enzyme AnauAﬁx /ﬁ%ésajyf %J%7%Nﬁ4w~M”ﬂ (/‘$%042ﬂ&a21 z
PSRN 14 4 7
N Lrganon ,_yaua;z‘81ng1e nucleotides to disnucleotides to make
Fig. ?
Crimers , tetramers, pentamers, etc. The second method em-

<

ployed the enzyme pancreatic RNA-ase, wh

.l

1o

though normaily

Pdo

ch, al
a breakdown or degradative enzyme, will also catalyze an ex-

change reaction between polynucieotides and can be used to make

.- . - . N B
tripiets with well~defined sequences. Using the methods of
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Khorana ég&-these two enzymatic techniques, it was possible to
syntihesize amost all of the 64 tripbﬁts.

In connection with the use of Ehém}small polynuclicocide or
""oligonucleotide" molecules such as the trinucleotides, it is
important to.point out kewe that any given sequence of nucleo-
tides can exist, when incorporated in actual mﬁRNA in three
chiemically distinct forms, depending on the location of the se-
Guence in the whole messenger molecule. The chemical forms re-
ilate to the three positions (a) as an internal codon (trinucieo-
tide) or &s one of the other of the terminal groups - so called

)
w

3'-terminal codon and 5'-terminal codon. This is illustrated

Fig.
e Lo .
All of the evidence te-date suggests that the biological char-

&cterisiics of codon recognition may in some, perhaps in many,

Jklééé be influenced by the particular position of the codon in
che m{RNA (or equivalently in the DNA). Thus each of the 64
triplets referred to above fhay exist in three effect ively dif-
ferent structural forms.

The significence of these"seconaary chemical features is

St

indicated by uxoer;meﬂts/ in vitro, witx the o.igonucleotides,

The helical ZIA \o: DNA) has a definite sense or direction -
with a cefinite "beginning” and a defin-ce “endling', 3' and 5°
refer to features of the chemical structure at these respective
terminalis.
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and specifically by studying the influence of various (phos-

phof&lating) substitutions on either the 3' or 5' terminal hy-

droxyi groups of the sugar in the trinuclecotides. Thus Fig.
Fig.

shows the binding of phenylalanine qiRNA to ribosomes as a

function of the concentration of the trinucleotide. A simple

]

w5
triplet, UUU, has an activity shown by (2. If one adds a
[ l.

pnosphate to the 3' hydroxyl group ta the sugar the activity

i

wn

greatly inc:easedji.e.,the binding or template effectiveness

H

of the trinucleotide is greatly enhanced(ﬁ(b). A phosphate at-
tached to the 3' terminal lowers the template effectivenessrﬁ
{¢). Recently, Fritz Rotman prepared séme analogues of UUU
Gerre Cviil U7 e

with a mecnyl group attached to the 5' phosphate, and alsg/wi:h
& methyl group attached at both terminals, i.e. both 5' and 3°
phosphate. The methyl group at the 3' phosphate terminal great-
1y reduced the template effectiveness. A triplet with 2'; 3'
cyclic phosphate shows very little template activity.

It seems possible that'significant terminal variations of
this sorc may occur in different biological circumstances, and that

SRR TS N

these&may possibly regulate the template activity of the codons.

For example, the terminal hydroxyls of the sugars (ribose) may

The binciag of che SERNA to the ribosome is determined by tech-
nilques in which & radiocactive tracer is incorporated in the SERNA,
30 that the raclcactivity associated finally with the ribosome
complex is & measure of this binding. It is T ey
activity in figure deno

tes the effectiveness o

P



be modified in such a manner. Certainly a substitution at the
5'-terminus may be important because this could furnish a sig-
nal which specifies the attachment and/or the detachment of the
ribosome from the message, (m-RNA or substitute). Recently Mitra
and Hurwitz, and alsq/g%ent, have shown that, in vitro at least,
méssenger-RNA cont alns“é triphosphate attached to the terminal
ayaroxyi; and although it is not clear what physiological func-
tion this ctriphosphate serves, it is highly plausible that it
may in some way specify the initiation of reading the message.

