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-3l our xnawleagde of the genetlc language.' For some two to fourf'

{

T

biilion ycars some sucb _anguage has probably provided the ba

sis for a continuous dialogue between ce*ls and their descend-
) Mf‘ ‘? o {‘.,-
ants. Fossil records?aﬁ’bacterla about 3 billion years wedd -

y

~ave been reported égngaghooranchopf), the first vercebrate
appeared approximately‘SOO million years ago; &ana amphibians

and mammals about 350 and 180 million years &ago, respectively.

o)

The presence of bacteria 3 billion years ago may~¢adlcate the
presence of an operational code at that time,;élmost surely

she code has rfunctionmed for more than 500 mllllon years. The
")
remarkable similarity in codeﬁwords used in bacterial, amphi-

bian and mammalian replicative processes suggests that most,
if not all, forms of life on this planet use almost the same

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

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

}<l

sble to pass to the next generation a library of information

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

Catalyst‘thdt the cells will need for their development. At

- "MM .
aithoug

t now seems clear that all, or almost all,forms of

<

..,..I

ife 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 the subjecct
/ !

5 e .
of much intensive work, particularly in the past four or:f;ve

I would iike to stress .ab«the -ouisety that this

years, and I
work, emé-partieularly-the work with which I have been associ-
) . : . N S
&ted has been, in a very real senge a coll.aborative project.
. B '( . ‘/{ . e {
—ecaink—this wiilwbecome:evrdenf as 1 proceead.
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enzymgi- RNA-polymerase,- catalyses the synthesis of messenger-

oy
Vo

o L}
RNa, using the DNA as a template. Only one strand of &we DNA

o,

is copied by $3e RNA-polymerase; amé& 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 sha,messengéz

s;':»",,,ss“' i

syn%hans S The next diagram {(Fig. 2), shows SChEﬂ&LlC&llYg the

process of protein synthesis. In the DNA shown here, the dif-

ferent cross-hatchings represent various segments of DNA, each

e

corresponding tc & specific protein,’ or group of nroteins.

List 0of collaborators at 3ethesda. el SRR,

~"recald briefly « as wust have been Q%gg fre-y .
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W&‘Eb@?r scnefye of proteun Sfm hesxs (;(g‘ l) ‘Here 1?‘/‘L§h0wﬁ‘
‘ . ; o G ’K"‘Wwy*,Xv

Ri-

shown,schematically; attached to the messenger~iiA



wacre reading, or translation}begins; &t as soon as one ribo-

some moves down the meeeeﬁgeglRNA, another becomes attached un-

Cil the wméssoa %\.\?A is fo\,.,al{;y xcovered w:.J'l rlbobomes.
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Tae Fctias rea Invétakeswplaee' { nean ﬁ-s V »(S@luble-
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Ay ) which carréﬁp speciiic amino-<acids and recognizeg parti-
{

et J)/?
cular myRNA code words/ea—the ribesemes. Thus the cedewwoaé,

¢
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“OF cods../ 1s recognized not by the amino- ac1d$ perfse but by

i v Y s T S oo

5312;;;;ﬁapthe-ﬁzgﬁwzzl

_;L--~F;g1-krillustrates, again dlagramptlcally but in more ceta:
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the codon recognition process as exemplified by that most inten-

£, co e
sively studled organism, o .. { J W1%~ ’ f .
‘,‘( ( S e ('/') ‘!/ o . f‘s‘i’ @,,»— ?'_ / he{‘(\ 'l(
1 T™He_ yibosome” of Eeeedd uomp”1se§{fwo sub—unlts- the larger B

‘SCélﬂmithe suailer 395; The messemgew~INA lies on the sma%&er

Qo Caxt & “"‘4
parc of the ribosome, #4Ey and presumabxyf;hree bases)ln the

NS4t S L gt E’».“
mestenpas-INA molecule (e—leodon') are cecognlzed bf(thre% Baseé{\u\

1

can then bindg .
Aat one of two Doss1b1e binding sites on the larger rlbosome'sub-

unit, a-particular amino-acid, (aa). One of these binding sites
, L - 20 N
is for the peptidal s+RNA s¢ the szNA which is at tached to the

growing (proteln) po;yi?eptlde mOLebule and the other/for the

incoming aminc~acid szNA. {h cee eﬁzymes \v%e—uwo«c_RﬁA*s

Tptgato A ' -~

Tl

oy R | plusmG Pl, wL.ld'l supnlies the acti-

-

vation energy\are required for the tramsfer of the growing poly-

‘.

peptide chain to the next {incoming) am;no* ch szNA complex.



