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A number of extremely closely linked.puiaticus-lr:,vo, been found to affoct thesynthosis of B-galactosidase in E. coti,. d"-";a;;; i, ,l""r.tio.ul aro oxpressed,by loss of the-capacity to syrrthesizo.active onzJzne.'olt""" (z mutations) allowtho enzvme to be sJmthesized. constitutivety i.r*t""a or i.ra,,"ilrv 
""i" 

lrr" *rii i#*Tho study of- galactosidase syntrresis in 
-heteromer.rt;;;;" 

of E. cori, indicates ,
that the z and. i mutations bolong to difforent 

"i.t"o.,*"fro"uover 
the constitutiveatt'&-sllL%-cjslrssisrecessive over the inducible auoie.-itr[fr:#.;;#;.i""

of tho i+ (inducible) character suggest that the i gurru 
"or,.t"ols 

the slmthesis of aspecific substanco -which repre""us_thu syrrthesii of B-g;ircto.idaso. Tho con-stitutive stato resurts from loss of the capacity to 
"y"ir.B.rru';;;t"" ;;;;.#"- 

I

l. Introduction

Any hlpothesis on the mechanism of enzyme induction implies an interpretationof the difference between "inducible" and "Lonstit,rtirru' ,y*tems. conversely, sincespecific, one-step mutations are known, in some cases, to .Jrrrru"t a t;4pical inducibleinto a fully constitutive system, an analysis of the geneti. ,rut.r"" and of the bio-chemical effects of such a mutation shouid lead to ai i.rterpretation of the controlmechanisms invorved in induction. This is the subject of the presenr paper.
rt should be recalled that the metabolism of lactose and other p-galactosides byintact E' coli requires the sequential participation of two distinct factors:

/ ( - . ,(I)..Th" 
ga'lactoside-permease, responsible r"r rrr;i*ilg"1h;;tiehae'Jf galactosides

r/ 
"> 

\ into the cell.
\5'i*Y^1U| (2) The intracellular p-galactosifuse, responsible for the hyt'rolysis of p-galacto_

-\\-.S"Nt 
'\ sides.- ' 

^i, 
-''."--)

\' .-a'.-g " 

",.. 

Both the permease and the hydrolasWre inducible in wild type E.cold. Three main
}ul"J* 

\types of mutations have been found. to affect this sequential'system:
'+\' ',t 

(r) z+ '-> z-: loss oltr-re -capacity.to synth-epize p-gut*to.iJus";

A 
[, Hl^'"** 

z-: conversion from the inducible (i+) to the constitr*i3e_{i=fs6a,te.
,rt I he ?+ -+ 'd- mutatioii always atrectp@A.the pernlease 

""tr-ttt" 
iyd"oiu*"lel tn"."

, 
^,1 

i{,* \rmutations are extremely closely linkedl so rar itt inridp#;i occurences <if each of
!) . L tl"' 

ll'l 
these t54pes have turned out to be located in the ,,Li,c,, region of the E. coli K LZ

1t, f 6.J.' ,, *; I \cnromosome. flowever, the mutations appcar to be ,inilepend,ent-zince all the different
a, ; , r.\ il .. 

i, : pheng.types r::ultins-from combinations of the diflerent alleles are observed. (Ricken-
/ '(- ii , i-'r. 

', ' 
berg, uohen' Buttin & Monod, rg5b; cohen & Monod, 1gb7; cohn, lg57).

