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It 1s genara.ll.J' elieved that proteins are to d al.o ide f' 

nucle~c acid templates. ~e sequence or. pu~·P.Jrlmidina ases ~ ~ 

template is supposed i~o rep .. :'asent a code that~ sOLieh 

sequence o~ the amino acids in the pa.rticulaJ? polypeptide (protein) 

a given template JJtill fom. The purir..s and ~dine baaeo of me 
pla te 3 the letters ot the code# are adenin~ ura.cu., ~and a toa 

1r the template be an m'iA mDleoule; and 1£ the templat.e be a DNA le 

tt~netakes the place or ~.cil. 
Beca.ooe a teQ>lata whi.ch BJnthetizes protein must Ca.r!'1"3 the sa:· 

information a.a the corre£Jpondin.g gene but need not neoes arU,- be t_ e 

gene itself • we shall here rofe~ to sueh a. ten\r>la te 6 for the sake of 

brevi t7 Jf as a mr-~ne. 

It has remained so far a complete mwstc17 in ju.at whatf oonee:t v . 

WaN amino acids could read such a. eode. In what roorm.er can ohemi '1..: ·~ 

of the d.nd l:Ye know t o e~.ct ~- · v p am r1o · e ds · n"' de ch · 

plate 1n the proper aequence and at the proper di:Jtance from each ot.h·, 

that there might be 1n1 Uated a chemical t-ceaetiml ohain thrall@\ which 
be l1nl-ted tl"'..rougb. 

cent amino a.e!da miSht/~ p.~ptide bends \'lith each ot¥1~~·: 

It !a the pu..~ose of the prese1.r.~t p.1.pe~ to itraicave a coneeptu~. 

simple sclleNe tbat tiili ....... at leaa·t b~ way or an example -- illua··;ra 
. '" tLll~e place 

wha. t manner this might t<f.:::Ad:m>f;:$~~~:;:~/1n the 1 v1ng cell. 



2 ... 

~e bQsic thought underlying this seheme aoneiets in the assumpt ion 
that there are a number or e~s (or enzyme tqetema) -perhaps tweney 
altogether -- in the cell,~~ and that eaeh of these catalyzes the fo:mation 
of a part!eula.r trinucleotide which carrie a e1 ther one particular amino 

acid or. more l1kel7 pemaps • a particular sequence of three amino acids o 

l!aeb amino acid iDa.7 be tied to a nucleotide through a higb enol'§ bend. 

either a P or PP bond:,and ttxts~ such acid ~dea fliaJ' release 
an energ of 12~000 calories or 16.,000 calories respectively,~~ when the~ spli" 

themselves According to the notions here presented, amino acids can 1!21 reaiJ./ 
the code of the paragene .. dxdt. But the purine and pyrimidine bases of 

the trinucleotides, which carr:r the proper amino acids., I'!Jiq attach throue;tl 

the formation of' 6 ~gen bonds to the proper sequence of three purine 

or pyrimidine bases on the paragene, anc:l thus the amino acids ~ be lined 
up in the proper sequence al.ong the pard.gene. Each amino acid being present 
in the form of an acid an."'lJ'dride carries with it the energs- that may be re
leased in a chemical reaction chaitl that links adjacent amino acids throush 
peptide bonds to each other. 

Accordingl:f sequences of three nucleotide& along the paragene repre

sent the code words, and the trinucleotide a which car'1'7 the amino acids 
would represent the a.nt1-code woZ'dB. ~·le aaeume that these ant1-cocie words 
are cc:mplementaey to the code words 1n tbe ae:nse that where the code word 
contains adenine the anti-code word contains uracil (or ~ .. where the 
code tlord contains ur-~cil (or ~ the anti-code word contains adenin~ 
and similarly guaninecorrcsponds to ei tosi.."leal'Ml ci tos:.lneeorresponds to 

guanin~ T.ne rationale for tbia assumption is as follows: 

~e concept of code-letter and camplementar,v code-latter arose ori• 

ginal~ from the interpretation of the structl!:re of mA given 'by J. D. 



~'Iatson and F. H. C. Crick. (l) '!hey shoued that in a double stranded DNA 

structure., adeninepaira td.th ~le(which presumab~ plays the same role 
in DNA as does uracil in RNA) and gua:w2pairs with citoainf- 'lhe helical 
structure of DNA perillita just such pa.il'ing., and ~gan bonding 1a possi
ble between adenintand t~ as well as 'bettreen ~and c1toe1~ 

~'le ma.J' now tenta.tivel~ adopt the view that during protein SJUtheaiG 

the IJal'aSeDe• whether it be a single mJA or a single RNA strand. assumes a 
saaewhat e1m1lar helical configL~N.tion. '!he amino acids carr.led b7 the 

proper trinuoleot1des (the ant1-oode woM&} ft!q" then lines( ~ 1D the 
proper sequence along the pa.ragens through tbe formation of ~rogen btmds 

between the purine and lJ3Timid1ne bases of the trinueleotidee and the com
plementaey bases on the paragene. \'~len the tr1nucleot14es are lined. up in 

the proper order, then -- since eaeh trim.lcleot1de carries the proper amino 

acids -- the amino ao1ds are also lined up in the proper order. 

~Ia shall now single out for more detailed e.xamiP.ation one conceiva
ble model for protein SJ"Dthesis which m1~t aooount tor the lininS up or 
the amino acids alongside the paragene ~ both 1n the proper order and at 

the PZ:OOper d1stance from each other. 'lhis particular model is based on the 

following assumptions: 

'lbe tr1nucleot1d.es \1h1oh form the anti-code words oonta1n the supr 

ri.booe ft.tber than the sugar deeoqribose. ~ch particular ribose tr1nu

cleot14e (the anti-code word) ~es a particular sequence ot three amino 
acids. A phosphate (or diphosphate) group is attached thl'OU81 an Oq'gen at(l 

to the (2) carbon atom of' the ribose moie't;J' of each nucleotide (ester link• 

age) and one amino ac1d 1s attached to each ot these phosphate (or d1phos

t>hate) groups. '!he amino acid a.Dh;fdr1.dea represent an energ-rich P (or PP ) 

~®Wltil!?~.!.br~;;g~~ll\tgt;Rp!p~~~~~~.,~ 
Proc. ao,. Soo. 1 Vol. 22;;. p. SO., 1954. 
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~pbtn'iem\lM!!h:m)!~p-zmt~~ 

Dur.lng protein synthesis the nucleic acid stl"'and that fwlct1ons 
l:iU1 a template (the para.gene) ~ take up ·- ao we here assume -- a helical 
configuration resembling the helical eon:f'i~t.1t1on of a DNA strand 1n the 
double strand DNA helix. e:L'be ribose tnnucleot1cies ma.v then line up along
s1de tbe helical pamsene with their purine and wr1nJici1ne baaes paired 
w1 tb the ecmplementa.17 bases of the para.gene ~ a.nd it they are so lined up~ 
then the amino acids carried b7 the trinucleot14es !laS' come to lie at Just 
about the right distance rrom each othtn."~~ to permit the ronmat1cm or a pep
tide bond between adjacent ami.Do aeids. A chemical raaetion oha.1n -- start""' 
ins trcm the head of a pa.ragene -- bq then move down alona the pa.ragene • 
spl1 t the acid ~des, and thus free the amino acids as well as BDNJ-ma4e J!-~&1lable ;une energr needed to~ the formation or peptide bonds between adjacent 
amino acids. 

Clear~ • this model imposes certain restrictions on the possible 
amino acid sequences that pa.ragenes can produce. ~Jbat are these restric
tions': 

It we have four letters to choose rrom. then -- in a code which 
utilizes three-letter words -- we can cons truet 64 different \'lOrdls o \'le 
might, however, be restricted to the use of 20 out or the 64 words that 
are available. 'lhe reasons for tbia restriction would be W5 follows: 

It all 64 possible tbree-letter oambinationa for.m in tact a code 
word, and it the nucleic acid strand wssumes a.t the time of the formation 
or the pol;rpept1de the helical eontigure.tion mentioned above, tben 1t fol
lows that the code on the parc.t.gene must be read consecut1vel7 fran one 
end - sa:,~ f'rom the "head" of the pamgene downward. '!his 111 so because 
such a helical structure does not provide for commas be~~een the individual 
code word8 6 and 1n a 64-tford• three-letter-\:lord, code ~ three consecut i ve 
letters f'orm a \'lOrd. 'lbe letters 1. 26 3 form a cede word which was meant 



to be conveyed and so do the letters 4, 5, 6, but sequences of three 
lettem which encroach on two adjacent words (such as 2., :;, 4 or 31 4, 51 

tor example ) form cocia words which a.1--e not me~'"lt ·to be conveJ'ed. 

In these circumstances, the code would be misread if the trinucleo
t1des, which represent the anti-code words, assemble alongside the para-

on gene s1multaneousl.y1 rather' than -- from one end/-- consecut1veJ.7. If' 
we wa.nt to have s1mul taneO\!S assembly or the trinucleotide a alongside t..'te 
comma-less pa.ragene~ then we are rastr1cted to 20 code words. 

'Jl'le notion of such a 2D-wol'd code, which needs no oaumas, wD..S intro.., 
duced by F.H.C.Oriclc, J .Sot1r:1ff'1th~ and L.E.Orgal of t-he I-1edical Raseareh 

Council tl11t at the Cavendish Laborato17~ Cambridge., in a memoNnd.um circu ... 
lated in Itq, 1956 muong workers interested in the sU})jeot of' protein S:fll

thesiso From such a code tie must demand that ~ the lette:rs 1, 28 3 on 
a the template form a. code word, and the letters 4, 51 6 also i'omjcodc wordji, but 

/sequences of throe let tel"&~ whieh encroach on two adjacent words (such cw 
21 3., 4 or 3~ 4, 5. for example) form no code wordo Crick and his co
workers have shown that this demand can be metg that a code whidl requires 
no canma.a may be constructed and that it can acccmnoda.te 20 tbree-letter 
code words. 

App~ the concept of a 2o-1etter code tbat req~~s no commas to 
our particular model of protein &Ji1thes1s, we may no\1 stq tile following: 

Each of the 20 amino acids lt!aY appear once attached to the first 
letter and once attached to the last letter ot: the 20 ( trinacleotidc ) anti
code words. 'Ihererore ~ among the polypeptides that can be formed. each 
~no acid mq precede arra other amino acid, and each amino acid ~Btq follot;J 
arq other o..mino acid. 'lhie doea not. or course.; mean that a.n:r amino acid 
sequence is possible~ 



6. 
Some ot t..lle amino acid sequences that~ be found experimentally 

1n sequential ~is of proteins ard'l poJ.m>eptides might show that the 
restrictions imposed by our model on the poseible amino acid sequence are 
too severe. and that the model has to be moclif"1ed to acc0111Doda.te established 
facts. As will be present17 seen some mcd1f'1cat1on of' our model sq be in
dicated tor other reasons also. '!'here ia oerta1nl7 no inherent l'IEta.son wh:f 
we should have a pure three-letter code -- as we have assumed above -- and 
wto-. tor instance~ a. oer.vtain number of fou.r-lettei- code wol'<ia should not 
be utilized alsoe 

It we had a ~ three-letter oode, we would ha.ve to demand that 
the number of amino acid residues or all polypeptides or prote1na SJDthe
tized 1n the manner described above ehould be a multiple or thl:'ee. 

So far the number of' amino acid residues in polJPSpt1des and pro
teins have been deteftlined cml7 within one rather special class; all or 
them represent substances which are secreted by m.·mnal1an tissues. 'lbe 
number or am1no acid residues found 1n such pol~ptides and p:zaote1ns, wh1c.b 
have been analyzed with adequate aeourac,-. are as follows: 

a.) Insulin chain A: 2l J insulin chain B: 30; cortico
tropin B: 39; o$oc1n s 9; vasopressin: 9; Intermedin B: 18. 

All or these would fit a pure three-letter code. 
b) Intaaoed1n A: 1::;; glucagon: 29 and pancreas ribonu

clease: 124. 

'lbese do not t1 t a pure three-letter code. InteDDedin and ribonu
clease would have to include at least one 4-latter word c.md glucagon at 
least two 4-letter words. In a mixed. system o:f three- and four-letter 
worda, one can obv1ousJ.7 never dra.t>1 the conclusion that more tban two 
tour-letter words have been inclUded. 



I • Observed t'"Q.te or enz1J!6 aypthesie 

Aooord..ing to the notions bero adopted moat enr.vmes are qnthet1zed 1n 

srowinS bacteria at 21 rather low rate wluob does not represent the maxtpp.ua SJI1-

tbet1z1Dg capac1't7 or the c0l'Tespcm41ns paragenes. 'iile r-ci.te cf prcduoticm or a 

given enqrme ~. however~ be greatl7 enba.ncect if the e~ 1a indUced• anti 
maximal 

what we are interested to leam 1s the~ rate at which a pamgene may 'be 

able to fora the correapan41ng enQme. 

One ot the most atut:lied oases of etlZJlle induction is the 1Dd.uct1on of the 

ellZJIIS f}-gal.a.otos1dase which apl1ta lactose. Jacques Mcmod aD4 h1s co-workers 

ba.ve shown that tb.e production rate or this enz:1J!1e 1n bacteria can 'be sreatl7 e ~ 

bance4 bl' certa.1D taem1cal aDaloguea ot lactose., and tba.t the rate ot proctuot1cm 

ot tbe eDZJJE goes up al110et 1nstantanecusl.7 upon adding the 1D4ucer to the mecU 

We are thus led to believe that the 1nducer lli.\J" aot b7 increasing the rate at 

whiab one template produces the eDZJme rather than bJ' 1ncrea.s1Dg the number of 

templates tba t produce the enqme at an \11'lCbange4 m te. 

9le h1pst r"6lte at which th1a enqme 1s prociuced 1n i'ull7 1Dduoe4 wild 

t7Pe ba.cter1a growing 1n m1n1mal medium is about 2 lo-18 grams per oell per seo . 

Assuming a molecular weigbt or 100.,000 tor this eneyme., we would obtain ~~ 

rute ot about 15 ~ molecules per aeoond per bacterium. Or 1t we assume a 
Melvin 

molecular we1rjlt or a million (Jacques Monad and riidt Cohen eat1ma.te the moleculal: 

weit#lt of tb.1a e%1ZJJDe at about Boo,ooo ), we obtain a rate of 1.5 eDZJD~e molecul ~· 

per cell per second. 'lbe D'LUDber of pa.rJ.genes per cell is not known. It the 

para.sene is a single str-<lnd of RNA1 there might be a tow pa.ragenes present per 

cell mtber than JUst one. am the number of parocenee mi~t !'Jxbet be ot the 

ol'lder of magnitude of 10. 

In ~ese circumstances we are led to believe, an the basis of the figures 

given above., that tor~ ~or hif#l molecular weight - \'lhen the en

Qme 1a ~ 1n4uce4 and enqme ~thesis prooeeda at 1 ts mo.x1.illal rote -- tbe 

rate ot formation of the en~ 18 of tbe ~pder of magnitude of one per oecond 

P!r oo.rae;ene • 



.Q.qm_puted rate of engJr!S a;r{!tll.e .. s1s 
Ue shall now attempt to comput...e at 'Wbat r-ate a paragene !2ICq be able 

to 8JDthetize tbe corresponding e~ on the bu.sio of' the model that we have 
postulated. For the purposes of this computation. we ahall a.aaume that the 
molecular weigbt of the enZJZDe is about 100.,000. \'le then ba.ve about 1.000 
wnino ao1d reald.ues 1n the e~., an4 acco~ we would have to assemble 
alongside the paragene m-= 300 triDucleotides# eaeb. of which 1s ·!loaded" w1 1 
three amino acids. 

use In the approx1mt1on wh.ich we shall 86nbhlu, the m1D1mlllm time, To ., 
needed tor the formation or the pol~ept1de 1s composed of two terms., r, ~ -r 
t 11 • T1 + Ta. 

Atter all the amino acids, assembled alongside tbe ~late, have been. if' liDked into one pol.ypept1da. and this po]3pept1de is at once re co moved, a certain time~ 't', ., ld.ll elapse until tbe tr1nucleot1des, which are nO\f 
demaded of amino u.c1da,evapor-c:1te i'rau the template and their place 1a taken ~" tr:lnUeleot1des which are loaded with the proper amino ac1d.s. lila !GPrn assume that the conoentr-~t1on or denuded tr1uucleot1des 1n the cell 1a vel'1f sm.:Ul sr 
that utter the denuded tr.1nucleot1des evaporate, the loaded trinucleotides de not have to cOMpete with denuded trtnucleotides for their leSitimate pos1t1~ 
along the para.gene. ~ time, t'1 , which 1s necesa~ to permit evapo~.J.tion 
m denuded tr.1nucleot14es and to assemble m load~d trtnuoleot1dea in their pla we shall compute here on the assum.ption that once a loaded trimlcleotld.e has 
found ita position alongside the templi.lte, it will not evaporate a&J.1n. Beea 
this assumption 1si=Xmi mMI~ not valid, 'kle must make a correction much 1a represented b:f the second term, 1:"2. • 
CC!!JPUta. t1 on of' 'L:r.. 

is First we shall now compute this second tem, 't'a. • 'l'h1s c=wuta t1on ~ 
E based on the fact that (because oi' reevCJ.pora t1on or the loa.ded trinucleotide a which a;m reversibl7 combine« w1 th the ant1-occ!c t>Jord.a or the par-agenc) there 
will be - no ma. tter h0\'1 long we l:lal t - al.u~s a certain number of code words (sequences or tbree nucleotide&) on the para.~ne which are not ··covered". 



We have to deal with a reversible reaction !!lb::e.n. ~ ba written 

as follows : 

(';m!m~~~ 
codeword + loadedtrinUcleot1de ~ • codeword--loadedt~~cleotide 

'!he rate at which the reaction proceeds from left to risJltJ i.e. the number 

or sucoessf'Ul hits per UD1 t time is g1 ven by 

hit rate m A f 
f denotes the concentmt:!.on ot the particular kind oE loaded tr1nu-

1n mol/oc. 
cleot1clej We shall. far the sake ot simpllcit7~ assume that the concentra-

tion 1D the cell or each ld.nd or loacled tr1nuoleot14e is the same. 

A stan4a tor 

A -uo2
' "'Cf"f' 

v 1a the molecular velocity:~ v .. {flJ 
l~r weight of' the loaded trinucleotideo ~ M ~ 1000~ 

where M 1s the molecu

we have v = 5 x lrY 
em/sec. 