Waen this is accomplished the srRNA required for the previous

¢, oA o

amino<acid is discarded, and a shift im—seme-way occurs so that
the next codon (iriplet of bases) on the m}RNA can be recognized
9 T

by a new SEBNA° In this way the protein synthesis starts at a

TR o T .
on o «Fw-\ R X

A«(\ i“" - .
given place (on the m+RNA), reads groupings of thrée bases se-

quentiarly and with a given polarity. ﬁfﬁ ﬂﬂﬂﬂﬂ f ’ g
\« q,hf L,\ P - NN ! «-
In an actual living cell, even the*sma%%e&t bacterlal cell

ey, O ool SRR

*nnumouat*E“bLochemlc al processes axea simultaneouslxninmpaaeeﬁ&g:

all part of the cell metabolism. The synthesis of even a single

' g Al

protein is quite an elaborate process involving, \inter: alia,
the tr.rsfer of a long DNA message to an m?RNA molecule which

‘v;a -y?xegiiy SUffLCLeﬂt nucleotldes {(about 1,500) to code seme
e Com - T 4 'f‘ { ‘?‘ !.: ‘*‘P

aﬁ&:amlno ‘acids for thewprotexn p01y+pepﬁiae—eha1ﬁs¢ Moreover,

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

Lt . s

in any shmple sequence, refl eeelng Ln fec that there is a
Lt SV“ 1w; s
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great number of dlfferent sequences OffaanQuaCldS éeémwhiehwzg 3

fix ﬁﬁfxéad- L . .
different-varieties -are ) which constitute different proteins-
Nonetheless, oy a great variety of biochemical and genetic
,?f\\
investigations, especiz 1*y w1th bacteria and viruses, asgseat
g
“many features of & protein synthesLsJ} includi ng{;an partlcular[

.; |

[rad}

<ot information zbout the codephas been obtaLned§ he work I
shall ¥e cescribbmg is, however, characterized by the use of much

simpler, Ia viiro systems, where the essentially chemical feacures

L

of some of the basic steps in the whole process are studied. Th
g, e

success of these methods}‘”hnd the concurrercoa a8, vesults £¥FBn



Bem- with those from in vivo experiments, where—beth-are avail-
RS sttt

apFres- will)I hope)demonstrate how a physio-chemical or mole-
cular basis can be found for thce bmsee 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, thac is, of actual m+RNA)

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

u 14 gt .
iﬁﬂlic“ﬁ ) R C(%%t031 e), A(den%ne) G(*ﬁnlne), the four bases
7{%L ‘ { s

of m{RNA. 1In this

-

:acterlstlc of the code could be

- e A , -

determlnedmﬂ 1n.paf?¢eﬁ¥%r -the. base bomp031tlons of .ihea code- ‘

o («\MM”A: faw k& v (‘.Ao -
words, but noc £ secueﬂd€jvfm%he~bases Ln_she, in the
S—t—————————

2]
words. Taus the problem/fup to two or three years ago was like

Ha

thiat oL an anagram: we knew the letters comprising the code<words

but nd%the order of the letters within each word.

t.—l I.

It“ha¢ beenswedd establlshed* in several laboratories;that

Lot
ifranewaeeeﬁ(a bynthet C messenrger<-RNA, in particular polyuri-
\(-l : J% Ao of
dylic acid™~ a“ thetlb RNA with entirely U baseg}%’to a suic-
abie mixture of ribosomes, szNAi , enzymes, AT%; P and amino-

acids =haf the poly-U womstd selectively bind? pnenyLaLanLne s¢RNAY/
(i.ev the particuler sFQhA assocciated with the incorporation of i
amino-acid chenylalanine in proteinj, . to tze ribosomes. My coli-

league Philip Ledeg)and L then speculated Zow smzll a message

(¢ the RNA type) would direet the binding of s+RNA to the ribo-



Some. Experiment showed that only three bases were needed,
that is .very small molecules comprising only the triplet itself
would direct the binding of & the appropriate amino-acid s+RNn
to tine ribosomes. This provided a,rather simple route towards
the determination of the sequence of letters 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“'J
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 XKhorana
and his asscciates.