.- \i L- - t rhis work has been 349a uy a grant from the Jano Co{Iin childs Memorial x,und.
i lr-\.,\., I senior Postdoctoral nellow lftie National s.lu""u ro""iutl"" trsii-5a1.
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chromosome frbm a 6 (IIfr) into a I (F-) cell, and results generally in the formation

of an incomplete zygote (merozygote) (wollman, Jacob & Elayes, 1956). Recombina'
of an incomplete zygote (merozygote) (woumen' i'r'ctrt.' o! -rraJw' Ituvl' rlvwuv,"q- 

a O *l J-.f V"nn*

rion between d and g chromosoLe segme- $tE^XYA#t
e0 -t" 'fp" t"j""tt"": il'i'"I"J':"sisTi'.=1,,:,::":xT:*:"j'{*"3*"93*:1#ph" offffi fuY6w,,

"1"'ififl&,!Tl il'*: li - N /s4<s,- :

-t
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It should also be recalled that conjugatioa in E. mli' involves tho

studv the interaction of these factors,
-€'- . - .  

j  r r  <

exliressionmlneT-$oplasm

and their dominance relationships, we have
the kinetics

z, y and i (Pardee, Jacob & Monod, 1958). Before discussing the resultg

obtained with this summarize some preliminary observations on

the genetic ofthe "

flask, The

-uceptibls.Et-ffi66 timo sarnplos wero iomovod for enz;rme assay arrd plaIfrStn

Lfffiffia, usually laetose-Br-stroptomyein agar, for measurement of rocombinants.

Undor theso conditions, in a mating of. $ z+$ryp by g z-Sntr, up +o 20 o/o of tho d popolg'

tion formed z+rSmr rocombinants (as testod $y seloctioa on lactose-streptomyoin agar)-

Morp ofton 6 to 10 o/o recombinants were found.- 
Siroptomycin tsmit was used in ma,rry mating experimrcnts, to block errzJrmo s5mtheeis

al ,*Sl* 6'colls. Controls showod that tho synthesis of p-galactosidaee wa€ blocked in

tiese strains immediately upon addition of i mg/ml. of Sm. Ineorporation of $S from
ssSO; &s well as increase of iurbidity were also suppressed by thie_t'reatment. This con'

."r#"ii.r of Sm ha.d no ofroct on Sm-rosista,nt (arnr) muta'ts. In some oxperimontc'

"i*"r"rrt 
phage (T6) was usod to kill the s eells, thus preventing remating.

t Tho followiug abbroviations are ueed in thie paper:

Sm : str€ptomycin ONPG : o-nitrophenyl'B'o'ga'lactoaide

ffic-lsopropyi-ttrio-B-o-galactosidc TMG-methyl-thio-B-o-galaotoside

the

2. Materials and Methods

(a) Baateri,ot, stra'inr

A 6 GIfr) strain (no. 4,000) of E, col,i, I( 12 was used in most oxperimentlt It yas

dorivod froin sbrain i8,161 F*, *td was seleetod for early injection al the "L@" morker

(Jacob & Wollman, I9b?). This strain is stroptomycin sonsitive_(S8), roquiresmethionino

iri g""-ttt a,nd carries the phage l. A second IIfr strain (no. 3,000), isolsted by Hayes

(195.3), was used in some experiments. This strain is Ss, requir€s vitsmio 
l': T*3P'}..'-

-;;@ 
etrains carr5ring mutations for gelactosidaso (z)' lnducisiili4lr=-

""*titoii.riiy 
i;1, 

"ra 
p€rrnoa,se (g) were isolatod from the Hayes strain aftor u.v.

irradiation. Those markors were also put into I (xl-) sttrains, by eppropriate patings

and seloction of the dosirod recombina,nts
A synthetic medigm (M 63) was commonly used. It contained por liter: 13'6 g ICITPOI

z.o g ittttn)rso., 0'2 g MgSo. . ?Hro, 0'5 mg FoSo.. 7-T'9, 2'0 g glycerol, and KoII to

malio pH i:-0, fi 
-"itro-rcid" 

*oro 
""quired, 

they wero added at a concentration of 10 mg[.

of tho r,-form, For mating oxperiments, the abovo stock medium was adjusted to pI{ 6'3

a,nd vita,min 81 (0.5 mgfl-.) was added prior to use. Aspartate (0'l mg/rnl.) was genorally

addod at tho timo of mating, according to Fishor (f957)'