It could aiso determine the first (three letter) word to be

‘}f
read, pnase the reading, and, perhaps affect the susceptibility

L
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nzymes that could attack the termini of the messenger-RNA.
internal codons may also be modified by these secondary
chemical changes; the 2' hydroxyl or the base could be modi-

fied and such changes may be relevant to the punctuation of the

/1u FEEIR_ '-'~"'”:
{ 5

message. Iie—aiso- cannbt be excluded that the codon recognition
process is in some instances affected by the particular neigh-
bors of that codon on the message.

Qe 50 P

Lt-should also be pointed.out that there could peseibiy be

a difference between internal initiation and termination (i.e.

initiation or termination of polypeptide sequence {protein) by

N

-

& codon internclly loca:tcd In the message) and “ewincl Laitia-
tion and termination {(the same process effected by terminal co-

dons). Consicer the situatio: here the m¢seencern-7"". appears
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to coatain the information for the assembly of more than one

protein, (or more than cne polypeptide chain of & protein).

If one starts to read (from the left in Fig. ) the codon for
Fig.

the terminal initiation, one then reads in the message until

one reaches the word that says “Stopﬂ,?and then there—witi-be

4T, Unknown mecaanism ﬁé%'startﬁné the seccnd message at an in-

v

terval position. It seems quite plilausible, although not known,

that these -terminal and internal initiation and termination me
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ould be different =--possibly different codons.
Another feature of codon recognition concerns the degener-

acy of the code, or the existence of synonyms, i.ev different

codons which code the same amino-&cid in the polypeptide se-

quence. With che appropriate OllgOHUCLLOt;GES7Oﬂe can examine,
(.

in vitro, the eifectiveness of different synonym messages iun

L
binding the particular amino- ac1d# SLRNA s to the ribosomes.

The results of such are illustrated in Fig. . For example,

o

Fig.

phenylalanine ?RNA responded to both the ongOﬁucleotldes uuyd

and UUC, but UUC was slightly more active than UUU. Sim;arly

o

lysine< vaAA resoonded to both AAA and AAG but hese-ihere-is T

R g L . i
B S-S N

&j
Ef rence in the templatce activity between the
tea “.g;l.fr o I '
two synoun,mgh  Toe first of these degencracies, that between the
*u‘,ﬁ::' o i

.- . et
{smaller) pyrimidine bases C and U when they OCCUESGS,Lnlrd let-



ter of the cocon,is universal throughout the code. The second

: 7

[ T =4 nzﬂ*"“
A f

CEY ke deg erac%-éﬁ the Clarge) purine bases A and G in
occurs in all but two or three words (c.f. Fig. )
we turn now from these refinements and detailed feztcures
of the triplec-binding method to the actual results obtained
by this procedure. Ssmee the triplets have a well-defined se-

] 5{

cuence of nucleotides*fthere are 64 possible -smh riplets; ang
. ’ ﬁ,
we have synthesized 03 of these and determined the amino-~acids

which they coce. The results are summarised )
in Fig. i
: i ;‘f: /o
. e el ot ; Do
Fig. Lo St oy
o e . 1 .o = .
The asterisks indicate base compositions of codons which

?

were determined by directing protein synthesis in Eﬁcoli extracts

o J‘Q o

with syntaetic randomly-ordered polynucleotides. it is clear.