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

Merton Bernfieid. The first employed polynucleotide phosphory-

Lase/4fig—enzymc /»J%¢4¢\ /C%ZQZ%an /J%?VWwﬁzﬁaf 4/‘¢0M%{;ﬂ&%@1

. L/fs.

~ Logiion ,_waaa;3*31ng1e nucleotides to difnuc*eotldes to make

trimers , tetramers, pentamers, etc. The second merhod em-
rloyed the enzyme pancreatic RNA-ase, waich, although normaily
a breakdown or degradative enzyme, will also catalyze an ex-

change reaction between polynuclieotides and carn be used to make

7
AR

tripiets with well-defined sequences. Using the methods of
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Khorana énd-these two enzymatic tecnniques, 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
3'-terminal codon and 5'-terminal codon.* This is illustrated

ig. .

Hj

n

r..l-

Fig.
sae A ]
All of the evidence te-date suggests that the biological char-

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

! Wi
J.
.

cases 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 '"secondary" chemical features is

St
G
irdicated by experiments in vitro, witx the c.igonucleotides,

+3
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X
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cael ZWA \o: DNA) has a definite sense or direction -
with a definitc "beginning" and a defini:ce “endling', 3' and 5°
refer o features of the chemical structure at these espective
terminals.
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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 trinucleotides. Thus Fig.
Fig.

shows the binding of phenylalanine qiRNA to ribosomes as a

function of the concentration of the trinucleotide. A simple

(]

W5
triplet, TUU, has an activity shown by (a). 1If one adds a

(..‘«l«

pnosphate to the 3 hydroxyl group te the sugar the activity

is greatly inc: easedjl €., the binding or template effectiveness

r~'-

of the trinucleotide is greatly enhancedgs(b) A phosphate at-
tached to the 3' terminal lowers the tempiate effectiveness,?
{c). Recently, Fritz Rotman prepared séme analogues of uuu
Gipen Ol Gl

with a metnyl 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-
ly 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

PR NITS I,

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

For example, the terminal hydroxyls cf the sugars ribose) may

The bincing of the SERHA to the ribosome is determined by tecn-
1 A Gioactive tracer is incorporated in the b+\NA
ivity associated finally with the ribosoma

of this binding. It is irn *-hat the term ...

eénoles the effectiveness o ihe oinding.

3
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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, (mfRNA or substitute). Recently Mitra

and Hurwitz, and alsq/géent, have shown that, in vitro at least,

messenger—RNA contains>a 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

v
read, pnase the reading, and, perhaps affect the susceptibility

©0 enzymes 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

[ R AP P
{ s

message. Iiv—aiso- cannot be excluded that the codon recognition
process is in some instances affected by the particular neigh-

bors of that codon on the message.
(e 50
It -should also. be pointed out that there could peseibiy be

¥

&

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

r.h

niciation or termination of polypeptide sequence {protein) by
& codon internclly loca:icd iIn the message) and “ewmincl iaitia-
tion and termination (the same process effected by texminal co-

donsy. Consicer the situation where 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 polypepticde 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 “Stopm,iand then ehere—witi-be

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

N

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

that these -terminal and internal initiation and termination me

(@]
vy
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ould be different =--possibly different codons.
Anotcher feature of codon recognition concerns the degener-

acy of the code, or the existence of synonyms, i'LD different

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

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

in vitro, the eiffectiveness of different synonym messages iun

£
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

Y

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

R L oy i
B LSS N

-
.
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Lea s g eeett i I

two syncoun,mgh  The first of these degeneracies, that between the

&j
erence in the template activity betweemn the

ok A o i

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



ter of the codon7is universal throughout the code. The second

W T g AP >“f" R

AN AL - .