(b) Mo,ti'r,4 eoPerfuietde

Tho desired. volume of frosh medium was inoculated with an ovemight culturo (grown

in the sarne mediqm) to an initial donsity of approximately 2 x 1O? bactoria/mJ. This

cult'ro was aera,ted by shaking at 37'C in a wator bath. Turbidity wa€ msssured from

time to timo; a,nd when the density reachod I to 2 x lS bactoria/m1., the experimont was

sta,rt€d. Usually small volumes of d a,nd $ bactoria wero mixed in a la,rge Erlenrneyor

2-6Yt(,
&'&*
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be
initially, i6 significanfly reduced the

'L!o Yo
,9.-lllgptomycin

ili"Tff,lxi,": jj:T::-l'$'b$;;""d#;fi lHi"'""T#?J"::'"il"'T#f; il
boon injected.lIJ1f, ?:fi "f .addedarti,""o'.*u.,""*;;;;til#:n:':,H":f ""T;t":1,#1t;:n'Hl:

Whon galactosidaso s5rnthesis had to bo induced in zygobes, isopropyl_thio_B-o_galacto-side (-rprG) was used. 
"t 

t0-r*, 
"1""".i*tion at which this inducer is known to beactive ovon in tho absoncu or pu.*u",". qili.r.""u."g ,r'"i. isuii -..

rhe bronder r""hrr?:, yJiJTgX';?;;f:J. 
"*u to determine rhe rimes orpenetration of markers into tho zygotes. rt should d" 

";;;;;; 
lhi" t"u"t_"nt reducesenz;''rne-forming capacity ir, ,ygoii uy sfua__6_U%. n"""*rirrr.t colonies, solectod onappropriatoselective media, were-rest"e;F"6;";h;;u"t""*uJi#La 

"opliea 
plating wasused to determine'nselected 

"rt""""tu"..ti""is for galactostd;;;;".is (with or without'-igduct'ion)-urere pelformed on mattose-s-pir.*r" 
"1."-1;i.;i"ffimtt"uf4pr€brrsine-nrter paper impreglirtEtt 

Eith €SPc, aceording ro'coi.."-erJ"; t ,rou, ( r 95g).Transductions were].iforined witii prt"g" sos, according to Jacob (1955).
(d) B-gal,actosid,ase assay

For this enz,zne 
T*".y,. 

I ml. aliquots of.culturo wero- pipeted into tubos contarnrngI drop of torueno. Tho iubes 
-u"u 

*ir"k"r,ligorously 
"rrd 

iu"o i.,*tutua for B0 min aiBZ'c' Thev wero rhen brought to 28'c; o'z tir. or Jr"i"tr""'i'*)is o-rrrt"ophenyl-B-o-galaetoside in lr/4 sodium,ptosphate rpH-zoi was adclecr, and the tob". *""u incubated ameas'red time' until tho desired intenJity of color had developed.. fho roaction was haltedbv addirion of 0'5 ml. of r u-Na,cor, J"J-rr," opticar ,r"rr.i;t;; ;easured. at 420 o.1twith the Beckman spectrophotomut"". a 
"o".u"tio., ror tr".uiaity could. bo mado bvmultiprying the opricar den"itv ar d50 

-" 
or 1.65 and ."bi;;;; this varuo from thldensity at' 420 rnp. o1"^ 

":ir oi u.rr;.=nu is'aennea 
1. nr"iJ"j i *1.--.,. o_nirrophenol/minute at 28'c, pH 2.0. The *nits"oi;;;;" i" ,rrJr"*pi"'ir^'iT*,"ulared from rhe

:::'.1*::J,nffi:f'* Uffi:lf;;;?;; 
opricar den",tv .i-o oozs o.,au" tr,u ato.,J

(o) Chemicals
o'nitrophenyl-p'n-galactoside (oNpG), mebhyl-thio-B.o-garactosicre (TMG) a'cl iso-propvl-thio-d-n-galacrosid" qBae *""u 

"l".tr.usized'at fi;'lili;, Fisdni by Dr.D. Tiirk. Othor chemicals werl-c-dmarercial f"roducts.