;hatwéheremisM&«vexywclose?ae;saspendeﬂee with the results of

-

88 earlier work. It is interesting to notice the types of syno-

nyms which occur (some of which have already been menuloned)

_(~9¢1 3t f”ikf s I
Lﬂhﬁslglu amic acid eﬁgﬁﬁppwnés—eo Lhe codons GAA and GAGH- an ex-

i
.

e s s s s

ok ..,,‘,,.‘! (;
ample oI A—G degeneracy in the third place. %ikeW1S€Tz;Eaft

?'O C,ﬂ(<£*r\0/ \;,’}
acid and;GAU uAC}~99§respand&ngw€e U=C degeneracy in the third
4

place. Another type of degeneracy is illustrated by fhreoninew

waich 1is coded -y AC and any oi the four U, C, 4,.G in third
place. e nic lne, on the other hand, is one of the rare rases

{tryptop- - may be ancther) in which thesrc—we-uo caira Dlace ce-
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racy AUG gﬁﬁzﬁmiﬁg but AUA codes for/fsoleuc1“e

[P
(v
v
(L)

Tais degeneracy of the code can have many consequences.

One of the more- obvxous is the possibility of a great deal of
"_""'E» R T a‘.f:iq"/ﬂf‘ izlf\a ,‘ (A«Ax“« ;
"silent" mutation, that is fon one of the code-words, or grouss
et
of synonymous code-words, thesre may be conver&unn-eé«awb&ee 3

e’

the—&kird-position to anotiner base without resulting in an amino‘*ﬁ
: - . . . g
acic rep.acement. Another obvious conclusion is that amino~"

¢s wnich are very similar chemically, such as the dicarboxylic

e

fo

C

W

ids{ aspartic acid and glutamic aciéﬂhave closely related co-
2
dons. This may reflect the evolution of the code, but whether
or not this is so, one consequence would certainly be that when
an erxror in réplication does occur, usually the first two bases
are read correctly and the third one incorrectly. And very of=-
cen the result of an error in reading will be the substitution
R A 2
éLn a pro:eln of a chemlcally related am1no‘%c1d¥ Thus the general
picture of the code is that it is quite conservative-- in the
sense that it usually minimizes error or the consequences of er-

ror. The various patterns bf synonym codons are summarized in

Fig. . {N-formylmethionine S$RNA shown here is the initiator).
Tig.
o
&
in addition to the codons for the specific aﬂlﬁoféCLds
tiiere—as—as--has-deen-mentioned earliesry some code-words Rwsh-

&ppear to serve speclal functions ("punctuation' etec.). For ex-

empie, the recen: work of Brenner, Garen and Zinder, and of others,
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indicaces chat UAA and UAG may indicate the end of a message -
although the precise mechanism for punctuation is unknown.
UUG, CUG, AUG and in some cases GUC wmay specify the initiation
of a message. Our recent studies, and also those of Clark
and Marker in ZEngland, have indicated that these cocdons - at
reast whern in terminal positions ~ are recognized by formylmethi-
onine and this may serve as an initiator of protein synthesis.
Some possidie special function codons are listed in Fig. .

B ‘; Fio'- A : \\ K

r"? /'J’ t(" | \\ X

Sanger . flrst obsarqed 1nﬂﬁacp&%-that one of tﬁé fwo . skﬁﬁﬁ'
eeu}é\aceept“a”fbrmyl grouP,

that is tue-amino “group—of ke methionine, after the methlonlnew
Ll

% o,
. o
pre————!

Toecies:

- et
it va iu,{rf e o

was - linked-to-tne- s4RNA-eoutd-be Fompylatel,. The work of Capec-

chi and colleagues, and of Zinder, lm® suggested that this may
specify initiation of message translation. And as I mentioned

already, UUG, AUG, CUG and to some extent GUG are recognized by
Ao o ‘
formylmechienéae}ﬂf&NA; also that UAA and UAG may serve as ter-

minators. It also appears likely that the words AG - with ending’ﬁ

- a

J, C, A or G may also serve as specia 1 function words; but if=me
[

these funciions have not se.- -fax been found. The present situa-

tion in this field is a most interesting one, in t:a: the neces~-

~

sary tools Zor deciphering the special function Words -GLe—tHom

xeemd, and it siould soon be possible to understand more about the

Iy

echanism oI these special words and the role they piay in pro-
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E=wonld sike—to turn-now-to- a variation of the triplet-