»céqawﬂtae deg erac%-éﬁ the (large) purine bases A and G in

cnir *lac?)occurs in all but two or three words (c.f. Fig. )
we turn cow from these refinements and detailed feacures

of the triple et-binding method to the actual res sults obtained

rocedure. S#mee the triplets have a well-defined se-

e, \5{

cuence of nucleotide s*ftnere are 64 possLble-quh tripl ets; angl

. ﬁ,
we have synthesized 63 of these and determined the amino-acids

which they coce The results are summearised )
in Fig. !
e i
. IEAE SRR AN
Fig. Lo SO Y
The asterisks indicate base compositions oi codons which

- - Py o . ° - 4 - ,1’ -~ =
were cetermined by directing protein synthesis in EdCOLl extracts

o 8 o

with synthetic randomlv-ordered polynucleotides. it is clear.

:hatwéheremiswawvexymcloseﬁao;;aspondenee with the results of
88 earlier work. It is interesting to notice the types of syno-

nyms which ocecur (some of which have already been menuloned)
(~9L1 -3 ljf” i M“ e e
ihﬁsﬂﬁlggggig acid eﬁﬁ#ﬁ!@#ﬂdﬁﬂtﬁ Lhe codons GAA and GAGH- an ex-

Do
.

R S R T

== @ ‘~~,‘,"z/ v {)’- ’«", J .
ampie uf A—G degeneracy in the thlrd place. £1kewiaetz;Ea
“Fo c_m’< LI, \,;;

&cid and;/GAU, G }~ee;respond&ngw%e U=C degeneracy in the third
I A - 4 + 3 -~y - T g ~ 3 ’4 o 3
pPlace. A“o;her type of degeneracy is illustrated oy Threonine
—— =t Lhe

hird

&)
ot

waich is ccded -y AC and any o the four U, ¢, 4,,G 1

+

piace. Me zic-ine, on the otfher hanc, is one of the rare rases

{trypton™-- m&y be another) in which therc—weio Tnira Dlace de-
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=heracy AUG meicee-mee but AUA codes for/fsoleuc1ne.

L=

U3
(v

“his degeneracy of the code can have many consequences.

One of the more obvious is the possibility of a great deal of

i
s

SLS R R agdl ey t; e »q’{/‘):zﬁ;:'?:o((sgh st e

"silent" mutation, that is fon one of the code-words, or grouss
BT tad

of synonymous coce-words, there may be conver SaeR -o-F—a-bage i

the—third-position to anotaer base without resulting in an amino="

aclc rep.acement. Another obvious conclusion is that amino~*

[

cids which are very similar chemically, such as the dicarboxylic
acids( 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 error 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
N 1 %
éin a protein:of a_ghemically related amino‘%cidt Thus the general
picture of the code is that it is quite conservative-- in the

sense that it usually minimizes e€rror or the consequences of er-

ror. The various patterns bf Synonym codons are summarized in
Fig. . {(N-formyimethionine S3RNA shown here is the initiator).
Fig
g.

&

in addition to the odons for the specific aminofécids,

0

tﬁére“as*aswhaswbeenwmentionedfear%iexv.some code-words yiwmsh-

bl

sPpear to serve special functions ("punctuation" etc.). For ex-

eémple, the recen: work of Brenner, Garen and Zinder, and of Others,
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indicaces that UAA and UAG may indicate the end of a message -
although the precise mechanism for punctuation is unknown.

k)

ULG, CUG, AUG and in some cases GUG may specify the initiatios

+h
(@]
ot
W
)
=

of a message. Our recent studies, and also those o
and Marker in Zngland, have indicated that these codons - at
ieast when in terminal positions - are recognized by formylmethi-

onine and this may serve as an initiator of protein synthesis.

Some possible special function codons are listed in Fig. .
- A $ \s PANIN
Sanger first obsarqed 1nﬂﬁacp&%-that one of tﬁ& two . sk&&ﬁ
| o G XS_},:"'\ \““.‘ g o s — %” o “w‘ } -