<~"' is the target area that must be hit b:; the loaded tl"inuoleot1de 

if ~gen bond1ng is to take p1ace w1 th the three adJacent nucleotide a or1 

the pura.gene. ~le ~ assume .for o- a value of q.; ... lo-15 =2 • 
I 

p denotes the r)robabUiey that the loaded trinucleotide, when hit-

ting the code word, is 1n just the riGht geceetr1ca.l posi tim to perm1 t 

~gen b0114ins to take place between the three oa»plemental"8' pairs of 

bases that are involved. We ~ take for p , as a ver,J rousb estimate 

p • 1/300; 'Ibis would S1 ve for o-r the value ~ ~ • l/3 10-l). 

The r-..1te at which the reaction proceeds rrca left to r.lght 1a given 
codewo~loade4trinucleot14e 

by the rate c(, at which the RRX!If~t.ad:e~~ complex dissociates or:J 
o( 

as we m.:l.7 al.eo sq, the rote at which the loaded tr1nuoleot1de evaporates 
A 

fran the para.gene. Por this r-c1te we lllrJ:I' wr1 te 



:o.~ 

&f1 

(a,) o< = rate of evapo-A?"a..tion ~ 1ol3 .e-Rr 
tfaere il ti 1a the binciing energ:; foX" the lcwied trinUcleotide¢. 

In equi11bZ"1Ul1l the hit r-~te and :3Va.por-at1oa ~dote ml.ISt be equal. 

'!he eqU111br1um conatant6 K~ or tlUs l"eVers1ble react1on 1a defined as 

the acmeentration of the loaded tr-lnueleotides at which the coda t10rd 

1a covered half of the time. 'DltYJ e JUa.7 write 
•li 

I I] --A k = 1: 10 e AT = f- o< 
(S) 

o(:&AK 

In equilibrium the proba.bU1 ~ rJ f • foF a given code word on the 

pa.ragene !!e1 being covered b~ the px:ope,_. loaded. trimloleot1de is given b7 

('f) f = ' I+ _t 
K 

Ace~ fJ !n equilibrium., the total l'!Umber of such gaps a.lcmg the ~ 

gerte which contains :; m nuoleot1des is given bJ' 

~tJe shall assume that moat code words a:s;ea "covered" 1r1 equ111bnum 

aDd th1e means that 

We presume that atter such equilibrium is established a chomical re

action eha1n 1s somehetl triggered., and• mov:!l'!g dmm along the par-J.gena ~ 

11r!ka ad.jaeent amil.ao a.eida into a pol'9"J.:>eptide. !the a,rera.ge time • T ~, o 

needed fo&> the formation of the pol~pept1d.e :r~ the amino ackla L"tSSembled 

along the p~ne is given b~ the product or t;-&a "~r of @flps··b :!la.t 
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I have to be filled ccnsecut1vel:r~ and t..lle a.veru.ge time., - # that it takes Af to tUl m1e given GaP• 'lhusp for T~ we~ \:;rite 

(;) I """ T't,. = - -~=--Af 1.,-L 
K 

When the pol:Pept!de is formed an6 leaves the pa~ne# tbe code 
words are covered w1 th the denuded trinucleotides. We may now oampute the 
average time, , needed tor the evaporation ot all the denuded tr1nuoleo-
t14es and the assembling ot all tbe loaded trinucleotide& 1n their place$ 
We sball, tor the sake of s1mpl1e1t,v, assume that a deuuded trlnuoleot1de 
evaporates at the same rate., a, as a loaded trinucleotide. 'lbe rateJI a.? 
at whiCh a loaded trinucleotide evaporates tram the template 18 given b7 
( 3) and we mq also write this in the form 

( 8) I 
('-"~ 0 

Since we ha.ve assumed l. » 1 ~ we have V Z 
K 

vll.luea of m, 

(U} 1 
r -' I 

.Llf ... 

Ir we w1ah to malce 

aa to have tor .1 
I( 

r ---I< 

-



....... 

SUbati tuting this value 1nto ( 11 ) gt ves 
2-

(1, > t; z I rrt, 1- wt. Af 
I I 

For a pol.J'pept14e containing 1.000 am1no ao14 residues, i.e. a 
paragene contain1ng about 300 code words, we Dq W1'1te m • 300. and thus 
we obtain rrcu (12) and (13) 

.f. ::::: I o 
K 

(14) 

(15) 

Estimates tor the values or A and o-p 
If we estimate O"'p • 1/3 10-l) • then we have A • 1ol0• For f • 5.10-9 

mol/cc ( f • 5.10-6 mol/liter) we then obtain 1; ~ l seo., which means that on. 
pol)'Peptide is toDDed per paragene per second. 

It might well be that rp 1s ten times h1S1ers fl" p • 1/3 10-l& which 

gives A • 1al1 • In tbis case 't;. ~ 1 see is obtained for f a 5.1o-10 mol/cc 
(or f • 5.10-7 mol/liter). 

It one were to attempt to find exper.lmentall~ trimaoleoticles in bac
terial cells. cme would have to look tor ooncentrat1ona ot tbis order of 

magnitude. 

Since we have assumed ..f. ~ 10, 1~e aust expect to t1Dd tor K: 1(. 

(16) 5.10-8 < K (in mol/liter) < 5.1o·T 

5 10•11 < K (in mol/oc) < 5 1o•lO 

I ; o 



From ( 3) we obtain for u. g1 ven pair or values A <Jlld K the binding 
enera::r 1m between the loaded trinucleotide and the code word on the ~ne -10 7 or K lo-10 mol/oc. Por a. value of A a lo- and K a: 10- mol/11ter,jwe obtain AH .s 18~000 
calories. Since 6 ~gen bonds are involved, this would mean about 
3.000 calories per ~n bond. 

Por tbe same value of A and a value ot It which is ten t1mea larger 
All would decrease b7 about 1400 calorie a. 

Conclusion 

should CJheae ccmsid.erat1ons show tbat the tbeoey which we poetulated Mt!M\4x 
be able to explain the high rate of eDQme s~thes18 which ane Observes 1n 

max1mall.7 bacteria when the ~d.te of tozt\'latiOD or an eneyme is/cmbanood ~ the uoe of this an 1nducer. 'lhe baa1o thought of 1dm tbeo17 Jmeaqt•aB consiats 1n the as-
sumption that tr1nucleot1des read the eoda of the ~ne and that these 
tl"1nucleot1des ~amino acids. ~~m~~ One 
:fpa.rt1cular model for protein SJntbeS1s which assumed that each tl"1nuoleo-was a1ngled out tor detailed d1souas5 tide carries a sequence of three um.tno acids/~~~ because this 
ctmtqdl!$1'dXI&~/iDodel M1dab appeared MJ2!!SR to be the most plausible. 
'lh1s does not mean~ hmzever • that other models need not be considered .¥bQ 

lbtber than to a.ssumo that each kind or tl"inuoleotide ca.rries a par· 
t1cular scque:nee of three amino acids • 1 t \'I auld. be in eome u~ more appeal 
1ng to assUIIB tbat each trinucleotide cu.rriea ODJ.7 one amino ao1d. In tbis 
case the am1no acid migflt be carried b7 a phosphate group 11nke4 b7 an 
ox:,rgen atom {ester 11nkage ). either to tbe tJU.rd. or the fifth ot the 5 oar
bon sugar of either the leading or the trailing nucleotide. Aasum:ing twenQ' 
different trinuoleotides. each ~ one particular amino ac1d• we could 
hl.l.ve a code that requires no eamatna. with no restrictions imposed on the 
possible amino acid sequences or the proteins formed b7 the para~nea. 



The particular model for protein synthesie here COllBi.GGred cannot 
be modified. s1mpJ.7 by s~ that each trinucleotide carries cme amino ~c1d 
instead of carrying three amino acida• tw adjacent amino acids would. not 
then be at the riGht distance frau each other to be 11nKe4 into a. polypept14 

SUch an alternate model for protein $1mthesia would., therefoN4 re
quire a.cld1t1onal 1d.eas e-oncemin& tbe configa1rat1on - not necessa.r.f.l.J' a 
helical one -- which tba pamgene mipt aclopt during prote1n Q1ltbea1s. 

I am gra tetul for the cU.souas1on of a var1et7 of problema ariaing 
out of the ocma1dera.t1or.aa here presented whieh I had at the UJ11nrs1t7 of 
Cbicago with Prof'. Hemert s. ADker., Dr. Na.D.dor L. Balazs, Mr. H1zaondo 
ltuJd.., Prof. Joseph E. ~er, and Prof. Leonard J. Savage o 
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ey Leo Szilard 

The El'lrioo Fe%il11 Inat1 tute for Nuclear St'Udiea 

'ihe iJni verai ey of Chicago., Chicago~ nlino~ 
d~~ ~ , -~ 

. 7 'I /.o / bJ { 7) 
(~ 

It 1s now generally believed tbat proteins are to~d alo~ 
I 

nucleic acid teULolatea. ~a sequence of ~ne ~ ~~imidine bases in 

the template s supposed to repr-esent a coda that may somehow detemili 

·(;be sequence of the amino u.e:i.da in the partieu.1ar polYPeptide ) 

that a given template will forma (l} The purine and ~dine bases or. 

the template., the letters of the code, ar-e adenine~ ur<£cil., guenine and 

cytosine if the template be an RNA molecule: and if the templla\te be a DNA 

molecule., ~ takes the plaee , 

It has remained so fa.r 
0

~=~=;;,1~~ 
way amino a aids could raa.d sueh a code. In wl1a t mr.umer ean chemical fol"C3s 

of the ki~.'ld we knew to exist -- line up amino aeids a.\ongsid2 such a tem

plate in the proper sequence and at the p~opeP. diatanee from each o~~er., 

so tha\. t'i~ a. chemical reaction chain ::IJ.!q link adjacent amino a ::cis 

through peptide bo:ra..ds •~i th each ot-her'? 
I 

It ia the purpose ot 

simple s<W...eme that w1ll / at l east .. way of un examp e -- ~1.ltta~ •. te in 

what ll!a!lller this ""~j: pl aee in the living eell, 



...- .. , 

I 

(2) 

Because a template Which synthet1zea p~otein need not neeesa~~ly 

be the gene 1taelf' bu.t must carey the same 1nfo~t1on aa the correspond"' 

1ng gene; l!Ie shall here refe to auch a ~lata for the aake or breVity 

as a. par-$£Pne. 

The bas1c thought underly.l.ng the scheme here p:resented cons1sta in 

the a.sstmlpt1on tllat there are a nlll!lber of eneymes (or efl~ systems) -

~~tPS-t1;er!'tp~ttlli88~-- in the call~ and that each or these catalyzes 

pa~tioular trtnue;eotide~ carrie~~~~~~~~ll 
_/ - 

pa~1oular sequence of three 

0 ac as. ed ~ tbe nucleot de on a phos-

pha.te or p:frophospba.te group as an acid a.Jlb¥dr1de -- which is a. high ene 

compound -- then the ener~ needed ror the tormat1an of the peptide bonda 

will become tree wh the amdno ac1d is split orr. In this sense one can 

s~ that each amino acid mi.cy' carey the energ naeded tor foming 1 ts pep-

thsPWelves 
Acco~ to the notions here presented.tt amino acids can not/read 

~~ the code of the paragene. But the trinueleotides~ which carey 

the proper amino ao1ds~ uuq attach with their three bases through the to 

maticm or 6 ~sen bonde t the proper aequenoe or three baeee on the 

pare.geu" aDd thus amir&o ao1 1n the propex- aeqwmoe 

al tbe p a ne. 

ft~MDt tbe ood8 woN&• aDd tbe tiilliiOleOUMI il'iSell 0N'17 ,.,. 
acids N PNeeDt tbe &Dt1""00de WOJidll. 

o1 • ..S. ue o.-ple1118Dta17 to tba oo4e woN8 1D tbe .... *-'• tlbere e 

oo4e w8N ocmt.aSDa adfurlM tbe ut1"""00de ..oz.~ oelaklll8 ....U (or t.mr.iai~ 

No ·e added June 17·~. .e ir 1s e of the Proc.N~t.Acud.Sci.; 
Vol. ~ p. 416 (1957) which \'las belatedly received here~ contains 
an article bY" F.H .. Cr-.i.clt, J .S.Gr1ffith1 and L.E.OrBel \'Jhich is 1n 
part identical with their previously circulated memo~~dum re-
ferred to in the text. In addition# however 1 tbe authors discuss -
in conJunction with a detailed ord.l communication of s. Brenner to 
them -- hoti amino acids m:tsnt z: · the nucleotide code. The relevant 
passage or their paper is quoted in full 1n Apper.d1x c. 



y • 

o~gl .. "U.lly f!'.~:m ~.e ... nt.cr-p;t.~·ifation of ti:.e z m·ctt.u:s of DNA giv~n b~ J .. D"' 

t·Ia"·aon a- ,:; '!Y ,..:_(J,c C~ ok. (~ 'lney sho~red tl·u-.:c i11 u doub.,.e o·'-

-e,h!at':;;_;-;ri;;:-= :L 73:; P :-3J#8l95"3 
P ~ ~· w, ~2-~00 ~ J:tt:r;j" ... oo .. , v .... 11 c; ;;; ;, I! 

~~!"f':'l~i"'t'!"!J· adenine of or..-9 et~J .d pai.rn -·i ~ ~'""-l • lo of 'iihe ... ·w~e~ s t;;;:;r.~ , .. 

{ "f.:> •• ich pS'eaumablJ' p aya .,.be ;,ame rolr.: L"l ~A as does ~~ ;~ ~.~ ··-A) a.. ,!;! 

em1lar3 .. ;i €..!al'l1ne p~"';:;s wS/'i l c~ltosiJm.,. 'rile helical t.:rGrue·~"""e of ~.+l. po 

~ ts just such pair~g~ & J . !l~~X?ogon b~ ia po"-"ai'ble bet\· sen · denilw 

J:!W! t:1~: ne: a..e t:Ie ... l as ~ 1 ... tween £Ha!i:'i.ne c\!ld eytoa:J.n .... 

rcur :§.et·~xn to choc<:! , ±:~L s.t~eh e. maae';'~ eoul· t:ii··· _se 6l!, dif' ~ereni.t ?·cr-«.'3 
l.t]v~:1it;,~ 

He m:t1~ t~. hOivewe~ :- bu liD' .. ~~~.11 tw, t..lr.e ttae t!~ 20 o-:lt of l_hs ~·4 .rol?da t.h t 
lim~:'*~::·i.;· on 

~- aV'mi:tv.i;;.le,. me ~aD /Jl.J for ""':.is ~~;"~!. ·~iP.I1':m l.ti'Oi ld ~~ as Y:c: .~iB: 

'? all 6!~ J o::. r i'fJ ~e ·,..lf~~e ... J .e·i;·~es.:. o.crm ;:'1,. :m.tic:·Jls :rcz;m ~~~t'?:..:~: .. 1 .... :me 

w~ .; ant! if q;he .r~~:~gere a5~s at t..~e ·~im.e of 'f.le tc~rnatior! o..~ ·t...~e 

p"''l~-r.JGpt.:i{;:e a LeJ.l.eaJ.' cio~f ; ~~a.tibn ai.u:l1t~:V ..... t> ·t;""(.. h~ iical <""tl·~f'igur,(],·t~ o.~ 

of' !£\JA ·~ben :lt :foll · ·ilw.'G the ~ ~~J.e O>"'l tl.1e va~eae ~m .. t ~e FG.d eonseeu·· 

.. :~~om C~:te nnd - "a"tf ~ f.ram 'Ghe "l'!.eu.d n Of tl"'0 paz.agene clc~ .. - i\i7~t:d~ 'li'S-B 

:.s s~ L: ea~~ae 3U.l}l a H:;:r.::.~ l st~u.ci a.re doers ~ot· p r:tTl e .Po.,.. C'O'IG'lk1.S ..,.eti,·e ... n 

6. ,_ut seq;t!Bnces of 

t~ .. 1u;: ~t.ti;e·..;s -w~ ~1. 11 encz:;..;.t": ~1 two adja.~ ... t HOZ'lifJ aueh aB 2., 3.1 4 or 

3n 4, ~? •• fo~ ~AalJll:.~e ) z·o·~· oooe ~.1oroo t£ ... ir t~ ·. ~ noi# · s.."'lt to oe oonve~d., 



In t..'V-teae circumstance a, the c e would ce misread if' the trinu ... 

cleotidea, which represent the anti-code \·Jorde aase112b1 e alongside the 

paru.gene simultaneously,. rr;.ther than -- frcm one end on -- conaecuti\rel ... 

If we \'lant to luve s:l.multaneous a.ssemb~y of the trinUcleotidea alongside 

the c~~l~ss paragenep ~~n ~e are restricted to 20 code wo • 

!be notion of such a. 2o-word code., \i.lticb. needs no ctxmr .... :ls • was m

trodueed by F.H.C.Crick1 J.S.Griff1th~ -~ ~.EsOrgel of the Medical ~

search Council Unit at the Cavendish Laborutoey., Cambr1asa.., in a !:> ora..1'l-

dum circulated interested in t."lc s "ject of 

Front such a code we st dem,no tha:t the letters l 

a. :5 on the template rom a coda l!Zort!, and the letters 4 :J 5., 6 also ro 

a code word, but sequences of three. letters., d'dch encroach on two adJa

cent words (auC'.h us 2., 3., 3 or 3., 4:~ 5 ~or exam.,ole) i'orm 110 code \fOrd. 

Cr-lck and his co-wo:d!er:s hava sho~-n that this dennnd il1'l ~e met. that a 

code l'!hi~h requires no ecmmaa may be aonatruoted ar.d that it can ace o

date 20 three-letter code words. 

tve sha.lJ. not-1 sit1Sle out for more deta~ led examina'tion one conceiva-

le m el for protei.s"l synthesis which m1Ght p:ttov1dc for the li.n1ng up of 

the amino aei<.W alongs.: e the 1~a~.1gene !J both in the prot;e~ order and a. t 

the urop~ distance f'l"'m each . other. This p;1rtieular model is ase n 

the f'ol Ot'11ng ase ·mptions : 

~e trirlucleotidca ~dlich tom tbe ant1-·code wol'da contain ~'le 

BU&J,r ribose ather than the sugar dei'JO~bosc e . Each pa:rtic ell" riboae 

trinueJ.eotide (the a..1'lti-eode woN} ea:tw ... e a particular sequence of !!1~ 

amino aeid3 A p.."'osphate (or diphosphate) group is utt~ched to the (2) 

ca · on atom or the nbose !.iety of each n:ue. eotide u.t'ld an amino ac d 1o 

attache·: to each rJ ospha.te tor 'iphoaph.<.1.te) grou JS. 'fua <.: 

{. uc d anb~d .des ;ii;.~-~H:. ~~V\ P OL PP~ on which. when spl .t~ 

opeetively. 