- ;
A —11.‘4«” 2

binding method ;- whi ch“fhrewsmLurther\kxghﬁwon the coding mechan-
ism. D. Hatfield has recently prepared some radioactive trip-
letsy {(in the earlier experiments it was the sf?NA which con-
tained the radicactive tracer), and has studied the binding of
these tripiets to the ribosomes in the presence of the amino-
acid sERNA. Fig. shows both the binding of the triplet and
bf the S%RNA (here phenylalanine SERNA) to the ribosome.
Fig.
As—ean—se-seen, ;n the presence of the appropriate triplet
polynucleotide phenyialanine g%RNA binds to the ribosome; in
the absence of the s}RNA very little triplet binds to the ribo-
some. Because of this, in the presence of the s+RNA both the
triplet poiynucleotide and the phenylalanine s{RNA bind to the
ribosome at approximately the same rate. Thus the complex on
fhe ribosome may well be a one-to-one association of triplet and
-xNA.

This technique provides a very simple and quite sensitive

method for detecting codon recognition by s+RNA which is not
% '

acylated with amino<acids. Thus some special function words

may not be recongized by activating enzymes, s+XNA's, which are

; o ~/ LR
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ccyleated, and this method would provide a relatively simple
route towards detecting such recognition.

We have also made investigations (in collaboration with B.
P. Docter and Walcer Reed) with purified syXNA fractions, i.e.,
media containing essentially only & single type of syRNA, de-

! .s:“ & »f , )
rived from Eecoli fractions. We find that *’ ine-ﬁfRNA re-

cognizes both UAC anc UAU, which again exemplifies the C=U de-
generacy in the third place. (There are two types Of.f"."f}fztosine«""j
S+RNA, differing in

; both types recognize UAC and UAU.) Si ALlarl%
ValinejéEBNA recognizes both GUA and GUG (G=A degeneracy) but
the GUG to a much lesser extent than GUA. Thekﬁiégii‘fraction
leucine-1~-s-RNA and 1eucine-2-é}RNA both recognize the leucine
codons (UUA, TUG, CUU, CUC,” CUA, CUG). Recently, however, J. A.

Carpon has reported that in mammal liver one species of
leucine«q:RNA preferentially recognizes AAG, and the other pre-
Tferentially recognizes AAA. There are also types of leucine:éﬁﬁNA
which recognize CUG, and others which recognize UUG.

The major variant of methioninejngNA which, as mentioned
previously, will accept a formyl group recognizes UUG and CUG,
-

out a less prominent meL.ionﬁne*s RNA recognizes AUG preferen-

tilally. Likewlse there is a fryptophan sFRVA which recognizes

UGG, CGG «nd to & smaller extent AGG. The pattern nere is clear:

a close relationship between U, C and A in the first place of
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ing criplet. R. Hol 1ey, working with purified fracticng
. /*, ﬂ:j
nine= s+?NA recognized U&&,GCC and GCa
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-- azain the group U, C, or A but now in the third place of
Zae coding tripiez. It should also be pointed out f:ominéﬁt
leucine-s+XNA binds to ribosomes very weakly in response to the
lezts; it is possible that this type of weak re-
cognition involves only two of the three nucleotide basis in the
This work with pure ::ac;lons - ;uch as =R alanine;éngA
prepared from yeast, can afiord some further insightc into the
mechanism ¢ codon recognition. This is especially‘éééin this
case since Holley and ais collaborators have recently reported

the sequence of bases in the alanine-s+RNA. && Fig. ¥ shown

oo
.

(_;, ) e . "\y‘: PR L ) P
the vartation -of binding of alanine¢s+RNA to ribosomes ‘wisk con-
centration of the s+RNA.

A%

F

k!-

g.