Lbmel group,

._\‘(T

cnat is tiie -amino ‘group—of.-km methionine, af;ggNEEE~methionine«

. - N
. Tyt .
LA r . LT e

waSMliﬂkeé~%e~the~s+RNAweeuiéWbé:%6¥mz;at6§lb The*ngk oL Capec-
chi and colleagues, and of Zinder, Ime suggested that this may

mentioned

[l

specify initiation of message translation. And as

already, UUG, AUG, CUG and to some extent GUG are recognized by
Ay -+
formylmechéenéae}dféNA; also that UAA and UAG may serve as ter-

minators. It also appears likely that the words AG «fw&&n endlng s

- a

J, C, A or G may alsc serve as speciai function words; but ifsmwe

(S

these functions have not sd. -far been found. The present situa-

W PR

tion in this field is z most interesting one, ia that.the neces-
sary tools Zor deciphering the special function WOLGS _GE@isfiom.
asFd, and It sihould scon be possible to understand more about the

wechanism o these special words and the role they play in pro-

tein synthaosis.,
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E=would aske-to turn now—to- a varlatlon of the triplet-

= —il. P

binding method ;- whi ch“fhrewsmLurther\kxghﬁwon the coding mechan-
ism. D. Hatfield has recently prepared some radioactive trip-
1ets;{;1n 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
. Gt

9% ;
acylated with amino<acids. Thus some special function words

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

3 L ~ 4

. i - i
- S ‘ e . 1 e . . :
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not acylated, and this method would provide a relatively simgple
route towards detecting such recognition.

We have also made investigations (in collaboration with B.

P. Docter and Walcter Reed) with purified s#INA& fractions, i.e..

media containing essentially only & singlie type of syRNA, de-

+! fﬂ‘.}u - »’f ) )
rived from Eecoli fractions. We find that T&rosime-;fRNA re-

cognizes both UAC anc UAU, which again exemplifies the C=U de-

generacy in

19}

the third place. (There are two types of Zyrosine<-

1

¢a

S+RNA, diff

rh

exr 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
leubLne—\:xNA preferentially recognizes AAG, and the other pre-
ferentially 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,

Ty

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

tlally. Likewlse there is a fryptophan sFRA which recognizes

UGG, CGG «nd to a 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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tne coding criplet. R. Holley, working with puzified fracticas
oab : (el

O yeast s*RNA, found;alan*ﬁe*s+?NA recognized U33,GCC and GCA

-- agiin the group U, C, or A but now in the third place of

che coding triplet. It should also be pointed out nrominent

bings to ribosomes very weakly in response to the

nucleotide tripicis; it is possible that this type of weak re-

cognition involves only two of the three nucleotide basis in the

3

This work with pure fractions « such as «hds alanine<s+RNA
prepared from yeast, can afford some further insigh: into the
mechanism ¢f codon recognition. This is especially so in this

case since Hollev and ails collaborators have recently revorted
y -

Lhe sequence of bases in the alan1ne-s+RNA IH Fig. 5. shown

.
L

g
the variation of binding of" alan1ne+s~RNA to rlbosones*Wmah con-
centration of the s+RNA.

A%

F

r.l-

.

“ne dotted line represents 100% binding, i.e., all the available

)

s+=RNA is bound to ribosome.' This fraction of $-RNA which Holley
g 5

- » . . o LA —
Suppiied to us, was estimated to be greater than 95% pure; and

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

codons -~ GCU, GCC, and GCA. It édd-not respond - wex ol very

A & o
RIS S S
slightly§ cc GCG. (On the other hand, with unf actio:atedvE-co_L

-~

SEXNA, alaninze-g+iNA responded quite well to 507 -= “-mcaad this

.
A,‘,‘g

-y P = m T s T an YA ~ 2 b - : B T
W&Ls Che best alanin “sERA Colon,-ana tae responses o JU

J, GCC



and GCA was relatively weak.) Since the yeast extracted qiRNA
Zraction was @£i§§g§: £rity, the results strongly suggest thatc
a single nolecule of sfﬁ@A can recognize altemaatively at least
three of the Ifour alanine synonyms.

The whole sequence of the nucleotides in this alanine S+RNA

are shown in Fig.