During prote1.'il S:fllthesis the nucleic eeid strand that f\ano'tions 

aa a template (the paragene) mq take up -so we here assume -a hel1-

cal configure.ticm reaembling the helical conf'1gurat1cm. of a DNA strand 

in the double stranded DNA helix. ~ trinw:Jleotides m;q then line up 

alongside the helical pamgene with the r purine and pyr:lm141ne bases 

paired \d.th the oanplementaey bases of the para.sene: and if the:f are so 

lined u,p ~ then the amino acids car-ried by the trinuoleot1des come to 

lie at Juat about the .rigbt dieta:noe fr-an each othei- to permit the toma

t1on ot a peptide bond between adjacent am:l.no a.c1ds. A chemical reaot1on 

chain - start1Dg perhaps from the head or a ~:r.e - ma:;! then move 

dawn along the pa.re.gene, split the acid ~de • and thus t"ree the 

amino ao1ds as weU as malce available the cner&V ede for the formation 

ot peptide bonds between adJacent amino acidB. 

Adjacent amino acids can be lir.Jted only if the distance fran each 

otb.er is smaller or equal )but not apprec1abl7 larger) than the f\udamenta.l 

repeating distance 1D a polwept1de obdft
1
wh1ob 18 7.21R. 'lhe tundamental 

0 
repeating diatxmce in a i'ully extended pol~ptide chain is about 7A o 

Since be tore they are linked into a poJ.JP9pt1de the amS.no acids can ~tate 
. '-._(a r r ' ' (2...} ~ A./~~~~-,-s.Y."'""'f' 

around the chemical bond which ties os group the7 m1E!Jt.t 
somewhat 

well be assembled alons the para.gene at a/smaller dietance from. each other 

than the tundamenta1 repeating ci1stance ot the poJ.n>ept1de obain. 

App~ the concept or a 2o-1ettez- ood.a~ tbe.t ~ :~o c ! to 

our particular ode, of protein s,nthe 18., we now sa:a the tollouiq: 

Each of the 20 o ao appoar once attached to tb leucttns 

letter once t~&ebed to the t~ltns lette~ or tBe 20 (t~oleotide) 

to ct., 

each amino acid precede ~ other am!Do id., and e~ amiDo ac14 

other ~...l~ aoi4., ~b1s dcae not" of owns, an that IJZlll foll0\1 

amino a.c1d sequence is posoib e • 



6. 

Scme ot the am1fto acid sequences tba t lDil¥ be f ound exPerimentally 

, 1n sequential a.nalysis of proteins and pol.J'peptidea might sho · · t the 

restrict ions - osed by our model on the possible amino acid sequence are 

too severe. aDd that the JICdel baa to be modltieci to aoo•Mno&lte eatabl1ahed 

facts. As will be present17 seeD scae mod1t 1ca.t1on or our model ~be 1n

c11cated. tor other rea.scms also. 'Dlere 1a oertatnl7 no lmerent reason~ 

we ahoulcl have a pure tbfte-letter code - as we have assumed above -- and 

q,. tor 1Da~4' a oertd.D DUmber or tour-letter oode wo:rda should not 

be ut111&ecl &lao. Y ., · 
It we bad a pure three-letter oode,. ·we would have to 4eman4 that 

the number at aa1Do ao14 residues ot all poJ.7pept14ea or pi'Ote1na qnthe

t1ze4 in tbe manner deacr1J)ec1 above should be a 11111 t1ple ot tbNe. 
Da!~nl1C 

so tar the number ot amino ao14 res1ciuea 1n pol;vpept1dea aDd. p:ro-

te1Da bave been deteminecl 0DJ.7 ld.tbin ODe mther speo1al olaaa; all ot 

tbea represent substaDoea which are secreted bJ' 111Nft•l1u Uaeuea. !he 

11\.Der ot ams.no ao14 zea14uea tOUDd 1n 8UOh p~pt1cles aD4 prote1DB. which 

bave been ana17zed with adequate aoouraq,. ue ·aa tollowe: ·· 

· a) IDaulJ.n oba1D A: 21J 1D8\I1iD ohatD B: ,c)J oo.Uoo

tl-op1D B: ;,9J ~oo1Dt ' 9J vUoP"UiDI 91 'JDtepee41n Bt 18. 

All ot tbeae woulcl t1 t a pure tb.zee-1etter oode. 

b) IDte~ A: 1'J sluoaacaa 

oleaae a 124. 

'aulae do DO~ tit a p\11'8 tblee-letter oode. IDteaecSSD aDd rDcmu

oloase would have t o include at least one 4-lotter word and glucagon at 
f" 

I 



<&sewed rate of epg!!!! pntbes1§ 

Aco0Jid1Dg to the notions bel98 adOpted moat cmqmes ue QDtbetized 

1n .growlDg bacteria at a Nther 1ow mte 40ea not l'eP ent the QI:.WiooWIIIoji.W 

SJDtbetlEt.Ds capaoiti' of the e~pcaUq • ate or pl'OCiUots.cm 

ot a s1 ven eDBJJBe IJ bcwever~ be ~ oe4 if tbe eDqme S.e 1Diuoed., 
aDd What we are 1Dtereete4 to leam 1s the ate at ldd.eh a~ 
mq be @le to form tbe correapond:J:r'IS • 

ODe of the t stud1ed. oasea ot 1Drluot1CD 1a the indu.ot:l ot 
the eDq~Re ~-plactoal4ase ch splits lactose. Jacques Ranoel aD4 JWs oo-
wol'kem ba.ve shown that the pl'Od.uotior.a rate of tb1a in ba.ctel"'la. ean be 
pea~ enba.Dced b3' certain obem!cal aualopea of la.otose, ldlioh aot as U~Cm
oem, and tba.t the ate ~ procluotion ~ the ~ pea up alaoat lzlatanta• 
neously upon adding su.ch an indueer to the mecU.um. We ure thus led. to believe 
tbat the inducer~ act b7 1neJ~eaa1Dg the ra.te at wh1cb one tesxtPlate PliO-

duces the enzpe rathe~ than bU inoreaaing the r or templates tba.t pro-

duce the eDBJJBe at an unchaDSeci rata. 
In t'all.J' 2-Ddttced wUcl ~ bacteria ~ in m1n1mal metium th1e en

qme 1s oonta1Daci iD tile amount of about 8 maJll• per 1ol2 ba.oter!a aD4 thus 
{ amounts to abQlt ~ ot the total proteins. \·le obtaJ.D the mte) at Wich tb1s 

f " eneyme is pro4uced 1n m1Dimal medium per baoter:l..um )ba d1 v1d1ng the amo\D1t ccm
ta!ned 1n one bacterium. bJ' 1.44 tDea the 4aubl!ng time (40 m111utes) of tbe 
bacterlum. We thus tSncl tor the mte..,a.t which this ~ is pro4Uced in 
tu1lJ' 1Dcluced wUd tJ:pe h.cter1a ~ 1n m.irdma1 ~ abat1t 2 10•18 ~ 
per cell per second. 

It we assume a molecu:J.asa we15tt or a ml111cm (Jacques ocl aD4 Melv!D 
Cobn eats.ma.te tbe moleculal' ~tot th18 ~at. about aoo,ooo).J we obtain 
a rate of 1.5 eDQma moleeules per cell per second. '1he !lUIII'ber ot ~s 
per cell is not known. ~"tmqmass~xtimM; there mt.sbt be a few ~s 
preseDt per cell rather than .tuat one, and the~ ot paagenes lll~t be 

ot the or<ier or Dli'Sili tude ot 10. On the other lumd., smaller eDQme molecules 
m.1.Qb.t be apthetized somewhat tester tbara 1.arser enBJDS molecules .. 

in ))3-e~e-~is ot the t1sure given above., we are tbl18 led to believe 
tbattwnen an enqme 1s 1"ul..l:)r :f.nduesd. and e~ SJDthe&1s procae4s at 1 ta 
max1mi.U. rate -- tbe ~te of t»ozmatio ot the en:qme ~~~~q be ot the opr or 
ma.gnitude or one per second pexa ~· 



-._ .. ·Ct!npu.ted r~te of e~ Sa!\t.'l~si§.. 

fie shall new at~t to ecmpute at what rata a paragene ~ be able 
to SJ!lthetize the corresponding eneyme on the basis of the model that we have 
postulated. For the purposes of this c putat1on, we shall aasume that the 
moleoula.r weight or the enqme 1s about 100.000. ~le then have about 1,000 
amirlo ao1d residues 1n the enzyme, and aoco~ we would have to assen:a,le 
al0ft881d.e the paro.gene m • 300 t1"1nuoleot1des, each ot which !a ''loaded" wltl 
three amino acids. 

use 
aball z:nmw~:a.. the rdtdmum t1me, T. , 

needed for tbe formation or the polypeptide is ccmpooed. ot two tenna, t; and -r. 
T~ • T, + ia. 

Atter all the amino acids, assembled a.longs1de the teuQ;>lu.te, have been 
if linked into one polnJept1do, aDd this poJ.nlept1de is at once re 

moved, a certain time, -r, , w1ll elapse until the tr1Ducleot1des, which are nO\i 
demade4 of amino aclda,evu.porate tram the template aDd tbeir place 1s taken • 
triDlcleoticies which are loaded with tbe proper amino acids. \'lo et,ea'J ass 
that the concentration of denuded tril'lucleot1des 1n the cell is ve17 small 
that after the denucleci trinucleotides evapor-ate,_ the loaded tr1nucleot1des d 
not have to ccmpete with denuded tr1nucleot1des for their legitimu.te posit1cn: 
along tbe paragene. 'lhe t1me, "t'1 , which is neceasa.17 to permit evapo~.J.t1on 
m denuded trimaoleoticles and to assemble m loaded tr!Dloleotidea 1n their pl·• 
we shall compute hero on the assumption 'that anco a loaded trinueleot1cie ha.s 
found its position alongside the template, it will not evapol'l:lte a(!;11n. Becat 
this assumption 1aioXI'Jihnrsam~ not valid, l:le DlBt make a correction which 1a 
represented b7 the seocad term, -rl. • 
Computation of t'1. 

18 First we shall ncnf ccxoputa this second te.rm, 'ta.. 'lbis ccaputat1m1 ~ 
bE: based on the fact that (beoause or reevu.porat1on or tbe loa.ded tr1nucleot1 
which ~ revero1bq combine« w1 th the anti-code words or the par-.1gene ) there 
will be - no matter how lons we wait - al.\'1~ a certain number of code words 
(sequences of three nucleot14es) on the parogene which are not "covered". 



·, . 

We have to deal 1'1ith a reversi le reacti a wri-tten 

as f'oUowe: 

codeword + loadedtr1Ducleot1de .--- eodewo~loadedtrinucleotide 

1he rate at which the reaction proceeds from left to r1e$lt~ i.e. the number 

or sucoesstul hitS per lmit time 1s given bJ" 

hit rate • Af 
)( J- f denotes the lloncefttmt1on or tile parttCII.Ilar ld.lld ~~ loaded trinu 
./\/ 1n mol/oc. ..._ . ,. ~ · / . 
N' cleot1de,J We shall, 'far the sake of s~Uc1~. as~ tbat the concentra-

tion 1n the cell of each ld.rad of loaded trinucleotide is the same. 

A stands for 

A .{ao23 14.1' rr I' 
v 18 _the molecular veloc1t)' • v • [¥; where R 1a the molecu

la-r wej.ght of the loaded trinucleotide. ~ M ~ 1000. we ba.ve v =- 5 x leY 

em/sec. J 

qw 1s the target area that !IIWJt be hit 'b7 the loaded tl"1mleleot1de 

11' ~gen bcm41Dg 1s to take place with tbe three adJacent nucleot1des on 

the paragene. we mq' assume f'OJll D-' a value ot q- - lo-15. a14
2 • 

I 

p denotes the probab1li1;J" that the lcadod trimlcleotide, when hit-

ting the code word, is 1n just the ri~t gec:aetrioal position to pel'Jr11t 

~gen bcmdiJlg to take place between the three campleaantary' pairs of 
" t 

basea that are illvolveci. ~ take for p • as a ver:~ rous;b cat1mate 

p • l/300; 1his would S1 ve i'or o-r the value o- p • 1/3 10·1 • 

'lbe r-~te at which the 'reaction proceeds frcu lett to rigtlt 1e given 
codewo~loa4e4tr1nucleotide 

by the ru.te of. at which the fte{~~A~ complex cl1asociatea or. 
o( , 

as we ~IJLq also ~. tbe rute~at ubich tbe loaded triwoleot1de evapor-..l.tea 

tl'CD tbe pamgene. J1or this r-clte we ~ wr1 te 



·,,• 
10.• 

where A ti ia the bind1ns ener&f for tbe loaded tr.tDucleotideJ{. 
In equ111bl'1 the hit r-~te and e a.por-c~.tim ra.te t be equal. 

'lhe oqu.111br1um constant, , ot tlUs reversible reaot1on is 4et1Ded aa 

the concentration of the loaded tr1nueleot1dea at whiob the code word 
1s covered half of the time. 'lbus e q wr:l te .u 

A k ~ t lfJIS .e,-RT = -t c( 

<a> 

In aqu111bri the probab111ty, f, for a S~ven code word on the 

paru,sene got be!Ds covered b,- the proper oade4 tr1nuoleot1 e 1o given b7 
I 

<lf) f = I ... L 
K 

Acoord1ngl.J', 1n equilibrium, the to·ta.J. number of auob ga.pa along tbe pu.ra 
sene which conta:lne 3 m nuoleot1des is S1 ven b7 

•n..er ot gaps •• • 

We sball assume that most code words are "covereclu 1n equilibrium 
and th1a means that 

!.. '>> I 
K 

We presume that atter such equilibrium 1s established a cdwm1cal re
action chain is scmehCK-1 tr1agered, and• moVing down along the para.gene, 
11nka ud.Ja.cent am1Do acids into a polypeptide. 91e ave~ time.e TL, 
needed for tho formation or the polypeptide from the amino a.oids assembled 
along tb.e paragene 1a given by the product or the "·DU!l!iber ot ~ps ··, that 



. . . 

have 

to fUl one given pp. 'lhua, for ~ we 'l4a':/f ~zrite 

(;) ' """' la, =---~ A f 11- L 
K. 

Wben the pol,-pept!de ie fo aM. leaves the paraplle • tbe code 
I) 

words are covered w1 th the 4euud trinucleotide a .. W'e ma7 now oampute the 
average time, L:1 , needed t'or the evaporation of all the tr'inUoleo-_.,. 
tides and the asae ling of all the loaded trtnucleotides in their place. 

I We shall, for the sake of s1mpl1c1t.J, assume that a daau4e4 trinucleotide 
~ evaporates at the same rate, a, as a loaded trinucleotide. 'lhe rate, a, 

at whiCh a loaded trinucleotide evaporates from the 
(3) and we lDaJ' also write tbis 1n the f'orm 

template 1a given b7 

(8) 
; 

• l.. .J.., 

~ o( = A f ~k. I) 

Since we have assumed l. » 1 , we have 
K 

Ar >~ o<. 

As mq be abown?S 2.a,..~~~J1Ulm11~onMai~~~ for ver:r 1~ 
valuee ot m, ( .L ~ ")!'> I ) 1 we :mq" wr1 te for ~ 

I 
/ -. 

/0 

Por tbe total time, '70 = -r, -.. r._ ve thus obtain 

(. 8 { }")\, + .l. .!.. 1.- m. 1 
0 • Af' I + J:. :a.. t< 

K 

(ll) 

It we w1ah to make this tSme as small a.s possible • we have to ohooao K so 
a.s to bave tor .! 

I( 

(,.~) r ---I< 
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(l3) 

Fo!' a po ..... ;n;eptidc con .. ~.g l~OOO am.:tno aeid ro id:uce~ c a 

pi.!-~na containing about 300 coo.e ~orda_. t-.e ~ l:n:·ite m = :500 .. a - ·~:nm 

t.ze obtain fztOm (12 1 and (::.:;) 

(14) 

(15) 

? 
- z /0 
~ 

As t-Ie fi!F}.7f see rrom (15) • o m""ltain ~ Ql yir A .P ;;;; 50. 'l!Jj,s 

means th.u.t for ·titla lJ;.U'l'vicv.lur ,.ru.lue of Af one en= e mole ule io vro

duoed per l.ia!"'<.l.genc 11e1: second. i\a \'l<; hzlva sec:. o"' re~ thio is the o~e.e.7 

of mur;n5.tude of" the rote at l:1h1ch W.gbJ.y induced bac~;e4"::.a produce the en

Z"Jmo f3-eulacto::.t~IJiase lJel? pu:tt".l.gene 

We shall., thcrafore~ 1n the follo~:iv-.3 a.eaums A f;: 50:~ and com

pute from it f .:; the eoneentr-a..tion at l1hich the tliff"ez:'ent kirAEI or tri

nucleot~des may e p~~ent in the cell~ 
t -n 

If \lfe use fox.- q-p the value o:f q-~ :.::.. 3 I o ~ .... ~ then vre ob -~ n 

f'!"'lil (l) A; A =- w '0 
and nocor~ we have r e~ '5 · •i1 mol/co. ( f ~ · 1~ mol/ 

liter) 

t -816 ~ , ( ) II we have (/'" p ;sa 3 I 0 u~" ~ ttnd thea 'it1C obtain f: .. ~0,, A; A c I i) :~ GO 

-10 •1 
that \'la have p = 5" ·10 mol/CC or ( f ~ ~· IO mol/l. ter) • 

'lhua the concentration~ f # of t-he d1ffcl"'ei1t ld.nda of tr u.cleo

tides in the eel 1s l.ilr.el~ to bo between 5 x 10-6 and 5 x 10-7 mol/liter., 

u.nd one uov.ld 1uve to loo!t for concentz:v.tions o.i' th-o orocr of ·~g;lit Ac n 

order to c ~dn cx.pe~llitCnt.~l coni'ir:iintion of' th.c .• r :;reao ~ce 



Since ue ruve assumed • and since ue believe 
that \·Jc rove Aj = 50, it .follO\·:s th.:l.t ue must have for the rotc of' cvu.por~

tion of the trinucleotides f'rom the pu.m~ne~ a 

(16) 

(17) 

a = 2AK = 10/sec. or 1/a • 1/1 

For values of A between 1al0 and 1al1 • t>se have 

5 10-ll ~ K (in mol/eo)<:::. 5 lo-10 

5 10-a 4 K (in mol/liter)<5 10_ .. , 
or 

From (3) \'Te obtu.in for a given pair of values A and K the bind

ing e :tCrrnJ' llH bet\·ieen the loaded trinucleotide and the code word on the 

paragene. For a value of A = 1al0 and K c;:~ l0-10 mol/cc(K Q 10-7 mol/liter), 

we obtaJ.n AH 18.,000 calories. Since 6 ~gen bonds are involved, this 

'ti'Ould mean about 3., 000 calories per hytlrocen bond. 