Tne dotted 1line represents 100% binding, i.e.)all the available

$+RN4 is bound to ribosome.’ This fraction of s-RNA which Holley
! 3

supplied to us, was estimated to be g%éééer than 95% pure; and

yet this s+KNA recognized quite well at least three of the alanine

codons -=- GCU, GCC, and GCA. It did-mot respond -« ci.; very
Pags «1\:{3(\(, f“‘,l’.&

- s 8 - -~ . '%
silghtiyy tc GCG. (On the other hand, with unfracticzated Eecoii

- ——

3+=XNA, alarn ;:z-s *-NA responded quite well to IIT -~ indead this

s
L

4

WaSs The best alanine~s+RA codon,-and the response to GUU, GCC




and GCA was relatively weak.) Since the yeast extracted qiRNA

Zraction was ef-high-purity, the results strongly suggest that

a singlce molecule of S4#RNA can reecognize alternatively at least

e

three of the Ifour alanine synonyms.
The whole sequence of the nucleotides in this alanine syRNA
are shown in Fig.

Fig.

o
I
ig

s £
The alanine amino=acid im linked to the termineal adenosine, and
& G )
tals 1is shown in the diagram in only,of the suggested possible
conformations. There are several single-stranded regions of

: Lha. "

- RUR g ‘//
the SbRNAxof possible interest. There-is—a sequencer G, T,Y U,
C (YU 1is an isomer of U)f~which“sequenee has been found in viz-
tually every siRNA that has been examined. Anocther interesting
A F? . ‘ . s .
sequernce is the C, G, G/ surrounded by two dihydrouridylic acids.
A third 1s the IGC region (I=inosine) right in the middle of
che SﬁRNA molecule. These latter two regions of interest are
shown in more detail in Fig.
Fig.
Tk o _ i
If these~wws triplets CGG and IGC were really the S3IRNA anti-

that is)the nucleotide groups which recognized the nu-

- - 0 he Lo

cleotide-triplet ccl © for alanine, recognition would be by paral-

1

. o S .
lel paliring between C and U; and the G would thin have to recogniz

/\\ Co A ;{ Sy, q’\.:{, PR ‘:: PR - {\ e P 5 TR

=
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U, C and A; 1Z, however, base pairing”werefaccording to the

@l
Watson-Crick hycroge nféonding, or antigparallel scheme, C would
pair with G, G with C and the inosine I in this position would
pase-pair with one of U, C or A, but not G. This latter is

the pattern observed for the alanine code; and Crick has re-

[

cently proposec detailed mechanism which would permit hydrogenfﬁ

and U or C or A.

-

bonding between

is mechanism, by which I recognizes U, C or A 1n the

.,zg‘ -

anti¥codon - codon pairing, termed the "wobble' by urlck in-
Sar
volves a movement, at the end position of the triplet, of either

e sjRNA or the mpssemgew-RNA on the ribosome. All the experi

}_l

mental results are, I believe, in accord with this type of re-
s

cognition mechanism. The table shows the base~Sequences in the

Table
&’?
-~ —— < - 9. - .
s $BNA antijgodon and tne corresponding base<sequences in the

messeager-RNA codon. Thus Iﬁosxne in an end position in s¥RNA
.y @\/{/,(,,/ LVl Cuv‘n
- can recognize by alternate base pairing U, C or A; a G in the

f ((, sl ‘/'/!_,.}' z‘:
end position of s$RNA could’similarly recognize a%eexnately.c

s
g

or U} rd A could recognize U, C or G4 and # U could recognize

]
/

by aLtc*nate pairing A or G. We would also predict on this mo-
4 = . . - . . e 1 S - 3 . ]
del that & ribothymidylic acid<s$RNA would pair also 4 and G,

{perheps the interaction with A would be stronger than for a

. - . PR Ny . - . . -
uricyiic acid iIn s3RIN4A); that a ¥U in S#RNA might recognize al--

o o
S ) et
DA A A

Lermacel/ A, G or U - a pattern that has been noticed rather



with S+LNA.
- s
et
Another possibility is g dihydrouridylic acid would not. # » =
/