Fig.

o ¢
I 8

St Lo
he alanine amino-acid im linked to the terminal adenosine, and
&’11\1_ )
tals 1is shown in the diagram in only,of the suggested possible
conformations. There are several single-strancded regions of
oy M m S
the SbRNAxof possible interest. There-is—a sequencer G, T, Y U,
C (¥U 1is an isomer of U)f~which“sequenee has been found in viz-
tually every siRNA that has been examined. Anocther interesting
o oo 7 ; : . 4 :
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.
Zhe o - A
If these~wws triplets CGG and IGC were really the S3RNA anti-
codons, that is)the nucleotide groups which recognized the nu-
cleotide-triplet ccl © for alanine, recognition would be by paral-

1

s S - L e .
lel paliring between C and U; and the G would thian have to recognize
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U, C and A; 1Z, however, base pairing”werefaccording to the
=

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 a detailed mechanism which would permit hydrogenfﬁ
bonding between I and U or C or A.

is mechanism, by which I recognizes U, C or A 1n the
antijcodon - codon pairing, termed the "wobble" b; urlck in-

volves a movement, at the end position of the triplet, of either

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

messeager-RNA codon. Thus Iﬁosxne in an end position in s¥RNA
i | 5\\/{/,(,,/ O 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 arcexnately.c

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

( s ‘f’fv '

'Y by aLtc*nate pairing A or G. We would also predict on this mo-
del that & ribcothymidylic acid ﬁQ/BNn wou.ld pair &iso & and G,
{perheps the interaction with A would be stronger than for a

I, . PRSI R. EE Tty . - 2 $ lnde o . -
uricdylic acid iIn s#RV¥4); that a vU in sfRNA might recognize al=-
Y ot Jed 7
o IV

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



—

wi + AWNAL

-

{ ¥

4“ a0

Another possibility is g dihydrouridylic acid would not # » =
/

O
o
1
(]
6]

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

o

inceraccion wicth the messenger would be a weck interaction;

bur it 1s also quite possible that a U or C in & terminal po-
sition would not greatly inhibit the interac A metal
zroup on & 2'-hydroxyl deoxyribose (sugar) mighi also result
in & weaker interaction, and furthermore, by permitting a
greater freedom of motion on the ribosome, such a modification
might result in greater ambiguity, i.e. lower specificity of

) kY

Merace'h

‘hese resuits with infrequently occurring {or
bases, and particularly those with iﬁosine, rﬁfﬁﬁ%ms ongly sug-
gest that s+RNA may be modified enzymatlcal*y, 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 consecguences of this are g <. easy to visualize. TFor ex-
7
- . ~ 3 e N 3 - a. - e
ample, if an adenine(4) in stRNA is de-aminalid and so converted

(=S

» which would normzlly reccgnize thezﬁri-

)

dylic acid base in the message, would ncw be replaced by some-

intc an inosine(l), the

L4

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-



s rather pre-

althougn perhap

It is possible,
that this type of interconversion plays

won oI G to i.
ature O specu.ate,
ant Loological role.,
‘\" : W Y
¢ deal of woruffbantzbw L
{ ,.4‘& [ ;m‘d'_[
<fi"

an wmportant -
Therehas—certaindy-beena grea
= Q&L»A b Ay “1 j "
: o wJ p

_whkeds suzzests caat, #& is possible in actual cells, ﬁgw%mme
cﬂt gO?\)Gf’ . - . e e oo
tic;ty of bodon Lecognlbloql a&é~thrs

i

wey—es" mou‘Ly Zhe speci
Y8 Efrtne '““avewprogouna olologlcal

is—eertai e v
An example of this is the effect of the anti-

conseqguences. v
Lt—has—been-shewns—-by Davis, Gilbert

biotic s:reotomyy*n.
Goriniythat streptomycin will bind on to the JO § art of

5:MM4 _
e small sub}unlt), and all the available evi-

ribosome {th +
uggests tiois binding of #ie- streptomycin to the ribosome
may in some way <istort the tono rapny of the codon recognition
er ambiguity in codon recognition results.

site so that grea:
«ﬂhﬂ.greater degree of error in pro-

This \tgj se one mechaﬁlsm
ein “ynthesislﬁ@&theugh7“ef*cnursET“tHTSWmaymneEmbeuEne~omly
I T

Teir
Leason—-te-aecount-for-the action of streptomycin on bacterial

cells.
tion.