For the aame va.l.ue or A and a value of K t'lhich is ten times 

larger, AH 1.-zould decrease by about 1400 calorietJ. 

Conclusion 

'Iheae cona1der<J.tiona ahou that the theory \'lhj,ch Tore vostula.ted 

should be ubJ.c to CX})l-.l.in the hi~ rute of eneymo s~thcsis \hdch one ob

serves in o~ctcri;;. \'lhcn the I"..Lte or f'orm·.J.tion or un enzyme 1a maximally 

enhanced by the U&c of an inducer. The basic th~~t or thiB thcor.J con
sists in the assumption th~t t~cleotidca and poaaib~ also tctr~ucleo

tides read the code of the varasenc~ ~d ~t these ol1go~~clcot1dcs carr,y 

umino u.cids One pu.rticulu.r model for protein S:IJlthcsis, which u.ssumed that 

euch trinucleotide or tetr~clootide c~rrics a sequence of three or four 

amino acids respectively~ w~ singled out for detuiled d:l.acUBsion because 

tl1..is model u.r;peared to be the most lJlausiblc. 'l.lt..ia docs not mean, houevcr, 

thut othc models can jOt be coru3idered. 

:. 



I 

For instm".cc, r(o}.thcr than to assume that euch kind of' trinu

cleotide carries a p~rt1cula~ sequence of three amino aeids1 one mdght 

tdah to exr1:tore the poss:l.bil-ty that eaeh t~eleo';;:.tde m.tght carey only 

one amino aeid. In this case the amino acid raicnt .. a cu..:.~ied by a phos

phate group linked by an oxygen ut01.!l (esttll? linloge ), either to the thir-d 

or the fll'th carbon o~ the 5 carbon sugn.r of either the leadj.ng or the 

trailing nucleotide. Aes'Ulltlng t\<~enty different trinucleotidas., e\l.ch cu.~

ing one p~icular amino acid, t-:e could ru.ve u. code that t1Cquires no com

mas. with no restrictions 1m,posed on the poseible amino acid aequeneea of 

the proteins formed by tho .LXll"<.LgGnea • 

However, the particular model for protein ~t..~aa:ls hero consi

dered cannot be modti'1ed by Bin\J.Jly s~ inS that each tr.tm,cleotide carr ... es 

one umino ae1d i..'llStead or ear~ three c.unino acids~ for adjucent amino 

acids would not than be at the riGht dis~~oc from each other to ba l~(cd 

into a pol~fpeptide. Suc.ll an alternate model i'or protein a~thesia would~ 

therefore~ require additional ideas concern!~~ the for-mation or the poly

peptide. 

I am grotei'ul for the diacusai.on ot u variety of prooloma 

nris.i.ng out or the eO!'l..aiderutiona hero l;l~aented \·lh!ch I had at the Uni

versity or Chicaso with ~.t"'f.'. Hel'bcrt s. Al"Jt~r., Dr. lJu.ndor L. !3a.l£.l.zs~ 

Mr. Hirondo Kuid., Frof. Joseph .~. t·byer, and Prof. Leontll.'"'<i J. Savage. 
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APPENDIX 

(Added ~e... ) ") 19£1 
./ 

) 

A.} If, in addition to ribose trinuolooticlcs~ c::1reying three ·JJllino o.c1d3. 

WC have 1n the role Of .:J."lti-code \'lOrds ;:Uso ribose tetr-..mueleo·!iidcs • C:.lrr,'-

1ng tour ~o uoida. then we must postulate that only three o~ the b~ses 

or the tetr:mucleot1de l.J:.tir \'11th comi;lemcntary bu.ses on the p~~cne. The 

fourth ba.ee, it it is a purine. must P:.lir uith the wrong pyr1m1d1ne., ;md 

1f 1 t is a pyrimidine • it mua t prlr with the \'ll~ng purine • 'lhe roa.3on for 

this 1s as follows: 

As tol1JIU.la (17) ahO\'IS., a,. the r-.1te or ev.J.por.1tion or 3. t~oleo

tide trcm the par-.J.gcne can be cstima.ted to be about 10/sec. • corroapondirlg 

to :..a. b1Ming energy. Lm. ot about 18.000 calories or ::.;.ooo calories per 

~regen bond. It all tour bases of the tetr-.ll1Ucleot1de \'lere paired w1 th 

the eomplement:.u.~ bases on the p:.1r-..r.gone., \'lc would then have two more hy

drogen bonds and prc8Um:lbly an a.dc11 tional binding onorsy or about 6 • 000 

o:.1lor1es. The equilibrium const~t. K., or the totr-~eleotide would there

fore be lot;er tlun the v~uc computed for K of the t:r1nucleot1dea bJ" :..a. 

factor of about /t)f • and the I'.lte of cv:lpor-.J.tion, a, \'IOuld be lower 

by the a~ f:J.ctor. 'Ibis \·zould then malte 6 'l'0 • the m1n1J&:ll time it takes 

tor :J. lUI-"-l~nc to form ~ pol7).Jept1de to~ l~ng to be canpatiblo with the 

observed r-..4to of production of ,~-g.ll.J.etos1da.se 1n h1ejUy induced bactcl"i • 

The number of' words that JD.:..LY be constructed 1n a mixed three-
~ I 

letter \'lOrd aM four-lettor WOrd code of the kind dcnsor1bed above. ~ we 

dcmmd that the code require no oODIDils, ho.s ao f'tt.r not been determined. 

B.) 'lbe problem of computing r, amounts to tha :solving of the following 

problem: 

'lhere are 11 'boxos. each ot wh1ch can hold one \dUtc ball or one 

black ball. In1 tially, at t • ~ m o. all of these bo~es oontain one 



uh3. tc bull -- a s tri!JPCd tr11moleot1de. 'lhese wh1 te balls evafJOrJ. te at 

tho r..J.te, a., so that at time 'A the prob~ility, U('A) or having ~ llh1te 

ball 1n the box 1s g1 ven by 

-4tA. 
(18) W (A) ::=. I - -E!. 

If' the r-..1te at which black balls f'aJ.l into an empty box a 
dca1gna ted by C3 • then the prob:.lb111 ty" y • that ..l given box does not con

tain .:~. black bal.l :.l t time, t • 1s g1 ven by 

(19) 

we~ write 

(20) at [ -.-<~ -ptJ - .e -.e. 
{l-~ 

:so thn. t we ba ve 

(21) 

'lhua wo J!LI.J' \'ll'1te for the l>robab111ty, x, that a given box 

cont'-lins a bl:.1ck ball 

(22) 

2. 



Fran this \ie obtain f'or P(t)1 the probu.bllity that all m 

boxes contain one black ball. 

(23) 
pAl ( (.J - -4t' c( - p1' ..,_! 

PC+)=~t+) = 1--.( +-< ) 
~-a 8-~ 

j. 

'l'he ave~ time., -r, ~ needed for the evaporation of the \mite 

balls fran all m boxes and the fill~ or o.ll m boxes with laclc balls 1a 

~von bJ' 

(24} 

If p » a, we JDEq wr1 tc 

(25) 

'!he expression ho.3 a. maximum ut saDC value or t; 

t • '!'.and -- tor l;J.rce .values of m -- it bccaneo sm:.U.l vcr:~ ~c11d<ll7 both 

belO\i and above t' = "t".. ~erefore. if m is la~ \'ro ~ \frite 

(26) 

\'ie obtain "t'0 b7 wr1 tinl; 

(21) 

and rrana this we obtain 

(28) 



- ' -. 

ThU3 for t:3 "> a and m " l we mc:cy' \'lrita ( 26) 

(29) 

4 • 

It can be shotm frc:m ( 23) and ( 24 ) thu t in the next hi~er 

approx1mation \tle have 

(30) 
. ~ \ c.: o. s--., 1 (t-.. lllr~ lAst) 
) I I 

-<A<.-
(l (J-tA. • 

i.-" 

ll"-+1) + C J -+ A 

C.) F. H. Crick~ J. S. Orii'i'1th and L. E. O~l \'lrite in the ~by issue 

or the Proc. Nat. Acu.d. SCi. (Vol. 43~ pp. 419 and 420., 1957): 

11 To fix 1clcaa. ua ah.:lll describe u. simple model to 1llustr-.ltc 

the advuntaGCB or such a code. lm.J.61nc that u s1nc;le chain oi' RNJ\, held 

in a regular confi~tion~ 1a the template. Let the intermcdi..Ltcs in 

protein synthesis be 20 distinct molcculca, each consisting or u trinu

cleotide chemically u.tt..Lched to one '-IJltLno ..J.Cid. 'lhc b~es of ouch tri

nucleotide are chosen u.ccorcil.nc; to the code {;1 von above. Let these inter

mediate molecules caubine • by ~rogon bonding bet\vcen bases, \'11th the RNA 

templu.te and there a.wai t po~riza.tion. NO\'l imfls-tne tl'w.t aucb '-L!1 \Jlnino 

acid-trinucleotide 1·rero to diffuse into an incorrect place on the template, 

such thut tl'lo of its bases \"Jere hydrogen-bonded., thO'll.l#l not the third. \•le 

postulate t.h.J.t this incanplcte attachment \'1111 onl:r rcb1n the 1ntcnoocl1.-

a te for a ver:~ brief t1me (for example • lees thun 1 millisecond) before 

the la ttcr breuks loose and d1fi'uaes elac\·lherc • Itouevor 1 \·lhan 1 t cventu

a.J.ly diff'usea to the correct plo.ce • 1 t u1ll be hold by ~rogcn bonds to 

u.l.l throe bases and uill thus be retained, on the aver-~, for a muoh 

lo~r t1mo (s~., seconds or minutaa ). Now the code wo havo d.caoribcd 

inauroa that this more lenGthy a ttacbmont C<lll occur only u. t the points 

'·mere the intermediate 1a neoded. If' ono of the 20 intcrmcdiutoa could 



. .. 

s. 

s~ for a long time on one of' the false poaitions~ it \"lOuld effectively 

block the two poait:ions it '\:JUS straddling and hold up the po~r:tzu.t1on 

process. OUr code makea this impossible. This aehemc ~ therefore, allows 

the interm:ediatca to accumulate u.t the co~reet r;osi tiona on the tcmplu.te 

1·11 thout ever blocld.ng the process by settline;, except momcnta..l;"il~, 1n the 

wrong pluee. It 1s th.a f'cature which 3ives 1t un advantage over schemes 

1n which the intermediates arc CCliDJ:JCllecl to combine \'lith the tel!q)lo.te one 

u.f·ter the other 1n the correct ordeJ?. 

'lhc example given here is only for 11lustt»"a.tion~ but 1t brings 

out the physical 1dcu. bcllir-.d the concept o.f a cc::mmm.-less coclc. 

In paaain[;., 1 t shoul.d be mentioned that uhile the 1deu. of malting 

three nonoverlapping nuc1cot1dcs code for ana u.m1no acid at first sight 

cntu.1la oe~n aterooc11e.m1cal difficulties, these ~ not insuperable 

if it is assllllled that the polypeptide ehn.in~ tlhen pol:/!llC.rizedJt does not 

remain attached to the tenll)lu.te. A detailed scheme a.long these llnea has 

been described to us b~ Dr. s. Brenner (l.Jersonal ccmnunioation). AI 
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Joseph E. 

It !a not·1 s-ene~y bel1eved that pr:oteina are fo me 

r ~ uelcic acid ternp~atea ~ sequence or purine ~ ~ e basea i 

V the tem,.o!ate 1a supposed to l"eprescnt a code th.u.t Olti't~ 01:1 det--'J,._,..u,..., .... '"" 

, ~ ·che seq .e, ca of .t·he ami o u.cida in the paz:otieular polypept:~.de (p ot · - ) 

Q.;;!:llat a gt•1en tell!plate will. t'ol:'lll V 'I:he p· ·!ne and p-.fr1mic.\L;e b<Ulell of 

./' ~ t'1e templ<>te the letteu; ::.f tile code, a..ne »de • urao:i.l, ~e,ane! 
/ / cytos· oo 1f· ·i;J; e templ;..te ('!! im m1A moleeu..les and if til~ temp u.··c . a. DNA 

o1oau .... e ~ tr ~ne takes tho p .aee of u e l / 
6~ .. ~ · ·~~-~' ~ 

T'i/ haS r.em:n,nefl 60 fa'!:' _ ~I" ill Jus v ~-"'at con~e1 1 

-:ay amino o.c:lds cov.ld v-aad sueh a code t. a. t ma.nneJ? cu.n ·lemio<ll i'orcc 
~ 

of tr.e kin \<Je .kncv;1 to exist ~ line up an'l.i. o a.eids a.longsiQ~ such e t -

It ~.a t;he pu.rpoae ot."' the presel t papez- to :lndica ;e o-. eoneep 1"3 

S~!l25te th!:.t w1l~at 'e·~at b- wa-~ of' w e~ .. c~:\j.lu-:;'i:ro.te in 
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y received here# contains 
le by • .Cr1 t, J .S.Griffit ... l, and L.E . Or~el \'lhioh is in 

part identical ~11th their previously eirculi.l.ted mcmor-.mdum rc- ~ 
fert"~Cd to in the text. In widi tion. hm1ever # the authors discuss -"::!':' 
in c~unction \'lith u detailed orc.1l communication of s. Bronner to 
them~hm1 am1no acide might read the nucleotide eode. ~c relevunt 
passage of their paper 1s quoted 1n full 1n Appendix C. 
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'!he concept of cocie+letter and ccmpl0!00ntal7 code-\-letter arose 

ori~ll~ fran the interpretation of the atruoture of DNA given b~ J . D. 

'Ihey showed that 1n a double- stranded DNA 

at~uetu.re~ a.denlne of one st and pa1rs with thymine f)f the other strand 

(tfhicb praatm1ably plays the fJame role in DNA as does u.~cll in BNA), a.nd 

s1m1larli' guanine pa1ms with cytosine. '.Ihe hel1eal structu..-·-.a of !A par

mi ta just aueh pairing., and b:ldrogon bonding is poasiule between adenina 

and ~ne~ as tzell as between guani ne and eytoalne .. 

If the sequence of bases along one strzmd of' DNA represents a 
~ ~ 

Codei'l me saga loJhieh ccms sts IE: ';hree-lette ~"Or ~ then.,beea e we have 

faur letters to choose from, such a message caul utU ze 64 dii'f'erent words. 
(~!miteti 

We might, hOl<Icve~:. be ~ 7.Grl· to the uee of 20 aut of the 64 words that 
limitation 

£11.tta available. 'lbe raa.sona for this · would JO as f'ollO!m : 

word and 1f the pa.ru.~ne ~esumas at the tlme of the format on of the 

p~pt1de a :teJ.ieal conf,.gur-4\tion similar to the l:!.cal conf· gurution 

or DN 6 then !t :t'ollOtJs that the oode en the paft8CDB t be read consecu-
~ 

ti vo • f!'03 one ond !!!'" aay ~ from the "hea.d rr of the pru: gene c1 mwa • 'lhis 

is oo because sut~ .. a helical stt"-uctu:c:e doe no-;; provide fo comm.1Jl between 

the indl vidual ecrl.e ~~.~ , aJVl in SL ccx'te conta.'\ning 64 wor'ds an:y throe 
(.'1 

conaeeutive letters fo a. wol~. we !" er the lettem along the pa.rar 
gene~ 

lette $ the letterri.t 1, 2.t~ :;.1 folSR a wol.'d ·~htch uas me t to be canveyec!, 

&nd eo do the next h.t.--ee le"~., 3XSS:- the letters 4., 5 6. But sequences of 

three lettom t:Ihic.'Jl enc1~oa. em two a.Clja.cent to orda (such aa 2, :;" 4 or 

:;., 4 5#1 for exa; e) to...m code woT.'ds t8 • <:. are i: t a.~ to be oan.ve:fed. 



"" 
In theee circumstances. the code woul be sreu.d if the tr-lmlf 

c_eotidea ~ which represent tbe anti-code ~zo s 1 assemblelaJ.ongside the 

parugene aimultaneoualytt_rather than ~fra!! one end on e. onaec 'tively. 

If \'le \'iant to have simultaneous assembly of' the trinucleotidea alongside 

the ccmm.a-lesa pat.'C.gene, then e are r-estricted to 20 oode woro.s. 

!he notion of such a 2o-word code which needs no oOI'lJitW.s., was in

troduced by F.H.C.Or1cl·~ J.S.Gr1~f1th~ and L.3.0~l ) of the Medical Re-

search CouncU Unit at the Cavendish Laboratory. Camb dge, 1n a oran-

dum circulated 1n ~ ~ 1956) among workers 1nteraatcd 1n the subJect of 

protein synthea1~ Fran such a code \'le must demand that the letters l ~ 
2, :3 on the template form a code word, and the letters 4, 5., 6 also rom 

a code word~ but sequences or three letters " Wi.ch encroach on two adja

cent words (ouch a.a 2. 3JJ 3 or 3~ 4:t 5., i'or e~le) form no code word. 

Oriel~ and his co-1iOnters have shown tl1at this demand can e met, that a 

eode t·lhieh require no eomnua may be construoted1 ar.d tha.li it can accommo

date 20 three-letter code words. 