3. Genetic Structure of the ,, Lac,, Region
Figure I presents the structure of the ,,Lac,, 

region, as it can be sketched from thedata available at present. This complex locus, as established Iong ago by Lederberg(1947) and confirmed by the brender experiments 
"f 

w"ii;; E .lu.ou (lgbb), liesat about equal distances from the crassicia,l markers TL andgat.rneclosest knownmarkers arc Proline (left) and Ad,eni.ne (or ?6) (.iglr) 
Alshsssjtr=-ihe=_rrlap'+hesevmal-farboutJ0) orrcurre.qe_es- of-J,"he y- mutation .ti ti" tfftt 

", 
p"obably at the left

ll *:*gqlt*g"ditrcr;"i;- riutarioni ancl rhe i- rn'utanr are packed togetherat the other end' No attempt L?s been made to bsti6rj.h ti," 1"a"" or individ.ualy- m-uraf,fins:T[---e order 
"iirt4;y""i"tions relative to each other and to the,4:- ",

l-til."" 
is@,-as shown, except for the zy mutation, wifrseposition is largely undetermined. several independent o..rrr."rr"u. 

"o 
f the i_mutationhave been isorated. They a'appear to be closely-linked to the f' marker, but they

l?"" "g! 
been mapped, for rack of adequate methods of selection i+ recombinants.The evidence for this structure is briefly as follows:

(l) The frequency of recombination betwe", *g!_mutations is very row:
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Wollman, 1958) has

(Z) on ia'etose'agar)-jLcrosses of

@!ne;

"2" (galacfosidase )

-

iiFmutants used. Assuming this result to

the i+ marlr/er remains associated with z+ as f" of the time. I
(3) Th#requency o(c9-tgQ"*du.ct!on of i ql,h-< (seleg!ing-!9r :l llgle] is-ve1y^hig[ ]

(> 9olfrfirldte-The*Iialueddy fo"-":gl.{q p_4.g}iah .although definitely lower /
W"fi,70 %). (Thene.data are soiri6illiii ambiguous, because of the lpterogeneity of ., /
the clqnes resulting from a transduction') - \-/

the i+ mark'er remains associated with z+ 85 /o of the time-

(4) T-e selectio[Iru+ r;oilEidants in Ciosseginrqlgng diqilgnt z- ml!a]r!!, and
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Fro. l. Fine structure of lho "Lac" segment'
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.c\r
roughly l/r00th of the frequency of recombination betwe{ r) anleat}fe freulenlr
.Of recombinatibn between individ.ual z markers is abou-t-one o)ndfr of magnitude
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\
- \ ,\. a linear order can be established, without contradictions, for the eight markers shown'

,. 
,'j $ -) ,* Thi, ho*"o.r teales_ayT!:iryi9-:l-t: Il"t\gt 

iriesbety3;e1'-tle u agd the z groups'

_ 1 \  , :  !  1)  Of Outslde.

-  
i ' t . \ i I ) t f  

'v . r  
r ,etusemnhasizethatthissketchof the Lacrcgionisprel iminaryandveryin-

\ ) ,N$,i"t. .l*t 
".*pr"i", ".ri 

,n*t the results concerning the relationships of certain markers are not

f l"*aQJUt'il .' ""air.t""a. 
For instance , the zu marker recombines rather freely with all the other

\i); ,*,\J.1 )':r.k, *otrrrts shown (both y and z) yet, by cotransduction tests, it is closely linked to r'
I t -],") , ,l K- ' ffz o/. cotransduction). It should also be mentioned that certain of the z- mutants

' r'A' tU''' ' ' , \):: '"--"-, ; 
- 

---^-^-tr,- r^^+ 1L,^ ^ononirrr tn svnthcsize hoth, t,he ualactosidase a?0d
' 

lo' 
rU'"" '\iri ,'|r-r""i;;;;;;;ently lost the capacity to synthesize both the galactosidase arod

. ̂  -.i: si,,, .,r. *i .t, r;,-L" 1;h" ;";;re. 
y"t iir"se mutations do not seem to be deletions. we shall not attempt,