T‘\...»-w..‘_.__ -
' There are o
‘\...:‘Mwm N
R. Marshall and T. Kaske[ﬂuﬂ“

j other examp;euj.ln adaltxon to strepLOﬁyc1n of
the modificaticn of the specificity of codon recogni Arre-

i

!
from amphi-

T4 .utent, comparative studyfm-
{2
of the specificity of codon recognition with SPRNA
G/ [7
bian, Xenopus _aevus,/ iiver, from guinea pig liver and from Ee
coli. Zecolil ""g_a;ne/s+RNA does not recognize AGG and recognizes
e SN e ot e sy

slishtly, wheveas "~ both am~*hian and mammalian

e

CGG ony very
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The concrast bLetween alaninelszNA's from yeast, mentioned cor-

lier, and Eecoli is also shown in this diagram.

\ég both amphibian liver and Zi inea -pig 1var GCG is a very

i

o T e A L‘:t,, ‘ ’t
active COdogf/;;eféfiﬁln the anahibian 1iver GEG has no activity
. ) S .

for alanine<s¥. Afﬁf.*hls contrasts with the activity for E;co11

o

L)

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

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

altnou

Ty
rl

ugnt 1t is & very active codon in higher organisms. Sinne«§

LA fal

CG and of AGU and AGC is alsoc variable,

Hh

cion ©

B

siRNA recogni

Qg

as indicated. Threonene recogniticn of ACG is likewise variable.

-

We have)howeveg found no differences in the codon recogniton of

sERNA's corresponding to aspartic acid, cytene, glutamic acid,
histadine phenylamine, proline, qﬁxbzine and valine.
wﬁmqﬁaaamen Tion & somewhat different type of s+RNA mocdifi-

l W Ut
cation, in wvivo whieh we have studied 1n co f coration with N.
e bl

35 observed 1nLect10n of bacterial EccoLl cells

4l
*3 ple. I_f«uf vred b o Bk el ‘V‘f
. . . / .

with the virus, T2-phage, that-withimeone-minuie-after-infection.
s synthesized by the bacteriay/ which modi-

g
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5
(1
PN
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O
ct
o
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o]
~
e

[SH

1

GJ
ies a pre-existing Teucine <s¥RNA component. (This sTRNA is
biochemical machinery of the host bacterium

necessary for che

Lo
but not ¥y the virus., The modification

1 That it was
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W
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n
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ple
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to surify the modified s§RNA znd test it
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recogi.cion. We found that it recognize® only poly-
ad

UG but it doms not recognize any triplet. We have tested all

ki
O
oY
(¢
(@]
L
o]
o]

G boorod

S
T
4

- £
cne UG-tripiets. ©Ome also £im@d that together with the modi-

H
cr

LD -
fication of the s-RsA, there i% a cessation of protein synthe-

] b

sis by cthe bacterial host. We do not understand the mechanism

S

‘:urning-ofﬁ“; but we think it likely that,enzyme pro-

Ie

e )
-

duced by T-2 infection so modifies the leucineJ;igNA component
as co interfere with the host proﬁein syathesis, and it does
this without preventing the protein synthesis by the phage.

his is & very subtle way of subverting the metabolism of a cell

so that viral proteins can be synthesized in a large amount.

s [
. . - - . . . A e P R
This—is—aproblem we are now 1nvest1gat1ng1ﬂﬁﬂf o
V /ﬁ_z B i G i bt
_1-trust—i-have—showa;by the examples -E-hreve—oriefly

-sketened, now some features of the complex machinery for protein

synthesis in cells can be studied by means of relatively much

o - . -
simpler systems, in Vitro. Thus it has been established that the
same sequences of three nuclieotide bases qiﬁe the same amino-"/
acids throughout the whole range of organisms, from bacteria to

nammalian iivers. And this universal code has been explored by
molecular biochemistry im vitro.

Zowever, we have seen that there are seccndary features,

such as che re._ctive responses to cifferent synonym codons, and

the subtle modifications of the siRNA's waich can be of grea:

. W ‘\,E. it 'L'
importence in ectual, complex living organisms. FTeatures suclr-as
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LY Piidy lwporcant biological roles; by selectively controlling

ra

th

o

)

~ A —
i [Ny

protein syntnesis they may be an important factor
La the general process of ceil differentiation. These are cer-
tainly problems for the future.

r' 3L l"" Wk *

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
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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.