\'.fe shall nou a1n&.e out tor more detailed examination one coneeiva-

le model i'or protein synthesis · t•ihich m1~t pl"'V"ldc for the 11.ning-up of 

the amino acids alongside the parogene ~ both in the pro:t;er order and at 

the prone.~ diatanee from each other. This particular model is base on 

the following asaumptions: 

~e trinucleotidea which to~ the anti-code words contain the 

sugar ribose rather than the sugar desoxyribos • Each l)art1cul.ar nbose 

tr:l.nueleotide (the ant1-oods word) calT'iea a particular sequence of three 

amino acids. A p'loaphate (or diphoapha.te) group is attached to tho (2) 

carbon atan of' the r-.1: oae moiety of each rmclcotide> and an amino aein ia 

attu.ched to each of· these r.Jlosphate (or d ... r csr.JiloJ.te) g...""'UIJB. '!he no 

£. . Y-r-.',-tA;,.--,. 

acid anh:fdr1dea ~ · an ene gy-l'ich P, or PP, bond \9h1eh~ wen split, 

rrNJ:3 reJ.ea.se 12,000 or 16~000 calories, ~"''epect vely. 
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During protein S)'Dthes1s the 11UOle1o ao1d. stra.nd tba f\mot10J18 

as a template (the~)~ take up ~ so we here assume C a bel1• 

cal ecmfigurat1on rea ling the helioal oont1gul'a.t1on of a DNA strand 

1n the 4ouble- atrarxled DNA helix. 'lbe tl'inuoleot1dea then line up 

alongside the helical paragene w1th tbelr pur.t.ne aD4 wrJ.midine bases 

paired w1 th the aomplementa17 bases of the ~~ and> 1.f' the~ are so 

11Ded. up 11 then the and.no acids carried ey tl1e trinuoleotid.es 1J'Ja7 oame to 

11e at just about tbe ~t c:l18tanoe f'rcm ea other to pemit the fol!Da

t1on ot a. peptide bond betl-1een adJacent am1Do ac1ds. A chem:loa..l reaction 

chain~ sta.l"t1Dg perhaps tram the head ot a paro.gene C ma.:s then move 

down along the pa.ragene, split the acid ardlydr!.dea., and tht&B free the 

amint:> ao:tds as ll.~ll as malce avaUable the onerg:v needed tor the f'orma.ticm 

of pept14e bonds between adJacent amino acids. 
• 

Adjacent amino acids can be linked only if tJV ciis~ f'ran each 
41\A.- ~ y,_, 

otber smflller~r e~f..wt not a.ppreoia'bl.¥ J.arser'c...~ the f'lmdamenta.l 

repeat!ng cU.atrmoe 1D a PGJ.7peptlde ob&SD lllblob 1a 1.-: ~ 9le tun4nD'Dtal 
) ~· - ~ 

repeating <U.stanoe in a fully extended polypeptide chain is about ...... o -
Since before the7 are 11nke tRto a p~pt14eftbe amino ac148 can rotate 

( I "'- ~ a of~ h-.~) 

a.roun4 the ohem1oal b ond 1t!ilc1r u-e tbem to tM P'los~te the7 migtl.t 
s cmewha.t 

well be :J.Saed)led along the pamgeue at a/smaller d1etanoe frail ea.ch other 

than the tundamental repea t1ng 41ataDce of the poJ.nlepti.tie oba1n. 

App~ the cODoept ot a ao-letter ood.e
1 
tbat req~ no CU~m;~~a~;~ 

our ~1cular 10 o4el or prote1D qnthe is• we -----c Each ot tlw 20 o aoida appear 

1 tter an4 once attached to tbe t.-....,_.-e. 1 ttez• ot e 20 (tr1JStaoleot14 ) 

~ 
a.nt1-eo4e wo~ J. 'lberef'~ # UK'DS the ~pt14es tbat oan toi'J2I&d. • 

precede uv other alld!lo ao141• aD4 oaoh a&Q.I~ ao14 
. 

each aa!no ao i.ci 

follow arJ.N o er am1no ao14. ~a dce1J a.ot. ot oourae. MAD that a:t¥¥ 

aa1no a.old e uenae 1e possible. 



6. 

Scme o~ the amino acid sequences that JD.1lY be found expel'1mentall.N 

1n sequential analysis of proteins and polypeptides might show ti'-a.t the 

reat:rlotions imposed ~ our model on the possible amino acid equence are 

too severetf and that the DlOdel has to be mocU..fied to accmnodate eata.bliabed 

facta. As will~se~ same modit:lcation of.' our model~ be in

dicated tor other reasons also. '!here 1G oertat~ no 1Mel'eDt reason ~ 
r:-:= /:) 

we should M.ve a pure three-letter code ~ as we ba.ve assumed aJ)ove ~ an4 

~o tor t.nstance. a certain number or four-letter code words should not 

be utilized ala~ 
If WP. had a pure three-letter ood.e • we would have to demand that 