O
[t
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pase pair twitn-ine.expeeted-eomplementary L), so that the

- -

inceraccion wicth the messenger would be a weck interaction;
but it is also quite possible that a U or C ian & terminal po-
sition would not greatly inhibit the interac n. & metal

zroup on & 2'-hydroxyl deoxyribose (sugar) mighi also result

in & weaker interaction, and furthermore, by permitting a

(i

greater freedom of motion on the ribosome, such a modification

in greater ambiguity, i.e.. lower specificity of

/

o
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t
H
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These results with infrequently occurring (or “trace'h
bases, and particularly those with iﬁosine, rﬁfﬁﬁ%ms ongly sug-
gest that s+RNA may be modified enzymatlcally, after it is re-
leased from the DNA template {(where it is assembled in the cell).
Since the level of "trace! bases is quite high in an actual cel%}

it seems likely that there exists a Whole spectrum of interme-

diates, stRNA's in various stages of successive modification.

The conseguences of this are g =r. easy to visuallize. For ex-
2
- 3 ~ 3 e N 3 - -t »
ample, if an acenine{A) in stRNA is de-zminalid and so converted

intc an iInosine(I), the &4 which would normally recognize th616r1~
(7

dylic acid base in the message, would ncw be replaced by some-
thing (the I) which can recognize U, C or A. Similer intercon-

-

versions would result from the de+amination of a C or the conver



sion ol G to i. It is possible, althouza cerhaps rather pre-

O

specu.ate, that this type of interconversion plays

natile o
an smportant L-oologiecal rolea.

Ihere*na&~eef5atn;ywbeen~a greac deal 0?‘worn cem:!ﬁ;w
L-Lcii»ti" u.)t\ulf (R {

_whgls suzzests that, # is p0551blc in actual cells, ﬁgy%@m& 0

- Qgteﬁk)df e : e e
way—es" moil Ly Zhe speciiic;ty of bodon Lecognlblonl a&é~thrs

'““avewprogouna olologlcal

conseguences. An example of this is the effect of the anti-

iotic s:reotomyy*n. Lt—has—been-shewns—-by Davis, Gilbert

) 51 M'-‘”l .
ana Gorin \Lha- streptomycin will bind on to the 30« § part of

o

the ribosome (the small sub?unit), and all the available evi-

dence suggests this binding of #ke- streptomycin to the ribosome
may in some way cistort the topography of the codon recognition

site so that greafer ambiguity in codon recognition results.

3
f

Th m&y oe one mechaﬁlsm «ﬂhﬂ. reater degree of error in pro-
\\/

tein synthesislﬁ@&theugh7“ef“cvursEj”thtSﬂmﬁwﬁﬁﬁ%éemﬁhewom&y

"\,..-w.‘... . . )

' There are ocher examp;euj.ln addition to strep;owyc1n cof
‘\..,,,_‘Mwm N .

the modification of the specificity of codon recognition. -A-re-

— [ f
weent, comDaLat*vu Suudy'”'

l

R. Marshall aad T. Kask

of the specificity of ccdon recognition with SPRNA from amphi-
s
q/ 4‘-,‘1
bian, Xencpus lzevus,/ lLiver, from guinea pig liver and from Ee

coli. Zecolil ""g_a;ne/s+RNA does not recognize AGG and recogniz

i e

- -

CGG only very sli~htly, whereas “~+ both arThihian and mammalian

eiﬂu@ﬂ
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ACG and OO0 (soe Fig. ) /
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The concrast between alanineds¥RNA's from yeast, mentioned croe-
A 2

r

lier, and Eecoli is also shown in this diagram.

o et

\ég both amphibian liver and oainea-pig liver: GCG is a very

h T S LT o S
active COdogf:;;eféfiﬁln the anahibian 1iver GEG has no activity

for alanlneh_ngﬁ?.*hls contrasts with the activity for E;co11

o

alanine;éﬁRNA. Zn all species tested}AAA is recognized (by,iy-

sine—s{RNAff waereas AAG has only slight activity in Esrcoli

ailtnougn it is = very active codon in higher organisms. Sinne«§
S¥RNA recogniticn of UCG and of AGU and AGC is also variable,

tewise variable.