P*':' . {. ,', *,, } h"r"^, to interpret this finding, since we shall center our attention on the interaction
t 

i]'"d , t : I between thL-i marker and the z region' t' *" ? ' r r l'l { between the-..i marker and the ? regron' T
. ,! ,. -J," 'r '- :r"t'l;i-.e 

qo".tio' which should now be considered is whether we may regard the z region

i a, po.s"rsing the speciflc structural information concerning the galactosidase molecule'

,1ni fr*tn"*..g;tt the lpdependent mutations resulting in loss of the capacity to

.y,,tn",i""galactosidase*"'"loa'tuainthisregionmightnotconstitutesufficient
J-rid"rr""1. io*"rr"", it has been found by Perrin, Bussard & Monod' (1959, in prepara-

iJ"i ifrri several of the z- mutants sSmthesize, instead of active galactosidase, an

"rrtig"rri.utty 
identical, or closely allied, protein. Moreog+qysral-ol4hesc-nutant

;;;i"t u"" diff""unt f,o'o o"u another bv antigenic ?;rq19!!i.L:ests' These findings

Ippldt,"-+rmtUm-mqry"*u,@e*4-eo'.e!P9.l9ttotlie-'Etiiiclurail*genetic
unit for P-galactosidase.

4. p-Galactosidase Synthesls by Heteromerozy$otes

(a) Preli,mi'rwrY exPeri'ments

rt,"*uqo".tionswereinvestigatedinaseriesofpreliminaryexperiments.-  ̂ - : - -

The feasibility and significance of experiments on the expression and interaction of

t1,e z, yand i factors deiended primarily on whether E. coli merozygotes are physiolo'

gicali,i able to synthesiie signifi-cant amounts of enzyme very soon after mating' It was

lq"rriv important to deterriine whether the mating 
ll":t":l iif :t:"^*:mic 

mixiirg'

Since the phy*tg{PParatj
cells cannot be achieved at

tn-oLE-'colizygojgiJramrinma'ied'orc:tc--9n jggantparent

;;;, t""ffi"aitio1. must be '"' *+u:|. tl"]-lll
*;;i'**';il;y"lrt*ize the enzJr^e' This is oulime*wuen

i i r l rorro* i 'gmat ing:  , , ; -*EI t  - , ,  r ,1,  Vf t , i f ; :
6z+y(i+Sms * &;a.;,ND F'W t* t' L" \ 'F''(A)

q i5 !i-"7"-''-

l  f  n . '  * ;  
1 \ ' "r",. ' '/

\r l .  I  t
L,-{"{ ,' '

{
l'
't-- 

"- 
* t i 

t 
; i : ir ' i i" 'n /

"";f' ' 
' 

d' 
j

is performecl in the presence of inducer TIPIG) and" of,I ms{mlt of streptomycin'

rr* g lack the.a]:lgglqr; the J are inhibited by streptomycin (cf' Methods); the

zygote+-are-1ot, becauG theyinherQ[eir cytoplasm from the Q cells (see below

t Interaction of i wiih the y region is- of couis; eqrialty inieresting, but sinoe determinations of

activity aro much t""" 
""rrrllirru 

iitfr th" galactoside-permeaso than wiih the galactosidaso' we

have u-sed the latter almost exclusively'

t In addition to tir" *otl,rri" 
"t.*. 

,J" nig. l, 20 other galactosidase.'negative mutants, a's yet un-

mappod, have beon founcl to belong to the s_ame ,.grrr-un1"by 
"ontransduction 

tests' Nono was found

ffi:id"'il;; "g "r-ot. &;ii;;".;;";r, hawe isilat"d slme lactose'"non-formenting" mutants

(as testod on EMB_lacto,l"Llriil which_aro. loeated at other points on t]ne E- coli chromosomo'

In our hands, one of theso irutants 1Zac5; formed ,to"*.I amounts of both galaciosidase and

salactoside-pe"*u*"" latt-liJugh ii did'forri-white.colonies on EMB'lactoso)' Another o'.o (Lac;l

iormed reducod, brt 
"igri#;;;, 

,L."*" 
"r 

mth. A third (-Locu) which is a galactosidase-negaiivo'