the D\IIDI)er O'f amtno acid residues ot all polypeptides or proteina SJDthe

t1ze4 in the manner described above should be a multiple or three. 
non:t cl1c 

So far the number5 of amino acid residues in ol7Peptides and pro-
~~~" ~ 

teins ~ · ~been determined cmly within one rather speo1al class ; all or 

them !"~present substances tlhich are secreted b,- tMI'IIftjtlian tiaeues. '!be 

numberS or at111no acid res1ciUes found 1n such po~pt1dea and proteins • which 

have been wmalped w:lth adequate accuracy. are as follows: 
/') C (~) l ruJulin chain A)' 21J 1Daul1D cha1D B~ ,0; oortioof -

'~ropin &) 39; oqtocin~ 9; va.sopreas1Dt 9; Intenaed1D B-t 18. 

ALl of these would fit a pure three-letter c~ 
r) C (I!) Intezmedin A; 1'; glucagon; 29; and panoreaa ribonu-t 

cleases 124. 
("\ 

'.tbese 4o not f'1 t a pure three-letter oode. Intel\u41n and r.1bonu+ 
ful4r - :; 

oleaJ!,e would have to include at least one latter word a.:nd glucagon at 
.,..c- -

least two letter words. 



t eDQm13S are spthet1zed 

acl~U"""SaLt a rather low rate lddoh 4oe not repre ent the UCAo.~.-

., .. ...uc capaoit7 ot the eor.reapcmdtng ~· ate ot prod\lotiOD 

ot a given e , ~ver, be s:re ~ eahance4 1t tbe itt induced.• 
'" aD4 \fbat we are interested~ 1 tbe 11r1x'mal rate at which a pamgene 

mq be a!tle to tom the oorreapcm«<'ns e • 
~~ or the t stud!ed case of eDZJ1D8 1nduot1ca 1e the 1Dduot:l.on ot 
~nqme ~-~ctos1dase wh1oh spUta lactoae. Jaoques f.lanocl aDd h18 oo-.. .. 
wol'kem have ehotlm that tho produot1<m rate of th1s eMJ'lfte in bnoter:ia can 

("\ 

sreatll' enhanced 1r:1 ocrtain cal at!aloguas ot la.Otoso. 11h1ch aot aa 1Ddu+ 
oem. aDd tbat the ate or produoticn ot the e~ soea up a'moat 1n8tanta

neously upon aMsng such eD Snducer to the meciium. We aN thue led to believe 

that tbe 1nducer mq act bJ' ~aa1ng the rate at which cm:a template pro-

duces tbe eneyme rather tbaD bN 1ncreasing tbe r or templates that pro-

duce the eDQme at an UDOhaDged rato. 
l'n tu.ll.y SDduced td.lcl- eype baotel".\a ~ 1n J!dninml me41 th1e en-

Qme 1s oontaine4 1D tbe amount ot about 8 "'.. pe:f' 1~ bacteda aid tbus 
Utt+ \J" 

aiiiOU!lts to about tbe total proteins. We obtd.D the rato at l411ch tb:1s 

eneyme 18 pro4uced 1n minimal medium per bacte~bJ' d1v1d.1rlg the amount cco-

taine4 1n one bacterium by 1.44 s tbe doublln3 time ( 40 te ) ot the 

baoterilD. We thus tszdJtor the mta~t wh1cb th1a ~ 18 produced 1n g-• · 
~ 'ndUced wUd- ti'Pe ~ctel'ia grcnd.ng 1n mtNmal- med1~@out 2~0·1.% 
per cell per second. ~ 

If' e assume a locular we1Jr)lt ot a Dd.ll1crn (Jacques od and Jlalvin 

Coim eetSmate the molecular ~t ot tb18 etlQII8 at about aoo.ooo)., e obtain 

a :rate ot 1.5 ellZJ!le molecules per cell per second. 'lhe r ot paraaenee 

per oeU 18 not lmown. el'O JD1Stt be a fe paragoMa 

preaent per ceU ra:tber thaD jUat one., aDd the mDber ot pamgenas gbt be 

ot the or4er or ~~"· tu4e of 10. OD the other hand. smaller e~ molecules 

1~1Dliitbe s~tbetued somewhat taster thaD larger enz.vme molecules. 

c:!/ 1n c~e ~J::r ~ gtven a!Mlve. ue tbus led to 'beUeve 
that when f.1D e~ iDdUeed an4 e~ a,nthes18 prooeecls at ita 

max:lmal mte~tbe rate of tomat1on of the ~ be or the order ot 

magn1 tu4e ot one ver second P!l' pa!'aB!L?!l!!. 



to synth tize the oo:Nespond.i.n.g eneyme on the basis of te el that we have 
postulated. For tbe purposes of this c wtation~ -e shall a.as that the 
moleoula.r we1~t of' the en~ is about lOO.,ooo. t·Ie then ha.ve about 1,000 
amino acid residues in the~~ (o!Jld aceordirl~ we would have to aa e 
alcmgs1de the paragene ~ • 300 trinuoleot des, eaeb. of which 16 "loaded" w1 
three umino acids. (ii11?!p 

(~e , In the app~t1CD wb.ich \tie Bha ~ the time• r~ 
needed for tbe fomat1on of the polypeptide 1s composed or two te · • t:, :.u1tt ~J ~ - -~-~+~ · G0 

Atter all tbe amino a.o1d3, aasem))le a.lcmgs14e the template • have ee 
if +~ linked into one poJ.n>ept1de • this po~pt1de 1s at once re 

moved., a certain time., ~~ , \d.ll elapse until tbe tr1nuoleot1des., which are now 
c:ienude4 of amino i.\C1ds .,evu.po~~ te trca the template ancl tbe1r place 18 talmo 
tr1mleleot1des whieh are loaded w1 th the proper amino u.cide. \:lo a.ss 
that the ccmoentrut1on of denuded trinU.cleot1dea in tbe ceU 1 ver:r stll:J.ll> o 
that after the denuded. t1'1nucleot1dee evapomte., the loaded t1"1nucleot1des cio 
not have to compete with denuded tr1nucleot1des for tneir leGit te po31t1ons 
along the paragene. '!he t:lme • !f' , which 1s necessary to pe t evapo tion of 
m den ed tr!nuoleot1des and to assemble n loaded tr1Duoleotidca 1n ·~e1r pldce - -

e shall compute hero em the asaum.ption that Gl'..CO a loaded trinucleot1cie has 
found its position alcmss1de the ~lilte., 1t \:1111 not ev-co\poruto a~in. Beca~ 

this assumption 18~~~~~~ not valid., we muat mc.t.ke a oorrect1on which ia 
represented by the seootld term., X., • 

C(r CCIIlPU~on of 3!. ~ ~ Q ~ rst we shall ompute this secO'lld tem, .Ya;-. '5:11 computation ~ -base on tbe fact that (because of r ~V4PO-at1on or the loadod trinuoleot1 e 
which vere1bl7 oCirllbinc w 'Gh the t· t'l'Ol.~ of the pare> gene ) ere ~\WO-·V~ ~ ~be - no matter h0\·1 long we wait~ certain n er of code wol'ds 
(sequences of three nu.c .eot1<ies) on the parc1gene uhicb are not ''covorea<!v.\ 



as folloua: 

, oi' aueceoe~ hits PG~'~ unit t , ts g1 en· ~ 

rc.t¥-W t rate = f > 

~Ju- I.A.)~ deno a c concentration of th;-particular ld..nd of loa4e4 t1"1nu r 
~ ~ molf c.m . 

clcot1 ... ~1' ~ ahall• f tbe sake o£ s1mpl1c1t:f,. assume that the ccneontra.,. ,.. 
t1on 1n the cell of each ld.nd of loaded trinucleotide ia the . ~..__.0 ~, 

( A , <l t> f ,.,~ \t't" " ~ "). 3 
lA '1. /~6 X o 

~ A o23~!!'f' , 
l?Yf - ~y@--

1;\1 WM- 1! 18 the molecular veloc1 ey. .! a 11' ~ ) ole ou-t 
~ ~~ 

la.r we1t#lt of the loaded tnnucleo de. It ooo., we have ! =» 5 ~ 1~ 

em/sec.;;~ ~1'1!/!~ , 
1 

C. ow 1s the target area that llllSt 'be b1 t ~ tbe loa4e4 trinuoleot1.de 

if l'lJdrogen boDC11Dg 1s to take place \d.tb the three adJacent JJUCleot1des o 

the parugene. We ~ assume ~or ~ a value of 10~ 01Jl5-. 
I"') 

E. cl.enotea the !Jrobal)~licy that tbe loaded trinucleotide, when h1tf 

ting the code word, 1s in Just the riGht geometrical. position to permit 

~gen bantUng to take pla.ce 'bet-..1een the three CaD.Ple.menta17 palm of 

bases that are invol vecl. We 'lfJa'9 _ ~ fox- p 11 as a ver,- rough eatimate , 
~ - )C / 

JjltA 1/300; 'lh18 would give f)or oo.r the value _.. /3/\10~-:$. ~ 
~ r-c1 t~ at wh1 the reaetion p c;eds from lett to l"i t 1 g; von 
~ c:t: f{?i:::> cod or oa<le rinueleotid 

by the rute C( a.t which • . · - lex diasoaiates or~ 

as we may also sa:a, the ro~ U.t \'lh1oh the loade4 trirw.cleot1cle eva.poratea 

frca the paragene. T!or this rate · e 1D1J.7 write 

t I 
( 



~ - ~-~ 
10.* 

~ • rate ot eva.por-<1tion 1~ .e - ! > ~ 
~--of( where A~ tbe binding eners:; for ~e ~oa.d.ed tr1nucleot1de~ --

~ 
~In equilibrium the hit r-~ te an GV'<l.POl"d. tim rote must be equal. 

'lhe equ1l1br1um conatant1 K1 or this revers ble reaot1on 18 defined aa -
oode word 

the time. 'ltlus we m;q write 

In equ111brt the probabU1ty, f . tor a g1ven code word on the 

we shall assume that moat code woN& are "covered" 1n equilibrium ) 
and this means that 

f - '>'> 1. 
K 

We presume tbat after such equilibrium is e tabl1shed
1 

a chemical re+ 
action cha.1n is sc:aeh~1 triggered~ and• moving dotm a.lons the par-..t.gene. 
links adjacent amino acids into a polypept1cle. 'lhe average time# r~. 
oeede<l tor tho forma t1on or the polnJepticle r the amino ac14s u.ss lecl 
along the paragene is given bJ" the product of the " r of ~po~ that 



have to be filled conseout1vel:r~ and t.~e u.vemge 

to 1'U1 one given gap. 'lhus, for ~ > we ~ write 

lle'it 

I ~ 
~ that it takes • ~f , 

· en the pol:Peptide 18 to parasene, tbe code 
words a.re covered w1 th the denuded trinucleotide&! • W'e ma:~ now ccapute the 
average tim.a, r . , needed for the evaporation or all the denuded trinuoleo - \. 1 ) 

t14ea and the assembling ot all the loaded trtnucleotides in their place ~ 

We shall, for the sake of a1mpl1c1~. assume that a denuded trtnuoleot1de 
evaporates at the same rate, a, as a loaded trinucleotide. 'lhe rate, ~· 

a~ a loaded trinucleotide evaporates freD the template 1a given 117 r<'') and we J1a7 also wrlte thia 1n the to 

~ '" ~ ~ ~ = ,AtT~ '\ 
S1nce e have aa-d _....~e have 

-~---

Aa~besh 

valuea or m -

-

It we w18h to make this time as SJI.'lll as poseS: le, e have to choose ~ ao 

as to bave) tor ~ > 



· ~ ) 
V SUbatituting this value 1.! 

lJa.ragene containing about .300 code words, 1·10 ~ t·rri tc _ = ?00, and thtus 
YC.lct '+lo•S 

we obtain from~(l2) and (13) 

~ 
-J -z /0 1( -----------------------------------)\,_ 

~ ( and 

~~----~~~----~=~e~· ---~~~------------------~ 
~~ 

or the '/d.l es or ~ p • A~ g , and 'K • ~ 
rcJ-.'fl~ ,-. 

As we lllaJ' see from ~15 }, we tain 16---~if f1 f .:. 50. 

means tb.at i'or this lJ:.JJ?'ticular vu.lue of' Af one e~ olocule --
duoed per par.;.geno lJC~ second. Aa uc hu.vo seen before., this ia tho order 

of mu¢tude or tho rote at ~'!ich hil#1ly induced bacteria produce the cn

eymc f3-~aetos:l.d.?.ae per P<.J.r.J.gene. 

\·le shall~ thcrefore:r 1n the follot'lillCJ assume _ f = 50, and com

pute tram 1t f ~ !he eoneentr-a.tion at uhich the different kinds of trlt 
nucleotidea ~ be present in the eell. ~ c. m >-

~~ . If we use for ~f the value ~ 3 Xto .,. ~ :~ ~en ue obtain 
,o _, JC."" -4 

from 4 ~ = l{) v J andJ accor-~ we have ! ~ S'KIO molt ' ~ ( .. S"K fo r mol/ 

liter). ~ 1 ,.-' ,, , ~ 
. . It m· \·I~ c ~ h0\1eve:r., that ""'f ia ten .times hifl11er1 eo thu t 

r -Qit. ~ 11 . '1 
we have ll:.f = f XIo c-. .. " and t;tcn ue o tain~rcmA~l }~Jf ,.. ,h -= 1o v 11 so 

~o em ' -1 
that wo have f ;;;: S'XIl> mol/< ~ or ) J(Io -r mol/.l.1ter). 

L.. c~_.., . X '1 
'B1US the conccntrotion., f 6 Of the difi'erent ld.nda Of' tri.nucleor 

tides in the cell is likely to be ;ct\·reen 5 )( l0-6 and 5 X 10-J mol/liter, 

-i.llld one \:OuJ.d have to loolc ror concentrcJ.tiono o.r ~s 9-dor of ~tude in 

order to obtn.in experimental confirmation of' th.~ir l;rescneo. 



Since t·Je have assumed 
0 10 ~ 1i" ~ • und since ue believe 

that \'lC have ~! m 50# it follO\lS that ue must have.) for the rotc or evu.por.J.-
tion of the trinucleotide a from the pu.roGCne ~ • 

a a 2AK lOffeP\1 
(\) or {!) 1i'_a _, __ rsLr '- y ~ 

10 ec. ~~ 
For va.lues or A bc~·1een 1~0 and 1cr.J.. 1·.re have - f!./ 

K 

K (in mol/liter)< 5 

~ 

I S c. . = 10 

Fran(< 3 ) we o· to.::ln :r 01., given pair of values A and K the bind-- -
1~ encrmr betuecn the loaded trinucleotide and the code \:lord on the 

C.-'\) 

paragene. For a vaJ.ue of !. c: 1<f0 and K ~ 10-lO molf ~a 10-J mol/liter ) ~ 
si ~ '--

\'le obtain ~'! 18,000 calories . Since f\_hydrogen bonds are involved, this 

tiould mean about 3,000 calories per lcydro~n bond. (c 
Fot• the same value of A and <J. val.ue of K which is ten t1mea - -

larger.., ~ t-:ould decrcaae b:{ about ~400 calories. 

'l--- gonc~ 
(_ ~ese cons1deru.tiona shou that the theocy \'Jh:lch \'IC vostulu.ted 

ahould be able to cxpl;J.in the hi6h rote of eneymc synthesis uhich one ob

serves in bacter1:.~. uhcn the r-c.J.te of form,..l.tion or un enzyme 1a nnx1mally 

enhanced by the uee of an inducer. 'Ii'lc basic thouc;ht or th1a theory con-

" oiats in the sunu)tion that t~cleot1dos and poaaib~ also t t nucleot 
tides read the code of the var~nc6 ~d that these ol1gonuc cot1des c~rr.v 

~no acids. One part;.Lculur model for protein synthesis, which assumed that 

eucl1 trinucleotide or tct~~clcot!de ea~les ~ sequence of three or four 
amino acidB

1 
r-espect! vely, Jas singled out for deW.led disauaaion because 

this model uvr;eared to be the most r;lu.uaible. 'lhia docs uot mean., ho\'zever. 

th:.J.t other models can not be coru1dered. 



For instance~ rcJ.thcr than 
(' 

ass'l..i!ne that euch kind of tl~inu-f 

cleotid.e carries a particular sequence of' three aml.no acida ~ one m:I.gh.t 

\dsh to explore the possibUity that eueh trinucleotide m1ght carey only 

one amino aci~ In this case the a!!lino aaid m1Bht e cCU'X'ied • cy a phos

phate group linked by nn OJcy"GCn utom (eater linlt:.l.ge )4J either to the third 

or the firth ca1i)on of the 5 carbon sugar of either the lei.tding or the 
~ 

~ one p~icular c..unino acid, \'le could h:J.ve a code that requires no e 

mas,. uith no restrictions imposed on tho possible amino acid sequences of 

the proteins formed by tho par~nea. 

However~ the particular model for protein synthcsio here consi 

dered cannot be modified by simply say inl; that each tr1nue-eot1de carries 
.......... 

one u.mino acid instead or cu.rey:tng three amino acida_ for adJucent v.m1no 

ao1ds would not then be at the right distance from each other to be lirucc 

into a poly-peptide. SUch u.n altern:..\te model for protein synthesis ~lould, 

therefore~ require additi.onal ideas concerning the f'ot1rul.tion of' the polyf 

peptide. -
I 3m gratei'ul for the d:lseusnion of a variety of problema 

arising out of the conaider<.Ltiona here t~rosented ~1hich I had at the Un1-

vers1 ty of' Chl.ca~ u1 th Pro~crt S. Ba.laza ~ 
\'"" Mr. Hirondo Kuld., Prof"" Joseph E. t.fuyer, ClllCl 

( 
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I 
acids, 

we l't..ilve 1n the role or .mti-code uorda o.J.so ribose tctr-..ltl'Ucleotides • C:.lrr:f-

1ng tour amino acids, then we must postuJ.ate that only three o!." the b, scs 

or the tetronucleot1de lJ:.lir w1 th ccmiJlemcntaey b~aes on the p;J.r~~cne. lJ:he 

tourth base, it it is a purine, must p~ir \·11th the wrong pyrim1d1.ne, :.md 

it it is ...1. pyrimidine., it must p:1ir \'11th the \·lrong purine. 'lhe rea:Jon for 
-1 

this 1s ...z.s follows: It ~ I o s c. ~ 

As formula (17) BhO\ts, _ the r-..1te or ev...~.vor-..1t1on~ trinuoleot 

tide tram the parason can be estimated to be about lO~ec~,corrospondtng 
~ 

to -1 binding encrgr, ~. or about 18,000 c..Uor1es
1 
or ::;,000 calories per 

~regen bond. If all f'aur bases of' the tctr-.mucleot1de \'/ere p...~.ircd w1 th 

the complement:.1ry bases on the para gene, \·lc \·1ould then have two more hy

drogen bonds and presumably an ...z.dditional binding energy of' about 6,000 

o..1lor1es. ~e cquilibr1um const~t .. .!£~ ot the tctr.mucleotidc would there

fore be loucr thln the V.:.lluc cauputed for li of the tr1nucleotidca by-

/{)/(, and the r.lte o_~~ e · tion, a, would be lower 
~ 11'-' -

by the BUJDC f ..lCtOr. 'lbia \•lOu.ld then Jltllc:r ~ m1n1JB.ll time it t:lkes 

f':..1ctor of about 

for ..1 p..lr..laenc to form :1 )0 eptide> too long to be canp.:.ttiblc with the 
.. If-

observed r...~.to or production of 

'lhe number or words that J1t.1Y be corustrueted 1n ..l mixed three- _ 
~·· 

lettcr- t-zord and four-lettor ... word code or the ld.nd described abova.. tfe 

dcm.md that the code require no cOIIIIl.J.a. hao ao · r not been determined. 

~ /11 O"Vf.f;ND'l- ~ 
'Ihe problem of r, " ounts to thc solving or the following 

1 J 
\ f 

boxes • each of hioh can hold one \ih1 to ball or one 

black ball. Initially. 



uhitc ball C u. atrilJPCd tr1nuoleot1de. These white balls ev;lr .. orJ.te <.lt 

the r...t.te.( g. so that at t1me ~ the probi.ib111cy. ~(~), of' having !!2. \lh1te 

ball 1n the box 1a g1 ven bZ{ 

@ so that we have 

--~--~~~----1 - -(t' 
'1 t+) .. ( a ~ / - oe e 
u fJ -.f r 

'lhua wo 'IA.LY \'lr1te, for the IJrobab111ty ! f that a given box 

oonta.ins a bl'-lck bLlll > 

,. 
/6 



Fran t1Us tie obtain for P(t ), the prob~llity that all -- 17 
boxes contain one black bull ) 

!Che ave~ time, J", , need.Gd for tho evaporation of tho \'lhite 

balls fran all m boxes and the fillinG or o.ll m boxes w1 th bl.ack balls 1a - -
Biven~ ~P. 

Fl :r, = f -t- ~Jr . J 
It p » a, we ma::.:::f:-wri~te~[V"---------------

<yeo t -ott" ~ 
(25) !, =- J;!; '1f- (•- e - ) J.r . 'I -e-«--)"! L 

!I't_-~ '"'t• CJ ,. --'t" )~7 Jt £:.. .- L - - -
'lhe express~ ... • - ~ - .. ~ hO.D u ma:rlmum at samc value or ~ 

t •!.,and"'? for li.l.rp .values of !! ~ it bccanea sm,11 vcey ruvidly both 

~ and above ! = 't'.. 'lhercfore, if .! is ~> we ~ \'lr1 te 

'<!! ~~ ~ t"o . 

@;aDd frca th1s we obtain 

~ r.=~ r : · ------ ------
~ 

(~__,) 



. 

\<e D1iq write~.., 

_ ;4"-·y~ ' ) 
'!', ~ l,_..') T C -+ A 1~~ : ~I f ' J ~I" i C.: 0. s-11 ( ~ .. l•r~ t,.,t, ) 

I ...- I I 
-<4<-

.----,~~--:---.-. - ~ ~-,a. ,ln ..,- 11-flkC: ~ flP~t:Nj)\ )(. ~ - . 
~F. H. Crick• J. S. Orii'i'lth,~ L. E . ... Orgel write in tho l•Ly issue 

~~ ,.. ~ 
of th~.:ui . Be~ ( ~ f 419 :md 420~ 1957): 

C1t (c To f'ix ideas. uc sha.ll describe ...1. a1mr;le model to illunt~Llte 

advun~a of such a code. Dlu1linc th:.l. t a aine;le cbnin or RN , held 

1n a regular conf1curo.tion, 1a the ~Jl.J.tc. Let the intcl'!IICdi&tcs 1n 