-

as indicacted. Threonene recognition of ACG is 1i
We have)howeveg found no differences in the codon recogniton of
S+RNA's corresponding to aspartic acid, cytene, glutamic acid,
gt

histadine phenylamine, proline, qﬁxbzine and valine.

wﬁmqﬁaaamen‘"oh,a somewhat different type of s+RNA mocdifi-
l %, ot 4}

cationq in vivo, whieh we have studi edAln coliaboration with N.
\ R (Lot i e ek e agt
Sueoka; Et~i§’observeu infection of bacterial EccoLl cells
with the virus, T2-phage, that-withimeone-minuie-after-infection.
‘ G

an enzyme {protein) is synthesized by the bacteriay which modi-

4 N
fies a pre-existing ﬁéucinelsiRNA component. {This StRNA 1s
necessary ior che biochemical machinery of the host bacterium

e

but not %y the virus.); The modification was such that it was

+ -

- .o P -7 o il
technically possibl

ple
()

to surify the modified s§RNA znd test it
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Zor codon recogn.cion. We found that it recognizes only poly-
aud
UG but it does not recognize any triplet. We have tested all
(;‘j'»-c‘ - g, mra g i;(
cne UG-tripiets. ©Ome also LZ&mds that togetner wii

¥

ne modi-

v

T

.
Li L

r

LoD 2
fication of the s-RsA, there i® a cessation of protein synthe-

sis by the bacterial host. We do not uncerstand the mechanism

X

oi this Frur ing-ofﬁ”; but we think it likely that,enzyme pro-

%
Guced by T-2 infection so modifies the leucine<s}RNA component

-

s ¢o interfere with the host protein syathesis, and it does

o
i

this without preventing the protein synthesis by the phage.

]
|

1

e
AL

¢

s is a very subtle way of subverting the metabolism of a cell

rt

o tha

144}

viral proteins can be synthesized in a large amount.

s

This-—is-—a-probliem we are now investigatingikﬁd?‘”*“'”“3

"

i -‘;
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I1-teact—t-have—showay—by the examples -I-mave-priefly
~sketenesd\ how some features of the complex machinery for protein

synthesis in cells can be studied by means of relatively much

simpler systems{wéEMxiggg. Thus it has been established that the
same sequences of three nucleotide bases qaﬁe the same amino-jf
acids throughcut the whole range of organisms, from bacteria to
mammalian livers. And this universal code has been explored by
molecular biochemistry in vitro.

Zowever, we have seen that there are secondary features,

such as tae relative responses to different synonym codons, and

the subtle modificetions of the siRNA's which can be of greza:
. W {\,E. it 'L'
importeance in actual, complex living organisms. Features guchras
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LY Piidy lwporcant biological roles; by selectively controlling

.
-

th

o

()

coe race procein syntnesis they may be an important factor
La the general process of ceil differentiation. These are cer-
tainly problems for the future.
f’ 3t I-Vv £
Finally, I weu%d erW“Effﬁﬁttvﬁ”tU“Ehem*ac* that even, in
Vitro, &t its simplest, the whole detailed process of coding in
protein synthesis - involving DNA-_EFNA-quNA-ribosomes, activa-

tion enzymes T2, etc. is far from fully understood. Even the
yaes, P

basic underlyiny questions - why, for example, does a triplet

0
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rt
e
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xist, why should not phenylalanine instead

of alanine correspond to GCU and GCC? Is there a basic che~-cal
reason ror this, or is it to some degree & matter of (aistorical)
crance? My perscnal belief is that there is an underlying mean-

ing for this and that it will be found.