Itpp.t* J" taong to ti'o "Lac" segment' by cotransduction tests'
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x"1", ,,0 ""u i;,l""iillJJ;,J;i;,1,1}?""k1,",1"b gene to onry
e very small percentage of the cells. Under these conditions, enz;nfe is formed in
the mated population with a time course and in amounts showing that the syn-
thesis can be duo only to zygotes having received the z+ factor. Figure 2 shows the

6srd

d' l ' ; ' i ' ' '  '"
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r l , i t' ' t , ,
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b
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Fre. 2. Enzyme formation and appoaranco of rocombinants in mating A.
Mating in presenco of streptomycin (f mg/ml.) and IPTG (10-3u). A control with u.v.-treatod

p cells (0.01 o/o survival) is shown. Rocombinants (z+Sml) selected by plating on Sm-lactoeo
ager after blending (soparato erperimont with the same $ culturo).

kinetics of galactolitlate accumub&.ign, gqlqpale+j$t: {

enz;rme synthesis commenees just within a few minutes after the first z+"pnTs ffifai

into zygotes. Assuming that the number of zygotes having received a a+ gene is 4 to

5 times the number of recovered z+Bmt recombinants, and taking into account the

fact that normal cells are on the trinucleate (i.e., have thlee z+ the

rate@in normal.

. recombinantq, dEtermined on gliquo$ oftne-eatue,p"pttbtiil (cf. Methods). The\#--=:_:_;**
laJiEi-Cffi correspo-ncls, as shown SflWoJman & Jacob (1956),'fo the distribfltion
oftimesofpenetrationofz+genesi"tt'j,:esl@.uG;f[.ffittberemmkc"dthat

,-i-'{r t'- 0-(

! , , ]  ogi- .1,- ' ' i t : '
t /

Fl r t .

\ '1 t i  ,_ ,  
, : r* ,

U.V'ed

i t : (  f  cd ( t" t /  
" iu ,,' I u" '') 'l t"-'

Recombinonts

: ' r '  )_ ,*r , r , ,

a

c10 /\{*
rJ

of the a+ poses the problem u' c5rtoplasmic
m

We reasoned that iffrom the previous
there occurred any : fi64* cytoplasmig mixing, such a mixing ihoTfr[EIIo-F the^

Wff iw#{Wff i-+A5^fi-ra'
Ah-<- / t\)
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J cells to feed the Q cells with any small
laeked- This condition is obtained in tn" tott

g z+g6t ,r*k6{;'

metabolites which the J had and the g

"ffiffi;-

Tenr,n I

Dnzyme forma,tion in nutri,tiana,lly ilefi,cient zygote.l

Deffciency

De6ciont Mean o/o
inhibition

Mean 0/6
inhibition of
recombinant
formation

I

L

i

FH#H*L V",t'6

0.66

0.4

o.20 to73

Arginine $
0.28

0.36

0.02

0'01

rt  f  . -1-

Gr^,4* *'{ lf 
{

-l j  I  f , ' : t

{::, 
5} -*- r' 

$ 
'-l'\-

feed the g' An even stronger effect is observed.when the i requires arginile, the Jnro-ilaEd?ating tara pi;;;tr" 
""rr;*"""i"r.girri'e (again on .o.rditior, that, the Ar+gene is not injected. b1 the 6l) (Table l). These observations indicqtg that even smalrmolecures do not read'y pass from the f, into the p ce, durlrg conjugation.trt therefore appears that cytopla**i.-f*ion or mixing does not occur to an extentwhich might allow cross-fdeaing. rhat the contribution of trru Ji, 

"*.rusively 
genetic,and does not involve cytoplasmic coustituents of a nature, o"lr, ,*oo.rts, significant

f;:#,run:ff:;;ti:"J"ffiT,,:::""urytn"*"*or,,oiir,";;G",outiogl,*r,i.i
(b) Ezpression and, interaction of the alleles of the z and, i factorswe should first consider which of the alleres of the z factors are dominant, andwhether they alr belong to a singre cistron. Experiments 