r.

protc1n synthesis bo 20 distinct molecules, eu.eh oona1atin6 of a tr1nu1 

" olcot1de chemically u.tt.J.ched to one ~no u.cid. 'lbc baacs oi caoh tr1t 

nucleotide are chosen accordinG to the code ~vcn above. t these inter+ 

mediD. tc molecules combine • by hydrogen bonding bet\'#cen bu.ses, w1 th the RNA 

template and thero await pol.y.mcriza.t1on. Nou 1ma~ne that suob LLn amino 

ac1d~tr1nucleot1de \'lero to dii'i'Usc into an incorrect place on tho tcmpla te, 

such that tllfq of its bases uorc hydro~n-bondcd, thOl.lSb not the third. \•/e 

postulo.te that this 1ncanplete u.ttaehment will onl7 rot.:l.in the 1ntcrsood1-

a tc for u veey brief t1me (tor example, lees thun l mlliseeond) be .fore 

tbc l a ttcr brcilks loose and dii'i'uses elso\'lhero. I!owevor • \'men 1 t oventu

o.l.ly d1i'i'uscs to the correct plo.ce~ 1t \·rill be hold by hydrogen bonds to 

all three bases and uill thus be retained, on the avcru.ce • for a. much 

lonccr time (e<q, seconds or minutes). N0\·1 the oode wo hilvo <lcsc:ribed 

1naurcs that tbJ.s more lent:;t.Jly att~chmant can occur only u.t the points 

uherc the 1ntexmed1a.te is neoded. If ona of the 20 1ntc11DCdiatos could 



st.:l.y for a long time on one o~ the false poo1t1ons, it uould effectively 

block the two poaitiona it \iU.S str-u.ddling and hold uv the l:;o~rizat:ton 

process. OUr code maltes this impossible. This scheme~ thcl.~~orc ~ allows 

the intcrmad:!.D.tcs to a.ccumulate at the COl:'recj( lJOS1tions on the template 

t-11 thout ever blocld.ng the process by settline:~ except mamcn~ ~ 1n the 
\.S 

\u•ong place. It 1a th .feature \'lhich 13ives it illl advuntage over schemes 

1n \·lhicb the intenncdia.tea arc compelled to otlllbine \'lith the template one 

D.i'ter the other 1n the correct orde!'. 

The example given here is only for 1llustr-.ttion6 but 1t brinBB 

out the physical idea bcb:l.nd the concept or a c -less code. 

In p~aaing., it should ba mentioned th:.l.t uh.Ue the 1dcu. of malting 

three nonoverlapping nuclcot1des code for one umino aeid at first s1ght 

cntu.tla certain atercochcmic.:U. d1l'f!cult1ca# these are not inouporoble 

if 1 t is assumed that the polypeptide ehn.in~ uhcn po~mnor:Lzecl , docs not 

remain attached to the tetillJlate. A de led aeheme al.OtlG these l1naa has 

been described ~o us by Dr. s. Brenner 
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HOW Y AJ.1INO ACIDS READ THE CLEOTID~ COD.!. ? 

Leo 

'lbe &lrico Fermi Inat1 tute for Nue e.r Studies 

'lhe tJn1vers1ty of Chicago .. au .. nl1no1 

It 1s no generally believed that proteins a fo 

nucleic acid templates. 'lhe sequence or purine 

tb.e template 1s supposed to represent a code th: 1; may h J determi 

the sequence or the amino acids 1n the particular polypeptide (protein) 

that a. g.tven template will rorm. (l) 'lbe purine and pyrimidine bases o 

the template,. tbe letters or the code .. are ade 

cytosine if the template be an RNA molecule} and if' the temple1t6 be a DNA 

molecule • th3'm1ne takes the place of' uracil. 
aamewha t of a 

It has remained so far ;'CC"tC:X)W~teey 1n just wha. · ~~ 

wq amino acids could road such a code. In wha.t m;trmer can ell cal fo s 

of' the kind we lal0\'1 to exist - line up amino acids alongside such a tem

plate 1n the proper sequence and at the proper <11stance fran each o her. 

so that ........ xwtpt; a chemical reaction cha.1n may link . djacent amino ci 

through peptide bonds w1 th each other·: 

It is the purpocse of' the present paper to in<11cate a coneep 7 

simple scheme that will -- at least by way or an example -- 1lluat te 1n 

what uwmer this migltt take t)lace in the 1 v1ng cell. 



• 

Because a template which synthetizea p tein need not ece saril.y 

be the gene itself' tea the on as e co spo -

ing gene, we sha.ll here ~rer to sueh a for e a e of 

as a pa.r-.yrpne. 

The basic th~t P e c t n 

the · asumpt on that ere are t:a. nmnDe t~ ) --

pe ps tweney alto ther • 1 e 1~ · 

the fo~t1on of a tioul r t eleot de 
(2) 

cular amino acid or, more likely perhaps, u. p eular sequence of th e 

amino acids. If' the amino acid 1s ca d by the nt eleot de Oa a o -

phate or 1eh a. 

c~ound -- then the ane eede fo 0 0 t 

will become f'ree when the amino a.c is apli t t e 

a;q that each amino aoid ~ ear · th en eded or o .. ~ld.'6 

tide bo 

According to the notions he p sent d 4 n ac 

ne. t !1Cleoti e , 

tbe proper amino aoid8 • may attach i th th e bee 

tion or 6 ~gen oncle to tbe pro r e que ce of' thre e 

ch rr:l 

to 

the 

paragene, and thua the amirlo aoida mq 

along tile paragene. 

line 1n the p per eqwmoe 

Accord "~• ee n of 

present the ooc1e worcla, and tbe tnnucl ot 

ao1da represent the ant1-oode orde. We asas 

words are oanplementar.r to tbe code vo 

ocle word oontai adenine tbe .anti- ode o 

tme1'8 tbe oocle 

0 

eorrasponda to • e 0 

J 

1ch ca.r17 Ulino 

e 



crc.t!P om; taey code-letter aros 

ori~lly !'ran the 1ntei''t-ett~'i o ~~ st .. l1C 0 

Watson and F.H.C.Cri k. ( ) ~ ;y aho 
{I) -· 

Nature~ Vol. 173. P~ 318 l95i. 
Proc. ~. soo • ., Vol. 22::;. ::.. 80, ;).:. 

(which presumabl plays 

Agie 

() 0 

c1 n 

t 

) 

J.D 

A 

e1ml !y enan! ne a1 w1 . oytosi: ~a. 'Ihe l1cal a e o 

m1ta Just such pai ~1ng. a:n hydro 

and ~" as well as ,3\'Ween gy.anine 

.-..~.oes ia p asibl e ee a ......... ..-..L.., 

cytosine. 

I.f the sequeno :>t ba.eee ong one at d or lA 1: presents a 

a e coded asage h1eh c 1 ·; 1 1n I rec lctte 

tour letters to choose t t such l. Baaage o 
l1m1t,Jd 

utili e 64 fferen orda. 

~/e m1~t. hCMever~ tr, the uae ot 20 out of the 64 · o that 
limita 

are avaUllb e. 'lhe reasons ro~ ti.1s Em1Bt3~U:!UE:~ .. . 

01"41 and if the ·a..ragcne c.L',~l.mtaS a.t le time Of C fO t1on he 

polypeptide a hel. cal c '.guru.t llll aim1la to the lical coni' gumtion 

t e ad oonsecu 

ti ely from one nnd -- Jq. fran t\\e "he~ n or the paragene d.o m ll 

1s :so because sut:b · , Jl cal struct 1re doe not p ov1de fo~ e...,....._..,. 

the 1 Vidual CCtle C rOa 1 aM 1n cl COO C ta1n1ng 64 0 a 

coaseout1 ve letters ') a wo • along 

gene. f'rc:e the tad of th ~·(g} the tirst 

lotte , the lette , 1, 2, 3, form l: 0 ich ant c 

• 
et\: e n 

e pam-

d 

and 80 the next t e letters, the letters 4, s~ 6. t £ q ncaa of 

ree let rs cl (T.j o ad3 cen 0 (s ch s 2, 3., 4 0 

.,, 4. 5, f'or e ) 0 0 not ant to 0 



4 

In theee eire tanaea, the code oul be m1 rea f tJ\e triml-

cleot1dea ~ which represent tha · .t -code \'1 

para.gane simultaneously, ~.1ther than -- f 

, u.ss · le alor..gs e · 

e 0 -- c ely. 

If ~Je \'lant to ha e s· 

the oazma.-lesa parage 

of' ti e trinuoleo ... ide al.o :a 

then we · atr1c to 20 code o • 
e notion of eh a 2Q-trord codeJI \·hich needa no o-~ 

tradUced by F.H.c. ck., J.S.Gr1ff1 :~ o.nd r.E.O 1oft· e di 

search Council Uni.t at the Cave~ · ah La.bo tor,' .. a 

dum c1rcul.ated 1n Mccy' • 1956 am ng wor-ke stc 1n the subject 
(?' 

protein synthesis. ' From auch a code \'Je 1St ~ t!Jat the lctte 

the ettarrJ 4, 5, 6 also 

; c 1 er.~.c ach on t· o 

2• 3 an the template i'orm a. code Hord, un 

a code \:lord, but sequences of three lettc 

cent words (ouch as 2, 31 3 or 51 4, 5, f r exaanple ) ro no code 

l;.;.e in-

o an-

of 

l. 

ro 

dja-

0 • 

Crick u.nd his co-woriters have show that th1 de 

code llhich requires o oamnaa ~be oonatruoted 

date 20 three-letter code words. 

can e t that u 

that it can ac o-

l'-le shall nou single out for more detailed examirut o one e nce!va-

blo model for vrote1n synthesis which m1g;ht provide for the 1n1ng up of 

the u.mino acids alongside the pu.r-..1gene ~ both 1n the pro}.;cr order aru1 at 

the proper dia tanee fran each other. ~s particular model 1s based o 

the follo\'t1ng asoumptiona' 

'lhe trinucleot1des which form the · ti-eod orda co tain th 

Bugllr l"ibose rather than the sugar deno~bosc. Each particular r1bos 

trinucleotide (the anti-code ord} carries a particul..u- 3oquei ce of three 

amino ac d8 • A lJhospha te (or dipho ph a. ta ) gl'OUlJ is a tta ed to the ( 2 ) 

ca on atan or the ribooe moiety of' e eh nucleotide and an um1no u.c d is 

attached to each or these r.hosphate (or diphosrrute) (;1'0 

~l?~t~~ ne1d ~dr1des :~~ an enorgr- r~ or PP~ o 

releaee 12,000 or 16.,000 cal.orieG, rcspecti el • 

JG. 'Dlo "'no 

ch:~ en p t, 





6 .. 

- or the ci seque ce that be f e e 

in eque tial analysis of p tei and p idea ghtsh 

atrictiona tm)osed b.1 our model on th possible Rmino acid q oe 

too severe. and that the model has to be 

facts. As will be presently seen some 

die for oth lso ~ x 

r e d to CCO!lliii.OCl.D. 

f1cat1on or 
0 

we should have a code -- as e ve 

tabl1she 

be in-

~~ for tan e, a oe 

t 11 ed al (f) 

er or four- tter code •o hould not 

If w had a 1 t c ve to t 

the er o no ae~ sidue or al.l synthe-

ed ove eh ul e t ple r t1 • 

so far e o acid 1 
non-% lie 

a in po _pt1 c pro-

0 \'J1thin rather special el· a; ll of 

an t1 e ea. them repreaen auba tanc s 

uw~~.;r of amino acid a1 ·ue f h polypeptides and proteins, h1ch 

bu. e been anal .. ed 

u) 

t p B: 

1 of 

) 

0 

Int 

adequate ac urae # are follow : 

in cho.: n A: 2 ; 1n B: j I 

o re n 1 9; Inwl~~w.n 

ree letter code. 

n A: 13; gJ. eago : 29 

clea . 124. . 
e 

cas ould 

ea t 0 4 lc 

o not r 

c to 

te1 ·o 

el 

• 

te 

e at le;.u;t one 4 

. • 

co-

0 

r1 onu-

on at 



Observed ra of enqme smtne 1a 

According to the noti 
in ~ actel"1a at a L'"i11co.l..u:"lr.a.

~thet ISinG capa.oi~ of the co 
of a gS. enmnue 

and · t we are 
~ be le to o 

One of e at stud! 

the e~ J3-t;J.luctos1daae ·h1ch sp 

worke bave th.:lt tha produ.c 1 

great d o rta1n QUA:~.,~ 

ce • o 
neous upon adding a ch an ueo 

opted 

• 
ot 1 

e. J. cq s 

that the ce:r act by 1ne te at a:o.\£.oj:0\,U6 

dUces the e than ~ e :rnl!aDe 

duce the e at an to" 
In tully induced w1l eype 

1s eon in the a.J~K:run 

amount.a to about ~ or the total proteina \'le obtain the 

eneyme is prcduced 1n med 

ta.1ned. in one ba tel'i b:T 1.44 t s e d 

bacter1 • We thUG t tor tho rate.,a.t ch this enmnno 

~ ed type bacteria sro'.d.ns L, d1 

per cell pe second. 

et ed 

' 

0 

It e as a molecular ight of a ldl11 (Jacques n and lv1n 

Cohn est1ma.te th.e molecular we1gbt or this e at about 800, j, we obtain 

a te of 1.5 e~ molecules pe~ cell per sccon4.. e r d' pa nes 

per cell 1e not kn o ere ght be f'e P age 

pre ent pe cell rother than just , and the r or p gbt 

or the order or . tuclo of 10. On tho otbor h.a.n4. ler ,, lecul 

m1 t a~th.et ed 8 t faster than r e ler,'.tl s. 

u })ao~~e -~1e or the t1gure g1v o e • thus 1 
t{ltlrnen an e 1 tully' e d and e J:'(')4'\Af'M~S 

r 8eeond • 

lie e 
. t its 



Com.tuted r-J. te of 

'le ahall now u.ttem.,ut to c pute a.t lh.a.t r-ate a p : l.g<! 

to aynthet zc the corre p ..... 4'~'"""' enzyme 1e baai o \ 

postul~tc • Fo... the r this e .. L 

molonul· oigi'lt or a out 000. t·le 

amino aa ! s 1n ;he 0.&~-,,~ 

:;cot cleo f ,. \! . 

nm1n ac • 

nee d for the fo of the po 1 c 

te ull e o ao1 , s bl 

li ed into o.. po _)eptidc, and lmim!!r:W~~u 

moved, a. certain t !':>, 1:', ~ '11ll e a.ps~ unt 1 

denuded of ilmino acids evupo ate 

trinucle tide h1Ch a 

that the c eentr-<lt1on of de e 

e proJer · 

elco e 

tl 

tt ucle 

o ac 

n the acl 

that <.1~ter the de e tr.\ clcot1 cs evapo ate, the ru e 

not have to compe e with enude ·r1n e eot de or e1 

along the parogene. t • t', , _ ecnsa 

en de t nuc eo os and o U.Bs e m lo d.c:d t 

e a 1a.ll e pu e he on the aa 

t p late :J t \' ll . ot era 

this · as 

rapreaente w the sec 

CC!QPUtat1on of ~ 

t 

t valid, 1 

term, 1:"• • 

c ute s eo 

t 

t .,. 
, '&. • 

llSed on the faet that (beoa e of re vu. oration or 
v 

c- no 

(ac e c r leoti 0 

th 

t -

!.C 

8·· 

• · le 

ve 

te t: · 
I 

"'"" . ~ . 

c 

c een 

s at Oli ~c re-

eha now 

ce 1s t.:lke by 

as 

ve 0 

0 

oa 

ev .. ,por-.J. ion of 

1n · e1r place 

C GOt1·~ h:w 

c 

ton 18 

is 

ed tr1nuoleot1des 

ar: ce ) 
0 



\:le have to deal 

as !'ollOi· a: 

e ible react 

code •ord + loadedtrinucleotide 
'lhe rote at the react p ce 

or aucoe af'ul h1 ta .}or t sgie 

. rate a: r 

9-· 

\ eh e \1r'!tte 

f denotoa the concentm tion of the part1eul kind of loaded tr1nu-
1n mol/ac. 

cleotidej We shall, far the sake of simplicity, ass that thG concentra-

t1on in tbe cell or caoh ~ or loaded trinucleotide s the 

A standB tor 

(I ) A 1023 .v ~ p 

• 

v 1e the molecular velocity, v s:a f* hera · ol c,-

lar we1s,bt of the loaded trinucleotide. 

/sec. 

ov is tbe target rea tha.t t chi .. ou.ded t e 

ond1ng s to take pla.ee w th w u c adja e t nucleotide on 

We ~ asa ~or o- a value or q- . 0 .. 15 2. 

p d notes tha r;r0bab1l ey that the loadc t c eot1de 6 e hit• 

t1ng the code wo , s in just the riGht ge tr1cal po iti to permit 

hydrogen banding o taka place ctween e three c of 

base t are involved. We may take for p , aa a ver.1 e t 

p • 1/300; 'lh1 would give for o-p the value f>o, a l/3 lO-l). 

'lhe r.1tc at Which the :reaction procced.a f lett to t 1 given 
oodewo ~o 4e4tr1nucl ot1de 

~ the rute ol. at which the a lex dissociate or, 
o( 

as we my also , the rote at whi the loa. ed t _.,._.eot1 e ev· po atea 
A 

fr<ID the pamgene. Por th1 rate write 

7.~ ~ - 1 
/1- -{;IO ~I 1 

I --



er of ppsn ""' {S') p 
+ -t<. 

•Je aas · t moat code 0 are "e' ered" e u1l1 

t 

(~ 
p 

~ -
t after suoh equ1l1: ....... -.. ~'0&il& 1 cetabli a chcmica.l 

ot o u.w.t.oo&~\~-w,1 tr1sge d, and., a.l 

1n1 Jac t o acids into a pol epti 0 

need d tor tho t t1on ot the polypeptide r 

a.long the paragene 1 given by the product ot the "6-~r of PG ·•• that 





stitu.ting .. 
5 ral, c iJ.to l } £9-ve-

~ 
( 3) -• f 

Fora IJ lg 1 .. 000 

lJai-a(!;en~ conta . 30 .o ... 3 ·;C 

uc fx 2 ( 3) 

( I. ) 
f 

'Z #0 

(15) 

As we ee r (l5} c 
0 

means thu t i'o a lJ:JJ:It. c u.r v· e of' 1\. f one 

ducod pe par.J.BCnc per ceo d. ro hu~a con oro 

of' rna¢ tude o · c l: te u. t 

zy -(;Yl.lactos'-.da.sc pc pu age-

Fe a· · l.a therefore, c r llo 

pute f 

nuclcot ea e p ent in t c cell. 

If ' e use for 

(l) A; A 1{)
10 

and acco~-y.,w:t71-J 

liter). 

. c 

• =-- 0 

It t l:Iel~ be~ hO\'iC !' that u- "'a 1'1 t 

·c have q- • 
,, .. obta 1 rr. ( fo. , Ul'l( en uc 

J 10 (..nL. 

_, 
ol/cc that \IC . -re ? ) ·I ( f 

.. 1 l.A ter) OI" ). /0 

'Ih c CCJ t·~t r or c d rrc 

CB ill lC CC 1 lilccl y to be ctu n 5x .o-6 a 

L.Uld one uould have to loolc i'o· c ont.ationn of 

12 .. 

1 ce .c • 

50. 'Jll.ia 

e.apro 

,.a 1e o 

so~ 

or t 1-

the \·e o t 1 

o/ 

• Ghcr GO ·t 

10, . fl. c, I ~ 

0 
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For 1nata.nce, r<.J.thcr than to aaaume that each kind of trinu

cleotide carries a particuJ.ar sequence of three amino acids~ one mi~t 

\'lish to explore the poss1bll1 ty that each tr1nucleot1de might ca.rr:r only 

one amino ae1d. In this case the amino acid mi£11 t be e:.trried by a phoe

phate group linked by i.lll ox:rscn a.tc:m (ester li.nlogoe ), either to the thiro 

or the i'li'th cu.xbon of the 5 carbon sugar of either tho lcadint; or the 

trailing nucleotide. Assuming t\·mncy d1fferent tr1nucleot1dea ~ each curr:r

inll one P<l'ticulur amino acid, \'te could ruve a code that requires no can

mas, uith no reatr1cti0!18 1mvosed on the possible amino aeid sequences of 

the proteins formed b~ the pa.r~nes. 

HO\iever, the particular model for protein synthesis hero consi

dered cannot be modified by simply a~ing thut each trinucleotide carries 

one umino ac14 instead of earJ:71ng three c.unino acids• for adjacent amino 

acids would not then be at the r~t dist..Lnec fran each other to be linked 

into a po~ptide. SUch an altel'D.:.lte model for protein synthcaia would, 

therefore, req-uire add1t1on.:.U. ideas concerning the formation of the pol.J'

peptide. 

I 3l'll grutei'ul for the disausoion of a variety of problema 

a.r1sing out of the eonaidcr~tiona here t,reaented uh1ch I ha.d at the Uh1-

versi~ of <hieac;o uith Prof. Herbert S. lll'llt~r. Dr. N~or L. Bulazs. 

Hr. Ktrondo Kuld.~ Prof. JoserJh . ·• f.fuyer, and Pro.r. Leonard J. Savage. 



Leo Szilard 

APPENDIX 

(A dad ~ 17 /.J7 
1\..) If, in addition to r1 osc trinucleotide ~ c:1.reying threL: no ac1d3, 

we have ~ the role or anti-coda ~ords ~so ribose tct~~uclcotid¥ , c~rr.y-

1ng four ~no aoid. , then we must IJ stula.tc th. . .1.t only three or the b .• ses 

of" the tet :mucleot1de lJ':.lii' d th c. !Jle nntary b..lses on the p ..... r:.l~cnc. 'lbe 

fourth · e 6 if t 1 u purine~ !.15 1, P:J.ir \·ti the rong pyrimidine_ ., d 

1~ it 16 ~ ~d ne, t 

th1B 1e ;.tB £0 OV1S: 

t p~ir 1 th the \·lroJ15 )urine. 'The rca:son for 

fo a ( 17) shoua a, the r. te of ev..11 or..1 t on of · trinuol o-

tide fr the p:.lr. 3CDC c:.m cstima 3d to c a out 10/scc., corro pon inS 

to binding encre;:y, MI, or about 18,000 c~ol .... e or 3,000 c:llor1es per 

hytlro~n bond. If \l.ll four bases of t 1c tctr...lll'Ucleotide \ere ired th 

tho complcmcnt_l. bases on th p:..Lr. gene, uc 1rould then h ve ~o ore hy

drogen bon o.nd prcS'l.lDUbly -m ..J.dd1 tiotUl binding cncrw- of about 6, 000 

O:..Llor1ca. 'llie cqu111br1 const:.mt, K, of the tctr: nucleotide woul there-

foro be lo~ml .. tl ' the V..lluc c lJUteci for K o"' the tr1nuolcot1dos by :1. 

r~ctor of ubout /t)f, and the r.ltc of cv:.1por..J.tion, a, \'IOuld be 1 er 

by the a~ f:..1ctor. 'Ihis uould then m.:llte, 1:'0 , the t 1 t t:tke:s 

for J. lUr ~~cnc to form ~ l)Olypcpt1de too long to be C pa tiblo 111 th the 

obs erved r...Lte of pl"''duet1on of 1:;-GJ.l.letotJidaac 1n highly 1nduo~d b~.ctor1 .• 

'lhe er of \lOrds that 11\:.LY be conatru.ctod 1n a mix""d throc-
l\l~ 

l e t ter 'lOrd i.Uld four-letter 'lOrd code Of the ldnci de Oribed "'bOVC~ tiC 

dcnund th t the eoda require no c , ho..a so f:t..r not ecn d •tc:nnincd. 

B.) '.!he z;:roblc or eanputing r, amo1mts to the solving of the rollo 1ing 

problem: 

'lbere are boxes, each o :-~ 1ch ho d one u tc all or on 

black · 11. t1 1~, at t 0# all of t esc o e conta n on 



uh1 tc bull -- a tri.Jpcd tr1nuoleoticle. '!he e te ball cvaiOI~te at 

tho r~te~ a~ ao that ~t t the pro · 111ty~ 1(~) or av no Hh1tc 

ball 1n the box 1a g1 ven by 

(18) 

IT the rate at · oh black all · l to an pty box 1:s 

de signa ted by p, then the ire ~b 11 y, y, that .1 g1 ven bo"< doe not oon-

tain u blaalt ball :.l t t ~ t, 

(19) d(~) -

e IISJ.7 w ri to 

(20) 

:so that uc have 

(21) 

en y 

0( 

(3-~ 

'lhua o J!l..J.Y 1rito for the l>l~:.ib11 ty. x, that a r:;ivcn bo 

contains a bl~ck ball 

(22) X < -t ) - I - '(T } - --

2. 



From thia uc obtain i'or P(t )1 the probub1 ty that all m 

boY..es contain one blaelt ball. 

(23) 

nte avcro.cc time., -r, ., needed for the evaporation of the white 

balls fr ull m oxes und e fillinB or o 1 

given by 

(24) 

r tL - clt- j'h. 

( 25 ) L"
1 

= t- ;;t- ( 1 - e ) J t-
• 

oxea ~1 t! blaclc balls 1a 

crbc cx.prcssi n 
J.. l -.C~)....., 
- 1-.t. At' hD.3 a. nnx1mmn u t va.lue or t; 

t • -r. and -- for la.rce .values of m - t bee o am:.U.l v ey r'd.!Jidly both 

bolO\'l and above t' = "t",. 'lherei'ot"e, if m a ln~ uc , · \·Trite 

(26) 

We obtain l'
0 by wr1 ting 

(27) 

and fram this . we obtain 

(28) 



. . , -
4. 

Thus for fj ~ a and m » l e ·rite (26) 

(29) 

It can ah (23) (24) th.:lt in e ext lic;hcr 

e hac 

(30) ~~~ +t)+CJ -t 
• ~ \ C .:: o. )1 1 ( .. l r~ t n.1t) 
J I I 

- <.-
(3-11\. • 

C.) F. H. Cr1 t, J. S. ·1ff1th L. E. I. te c i B C 

of the Proe. Nat. Ac d. So • (Vol. 4;,~ p • 419 420# 1957}: 

fix iclco.a \ c: sh4lll dcsc c J. o ;le odcl to lll ~t utc 

the advi.Ul~e of ueh u code. Im..t3inc · t u ai.nelc ""' ..... ~, or 1!\Jt held 

... 4" ... ~.....c..l tc 1n 1n a reGU].ar conf1£:Ur~ · on 1a the tel Jl.J.tc. Lot the 

proto synthesis be 20 st t mo c cs, a c 1 t of C4 t :1.nu-

clcotide cl1emically utt cd to o. c no ac • 'lhc ~OS Oi. c · ch r1-

nucleotide uro chosen u.ccord.:lne o 1e co lc c;1 vcn · ovc. Let esc inter-

mediate molecules e 1nc by etucen us\,; , 1 th the RNA 

templu.te and ere a .zu.it pol "'ri ation. Nou _.....a.&~o,.,, 

ae1d-tr1nueleotide \Je ~ to dif'f'usc into an 1ncorx>cct place on the pl to 

such thu t t1-10 of 1 ts bane \Jere hydrogen-bonded., though not ·· c third. :c 

)lete attuc nt \·;ill o rc t.:J.1n the into c11-},;OStul~te ~t this in 

ate for u ve b ef · 

the latter breul<s oooc I.L 

( :ror example leas than l m1111scco d) bcfo 

ffuse elocl:l c • Iiowcvc1•, \non it even -

all~ dif cs to the correct pluca. 

u.ll throe asca und 1 1 thus be rota 

1111 be h ld by roecn o ds to 

, on,. 

lo~r time (a· ., econda or tcs ). NOll e code •c · vc de cri cd 

1naurca tlw.t thiB more c~thy u.tt .... -~v,nt can occur only u.t ti c poi a 

\lhc the intc diu.tc is needed. 



.. • t ... 

s. 

a'ttly for u. lo~ time on o."lc of the false oat 1o , 1t ould ei"'ectivcly 

block C two poa . tiona 1 t UUG Sti"~.:.ddl fle t.1 hold U!J 

prooc a. OUr code tes thL5 o .. s1- lc.. ell 

the inte d,j.:ltc to ac lla e COL' ct lJOw1 ti 

u1 out c rer bloeld.ng the proec b settline, except 

urong place. It 1 t• a feature Ch Biv· it an · 

1n lh1 the into dia.tca are c npcllc to c ine ' 

ui'ter the other 1n the correct o e • 

c lJO rizut on 

on 

ntar11: ,~ 1n the 

o rer ach 

the to ate one 

~c ex· )lc Biven he is only for ~1 ustr:- tion ut 1t br11'llY:l 

aut the .. ical 1dca b the conco1, t of a c -less c c • 

In p S!l-tll;.t 1 t ohould be onti "d tlut 1h1 C e idcu. of 

three onove lapping l'lUClcot1dc3 code for o o a.c d a fi t t 

cntu.11a certo.in steraochcm1cal dif'i'ieult ca, ae are not ucroble 

i.f it is usa d that the polypept1 e ehn.in, ;hen pol.., rized.:~ docs not 

remain a.ttae ed to e eJill)lutG. A dct· le ach e e ine 1 

been escribed to us y Dr. s. 



E. r) 

'!he Ehr1co or s 

varsity of go~ n1 o 

It 1a no genere.l.ly elieved tha.t p teina t'S to 

nucleic cid temp ates. ~e seq nee or 

the template 1s suppose to represent o 

th sequence or the amino ae1da 1n the rt1o · r ol 

d rm1 

( roto1n) 

that u. g1 ven late will rorm. ( ) 'lhe purine and py.~.-~~u~ 0 

the -....u,~ .. ate. the let .era or the code~ are adc ~ uraell, 

c:rtoa1ne 1f the template be an A moleouleJ and 11' the t 

molecule, t"JQm1ne takes the place or UIUeil. 
some hat of a 

It has remained so f'ar o te 1n ust t ~~f'..!'mns:ru~ 

way amino acid could read such a code. In 

of kind e kn to xi t -- line p amino cida ongeid eu a 

plate in the })roper o oe and at the proper d1etanee r ca.oh o r, 

eo that i*1Rliii1Ddi~ a che cal re· ct1on '"""""'~ 

through pept bonds with eaob other': 

(l) A. L. Dounce1 Eneymolog.1.a, !,.2., 251 fl95?) 
Q. Ckm ~ Ha:cure • Vol. 173, p. 318 1954 ) 



Because 

taelf 

ing ge , •e s 

a a pa. a.gone • 

0 

(2) 

e aaic 

ant 

to 

template 

he 

2 

ch aynthe s p tein n-..ed ot neces i.LJ.'Iily 

the s t .... co 

rer to ueh a 

t to 



~ concept Ol coda-lei ';er Cti.!Pl 

Or1G1J'lally .f 

( ) 

at o one 

( 

of t!c 

' . I 

~1 • .'9' s 

ro , . 

· . o osi· • 

154. 

l.e h 11 

code-let 

o DNA 

0 

c n 

t c 

mita j t such pai "Y n bond.!ng s po 3 ble 

and ~ne ~ as well as w \' een ~ a.nine 

J.D. 

It the ae r ba.Pil a1 ong o of A rop en 

code e 1 

four letters to cho 

We m1 t, howe er, b 

va1lable. 

word, and if the ra.rugcne u.',~ 8 at 

polypeptide a hel.lca.l conf'.guru.t on s---... 

0 

u 111 e 

t of 

fo 

fo 

or A~ then it foll a t,ULt the :.ode on e paa.·~~~ 

t1 ol-7 r one ~ ncl -- , r 

is so ecause oo· t .. 11ca.l st ct oe e for c 

the 1nd1v ual code wcrc18, ~1 code c 64 0 

consecutive lettere ') om. ~ e lett-e 

gone, .fran tbe bf a4 or e 1 

1 ttera, the l tte ! 1. 2 0 ch 

and so 0 ene the le <- 4, s., 6. 

th 0 tt cJ on o a (o 2., 

' ' 4, 5. tor •.1 ) 0 code t tto 

. . 
t 

tion 

e u-

-
c 

nco of 

3, 4 or 

0 • 



o eotidea~ 

e ot1o 

F. 

c une 

d oireula ed 

protein thee 

2, 3 on the te ro a code 10 , e lett 

a code 01~, but sequcncos of three e tc 

4 ... 

a 1f . e 

1 

e 

0 

• 

o a 

1n 

· o ubjevt 0 

tat · . ot 

0 0 

0 a-

cent ords (nu" as 2, 31 3 or 3, 4. 5, f r e:x;Ullu c • 

Criek · hie co- orite have h~~ · a th1e t, . t u 

code 1ch requ1 0 c truote that 

date 20 t.'lree-lotte code 

shall detai c 

b l'rotein a thoa1 

the de the par-..1~ e, both n the !J per o 

the ..-..~--. =;:;;..;;.=.Jo~ 

the f'oll 

e 

S\13'lr ribo e 

:rinueleot1dc ( e u.nt1-code 

o acids. A phoav te (or 

other. 

ca on at of the ribo e moiety of e 

attach d to e ch or esc lhoa1 

u.a 
.r a..i,., 

dr1des JVJJ.~~~ an e 

le c 12 or 6, oalo e 

a !J rt1 ulu.r odol s 

- ode 0 contain 

bo c. Each l) ticul 

a art ct ;.;4r aoque ec 

up 1 attu 1ed 0 

de . d 0 

a • c 

0 hi , 

c o-

oe1 

0 

o.t 

8 0 

rio 

of 

e (2) 

e1 

0 

p it, 



s. -

IUrS.ngprote1n ea e ac1 st t 

a.sa tampl te (the - 0 e 8 i· 

cal c on he c 1 0 t 

1n d le t • t 1 up 

a.l~ de the helical 1 

paired 0 

lined up, ot 0 

1 e · t j t 0 t r 0 0 

t1on or a pept1 e • A (!7 • 

chain -- starting pe e 

d. along the ~# the c 

amino ao1du as eU e c e fo o ... • f , J 

or peptide bonds • 

acent o acids l 11 the c1j a a. 

other 1e er o equal 

repea.ti.ng dis · 7.272. ' l 

peating distance in a X 

r 

11 be ase a o 

than th 

1 t r 

&D 1-c 

4 • 





due a 
ce 

cter1 
tull¥ 

• 
ced 

0 

the total protei 

IJU.Ju.u.JiJQ,,, medium pe 

r1 by 1.44 t 

per co per ee • 

I£ e u.s a molecular \:101gb t of a I.Uolo.llo....a.cn ( J e s 

Cohn estim:lte the moleou.l.ar igbt of this e at about aoo. 
olce ee per ee l per scoo 

eell ra. ther t · j t 

e 'lhe mnnoc 

ero Wo4l!iJ' 

o. On e o er hand., 

• 
are thus l 4 to 

• 

t 
ecul 

t t8 

e 

B 





lc bave to e· 

follo-k'a: 

u. reve 

9 -

e re .ct .... ten 

'lhe te 
loadedtrinueleot1de 
th a ti p ee 

ord-loadedtr 
ef o t; 1. • 

of auecc aful hits r t 

te r 
f denotes the co o ntmt or a rt1eul r d.nd or load~d tr1nu-

1n mol/cc. 
elcotidej We s~~l, f the sake o£ that e o oneantra-

t1on the cell of each l of' l e t ot1de e • 

t the code \'lOrd, is 1 juat th r1 t gc !Ctricul :>o 1 t 

hydro1!J3n to t place bet en e t c rs of' 

t.t. e that are in ol ve4 ~c 'lfJa"9 · for p • a cest~IL:s. ·ucs 

p • 1/;.iOO; 'lh18 wo\ll.d g1v £-or o.p the v q. ., /3 10-l). 

'lhe rote t which the reaction procaoda frca 1 ft to rigt\t 1 given 
code or6--l d 4tr1nucleot1d 

b:r the rute cf. t the a 1 d1 soc at or., 

as Dn7 lll.80 B • 
rram the parage • 

0( 

a at\ 
A 

Por th1 rate 

· ad t 

write 

oleot 



10. 

te of e · p()r( t1 

e 1ri 

s reaction · d onstant • of 

the o ce t tio of e 1 ded t 

is covered half or the t • 'Ihua e 

B t 1 

y rite 

e c "' o 

pa 

!4) 

Ace 

gene 

( ~) 

oti 

linlw 

o( = A 

qui 1 r1 

e 

f -
I + 

ngl ,in uili 

13 ,, 

.!.. 
K 

, the 

\:lhich containB 3 m nuoleot1 

r or 51P8" 

1 1 , r. or 

rope 

to · 1 r or 
ea is ven by 

)")'\.~ - p + -t<. 

las tha moat code ord are 

t 

p - ~ 

g1 n code 0 

t a e 1 

ch ps the 

II in u1.l1br1 

at r such equ111br1 

.sameltlC"t1 tr11m0re , and, 

e cs 11 d a Chemical -

j c t · o1ds into • e t 

ne dc<l for tho t01'11Ut1on of tbe p~pt1do rrcm the amino ao1da u.e 

alot13 tb.o paru.gene 1a given by the procluet of the ".n~.o~~.n::r of G:lPU ··, that 



• 

e 
I 

t 

1en p 

(;) 

p tin 1 0 le th p e c e 

worda are covered with tbe denuded trinucleotides . te the 

a era t _ • ~ 6 or c apor t o 

t1 e and the a 

shall ~ or the s 

porat at he s 

icn 1 e 

)} Uld · . ~ ma a so rite 

( -) 

e 

l, ) 
A8 

value of 
) 

(I o) 

1: or t 

( I ) 

t o 

(J ) 

cs) s~e. 

0 al 

apo f 

a i t e o 

o-

o otid b 1r 1 • 
t a n ded tr1 ol ot1 

• e t • a, 

p te 



2 

ti tuti."'lg a v.:ll. c to (11) give 

.r:;:::. 
'T. (13) =- f 

Po o. po pt1 l 000 .c. a 

j~ .o 10 tc 

\C ta1l'l f (12) 3} 

( 4) - !P 
and 

(15) '1: - ~ -
Eat 

ue (l ) c c: 1 r A p a 

ana ·t or th1a v ·ic ur ule of ft. 0 ... ol :t ;ro .. 

du.ced per 1 a ~ lJC ceo d. IC l.aVC co c 0 

of mu¢ tude of c y uccd u. p c 0 c -

-lYJ,lactos per pu ase 
\le 16 the 01"0:; the o lo c 

pute f it r ~ lC eo nt on a r e or t 

nuclcot1d p e n c ee 1. 

' 
..., 

&. 

If e use for ovaluc of o- :::.3 IO .J c e o 

f (1) A; A 40 

'" a ceo vc r /oe ( 

ter). 

t C~ hOiTCV r. that 0"' 1a n t gh r o t ,, .. l fo c ve t1"'p• 
.J 10 "'""" • un en lC 0 i f 10 II • 0 

that TC · ve or ( l' 1 1/1 cr). 
/l -6 

'lhua tb n, r or tr l o-

tide 111 the cell 1 l ly to 0 c 

and uould h:1.va to .oolt 1'01" c ono of tl 3 0 

0 or 0 0 t cxpe l onf' or c. c 



8 c llC 1 ve ~ If .. s nee • c cl eve 

~-it 
k 

c e t) ro 1013 IC t Ol' the teo CV')O 

t on of c tr1nuclcot ea r e, a 

I 1 

(16) a lO/aco. OI l/a /i ec. 

or val 0 A ct een 1al0 1 , e 1 · v 

( ) 5 0-11 
~ K (in /cc) <. 5 10-10 

r 

5 l0-8 K ( n o /1 te )<5 0 
-~( 

(j ·c obt· for a of val s e b 

l1.!S t\en th 0 d t 0 th 0 

p ne. For a va.lue of 1al0 · K 1 - 0 mol/cc r ~ 

8, s cc 6 ro n 0 u 1nvo C I 13 

t 3,000 c· 6 r • 

For e A ch a tent 

la r. d dec as b ut 1 e or c • 

t.lr t t:' e theory \ ch 1c ;OGtul· 

of n ynthc. s 

uhcn ;..: 

c 

G 

no 

each t 

ds odcl p a siblc. lOt 

t other e not be c~1de d 



14 ..... 

For inotance 3 r.J. the r than to ass tba t each kind of tr1nu-

arrics a v-rt1cul r acquen c or three ~o acids. one might 

the pooa1bil1ty that eaen tr1.nUcleot1d.e 

this case the am.1no acid ~t be e~ed by a oa-

uno gcn tcxn (cate li.nk.:.13e ). the third 
/ 

5 carbon 5U&'li' of eith~ the lcad.int; or the 
/ 

or tho fli'th carbon o 

trailing nuclcot de. tr1nucloot1dcs. e~cl c rr.1-

1nct one piU'tieulu.r amino ac1 '-1 code tJ'ut requires no ccm

aeid seq necs or 

the protei.na f'ormcd by the 

HO\'/cver • the here oons1-

dcred carries 

one umino ac14 ...... ""~ad or carrying three amin:o acids, for adjacent amino 

ao1d.s thon be ut the riGht dis~c r other to be l1nlccd 

into a Such an ~tern.:J.te model for synthcs1o auld, 

there re • require add.1 Uoruu ideas concerning the f'o ol,--

t.1de('l) 

I ~ grateful ror the d1sauaa1on of a variety or roblo 

arisinG out of' the eons1dcr..Lt1ono here ,resented \lh.ich I had at the Un1-

vero1ty or <hieucro \lith Prof. Hc11)crt s. J\lllcqr. Dr. N..mclor L. Bu.laza., 

• 111rondo Kuld..., Prof. Joseph .;. J. · r, and Prof. Le~ J. Savar;c. 



Leo Szilard 

c 

1n8 fo 

or the 

rou 
if it 1 .J. 

th1 1.8 

tide 

( dd ~ 11/S'? 

t to rl o c tr oleo tide th I.: 

lc or .Jllt1-e .., or1oo 

en 1e 

r th 

tho '\J 0 t1 or 
the p gc o t 10~ ca., 

b c~ 

e 0 

t ol o-

to c lor1es I r 

• el ot1dc c 

th c nt;.1 ba c on 

drogc. b 

o•l rica. Tho oqu 

rorc be lo~;cl .. th 

factor or ·bout 

y the 

~t, K, of the 

putod for lC o the 

/[)'1, :md th r t of: e1 

'Ih1 ·~·; o d th n 

the 

>ol ep·i c too lo to be c 

or production o ,;- 1 eto:sid.:lac 1 h ghly 

'lhc cr or 0 that be c t ctod 11'1 ...1 

.10rd and four- otter '0 code dan or cd 

c1 th t the c G require o e II h ·t.r not en 

) 'll1e IJ l or e t1ng r, oun to t c olv 0 

'lhe boxc • c ch o 1 0 ol 

laclt: 11. tt 11 f b 

1 th 

c 0 

t c ollo 

to 

t 



mite b · 11 -- a at A:?Cd tr1nu 1 otid • to cv JOr.1. te • t 

tho r. tc, a, ao tl t ..1t the ro .Lb111 , 1().) o hav lhitc 

ball 1n the box 1 g1 n 

- A. 
(18) w o.) =- 1 -

I c rr..1to t 1 bl ck 1 · 1 to c Jty bo 1 

de 1 t b p, t ..1 give o· oe not con-

tin lao ball t t , t, 1 v n 

{19) dl-t"} = 

e r1 o 

(20) 

:so that e h vc 

( ) 

'lluus o \1r1 tc for t I> t · given bo 

oonta :.1 bl~clc 1 

(22) - I - .!!__ - t" 
... o( -p 

(3-d. ~ p-" 

2. 



j. 

Fran t.lW3 c tain for P(t >- the p · 111 t u.ll 

boxes contain c bl elt · 

(23) 
,..... ( () -..tt" c( 

flt) :. ;< lt) = I - - .( + -
~-G( ~-

~1" ~ 
-r ) 

e a ra.r:;c time~ 1:", • n_ de or tho v 0 t1 or c te 

bn.lls f all boxes the f111 or o.ll. bo lith ek allo 

given by 

(24) L', f-t- dP ar -.{T" 
0 

If ~ "> a, lC tc 

(25) ll ;; ft- tL -r~ 
;;t- (' - ~ ) tit" 

• 
tl. lr-.t. 

- 't __. 
'lbc oxprcs 1on hun u ua or t; 

't 

t • -r. :JJld -- for l:J.rgo valuea or m -- it G .. Jidly both 

bolow and above t' = "t" •. 'lhercforo, if m lrcc\e \ ito 

(26) 

(27) 

and frail thia we o ta.1n 

(28) 



4 . 

:u:J for t3 "'-> a e •rite (26) 

T, ,_ I 
(29} -

It (2;;) (2 ) t t 1 or 

u .:.lro· t 

~ +C] 
,, ( .. 14,~ ( s .) 

t~o) ~ 
{ I ) 

I> H. ri. ~ • • r L. E. 1 r1 

0 Proe. t. c • 1. 420., 1957 : 

• a 0 l 

c adv t...l8C of' t a. 

bla 3Ular c 1 tio ~ l tc. Lotth 

Jrotc 'HJlthC 1 20 t c 

ch col. 0 cid. 0 

rruc ot c a cho ~c 

d to molecule b a II A 

r1 a 1o • t u 0 

eid-t cleot to fuac into correct l c .# 

a t\ 0 0 e \ere , 0 ot . c 

10 a t let nt ri 1 0 1 lC 

ate c.f (fo c le 1 ) 

the ..&.t lo r c c t e • v r., n 

o4.oo the correct place# t uill old n 0 to 

uill 0 tu. 

lo r t ( . , econda 1 0 c 

1 t..hiJ. t t;hj,a ~tt c 0 

tl c into 1 d. 0 10 , 0 tc 



at~ for l0D3 t - on one of t: e 

bloCk the t\:zo po ... 1 tions 1 t \ us 

5. 

oe pontt1o ~ it 'Ould effectively 

..., J{)~ rizu. t1on 

proc • .. eo c ws ie OS iblc. 01: rorc. 
on the 

1 '1 

te c terr:l(KUAtc to a.c o. 

·1 out ever blocldng the p c 

1rong place • t 

e co • ct 

ttJ.ine, 

1 over ch 

0 

tho rc ture 

1n uhich the 1nte;~...c:~C1.1.a.to a c 11 e te one 

o.i' r the ot.lter 1n the correct o er. 

~c c:>· >lc Given he 1 0 fori 1 t t 0 # ut t bringe 

aut the 1cal 1 c b c c ccpt e c. 

In paaG1n{;. 1t oh d tl t 1 1dcu of 

three onovc lapping nuc cot ~ca code for one no ut f t t 

en uila certain terc c.;U difficulties, c ot UI>C ble 

fit tl t the pol ept1 e eha.1n6 z Jj docs not 

to e >1 te • A a.ctailc 

been de cri d to • Dr. s. o r ccmn:~Lcat ). 
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