"f 
th; ;;" described above(mating A) were performecl wfth each o, 

ili "r*"';_";;""r1 used as ? cells,receiving a z+ from the. d._Igxo.,e_.uas_sjmthe*"Ja t9_ui*iluo*;-t-_e_4rs_ in au cases,showing thar+-**fue-Each 
of the mutants wasrilso mated (as i) to * ,- p' xo 

"*fr" 
*us s;mthesized by any of these doublerecessive heterozygbtes where the mulations

. . I To*9'u" such reakago mav occur when, tho 
{ffi.:t:'i:T#H exceprionaryhigh in ihe J. This haniens when a j rvith the constituti.r r_iy* g""l_Ji ,rr rrr" presence oflactose' Tho constituti# g:1T"":.- th"n 

-.y 
concenrrato lactoso rip t; ilt, of the cells, drv-5"tl-#J;:H.f".Hll1,l"#;*j:g#,:L*t"L""" "r'""'-ir,'itit ,""*"* ;;"";;;;;".;i;

Rato of enzymo formation t
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l l l
zt zs iil

il

- ._ ,-.-"-'^' 
lii[ ----*?c?p*. _ \
l i ishowing that all the (teste{) z- mutants belong to the same-:egt" 'T 

3\"1:J- 
( *

D---^-  /10Rr\  ' I  '  :  \  
- ' -  

A . - . - ) . ,  ,Benzer(1957).  € rr . - -1-  
\  -  -  

- \  l

The next and most citicffiblern is whether tL" 34t|d 
fi-1,""- tt1: b"t:,y.:1 

*(L 
::/fJo,71'rfi 

' !'' I
,c  cv llgerie or cistron) or not.lerfrs-rec-fmA

.S-mil-J#u-i,, * " ̂ - r i',a,r"ii "t, ,@9"u- 1", ":t j{*l#
,*du,",,ncondjt. j ionMmelycIo-se-IirrJrageofz&ndrmutat,ronssuggeS!S

If tis^ $,er,: so, they l_::]u,i":^.::::n::
interact it-ogt ;[e frtpf"Stq U"t *"ta act together :"tvq$,j:;[gq:^1g

.q1!bi+ jlt"Sg*" g"""ti"- Ist. The heterozygote' z+'i'+lz-'i- rvould then be expecEeq

""t 
t" .*tm"+;etosidase constitut'ively' 

,. ,. 
- ^^ ,r^ Wl11'- -f *r{*&{L>c'qe'6EFSA;Xrud;;;fl:Gff5vr,- ffi . +,r., **-

w-perforqred i,n ogsth'cedf tndzcerlThs-l-eelnnot\-rffi"-*it" "-""v1"::L",1^Tl- *(,'lf TG @- W,diffiEre--a-earnnob-sfuiesile e-nzy_me, because - 
^p 

I f TQ @- W

YS:,m;Jff#?;:":#."J:i'J:"#Jtril?: 
JVile 

? "thev are('d+.J'Ihe Y canno[' oeoausu uusJ @e -rD----t-

ffi #,V;;;il;;enrsthour.r'ry*',',1's11:'1'^* l:",:*t:::'::::l':i*:*f;:ilffi$:f".*qffif*"'"* il;il;;t* rri1..!-s.9jl-"$s3:gsrF.q'qd' "' q- ' : -'.
<- Q4'," n )

in mating (A).
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f,\ Lrr-'
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k
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1\z "-r

1 l t  r  r

""r-'S-
i., i

': + TMG ond
" Slreptomycin

Cantrof

2CI 4o rurinrt"s
60

Diconfiqur*tion is oxcluded beeause: (a) the

;:liil1$HHl'IJi,':1."iig'9jl:::- 3-r *a

Wfu'&*s
efi-e

O'oq&ata- e*nv

'v4;>z5@r ftX,
I {v0\A?n

Frc. 3' Enzyme formation during first hour in m^ating R'.

tUritirrg orra"" u*i lo"aitio"*' To an aliquot st'reptomycin (O'8 mg/ml') was added at 2O

minutos, and rMG 
", 

ZS *i""i"i-to 
"ttoo 

comparison of synthesis with s,nd wit'hout inducer'
. _-

Such a mating therefore allows immediate and com@ /^' /\ | 1

the 3 with the rl- from t'he,g=$J9g'btl*,t ili;t i"tG"tiila:Tid:^H:i L,LCI I AJ
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, -; .. 
wnen pertormed iri"the'absehce of inclucer, yields no trJce of enz;rme, at an .. 

'T{@6r

$:T"T'J*?"::1:":*":ffiT_;*T*"1in jectiono""o,,,o.*Jrri\?W

eqtsetL$urilsb€{uytllr."r,*ith-iilfiifr ;.nii*iniaill#il:"r1tf; i::::fore the f]{interaction must be consid-ered * r"k" nj;t#;o,g}, t4u ,ytoprasm.

\ .-\il .*\$*tt' 
(''\,t ( " -'t- 

' 
'--..t ';x!':; ...;* ,' 

' 
,1, 

-
' 'o\F$.T"'r$:Y\ 

\-/ 
t

^($. 
' .  Pl i-"r icrBrlrry " rN B-cALAcrosrDAsE ."7;""r1r- I  

,r ,  
"  '

,"\};*:)'"Ji::Jfi:,'#i5:i:T3'il:Tf"1'*;:il:ff;:"""*"s;mthesisisoranorde.
.\ X , lU'- iY/" The nossihi l i t rz chn,, l ,r  

-r-^ 
r.^ ^^-^:r-- r  , !

'"1-,/ 
"\ ir rnorcaulng that most or aI of the zygotes participate. j

\\i x ilU','1X rhe possibilitv should also be 
"or,ria"""i *r"lllrrry.than taking place through I\t t i\ A uY the cytoplasm, the interactio" rgggggsti, 

"li"!(*tof the homolffi. 
"rrro*osomp ."r n 

:\ rv(7c'#"*r::I?;in{W*:-:ff:%ry"9+"il:]'-, r,i,|w
when ferfor*u8 ir{}tt"J onirJrr" of indric"" )ililo *^ ,-/^^ ^" .'",'G}fiq,

, 'hown bv adequate controls-iniotving other markers.The rl,r._r". 
"illli"lllTjTrll-CO--LA .,\'\ i"-ffi::.?ffiffrl:iffiEilffi:"f,l,llil*""n*'l#,ill,tliih.ffi

('\ , o i Fr \9N ' This quantitative differen"" .u.root account'for tn" .lr.i"r" .ort r.t of the resurts
\ 'l\v \-p ' of the reciprocal matings, one anowingjgl*r*"*JdlirJ synthesis, the other
V *' 

ffit#H":T:lllb iipri,"*ortr,ezygoreis

v i r  ' -^ ! ,* tP

t'l!'i f. :k'or$ F.
1-{vl+-ll* 

-J\ 
\ ts

a
a

a
lnducen added

,{" ';.,'" '-"*

,:t:.':u' #;"
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\|
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tss
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o
o

o o
no inducer

I
N

s
x
al
ut

Rr0
{
I
{
t
$t
I
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{

s

+j"

llours

. }faring performed 
""u*.ff;1.1xr,ff"t'i"Ti:ruuHJi],-"o*u",,"" of jnducer. Ar timesindicated' a susponsion of-phage ra <zoiii nnrttiorr""r.t"ation) and strefio-ycin (r mg/ml.)ffi i1fi "3,nii#,'ff :'*:ff lH#Sf ": 

ji-,i:l#ffi'iiillJlT'Jn"",(b,ackcrrcbs j
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This result may alsq-be expressed
ls DlCKeo U

that Ivnthesized under tho control of

the 'i gene, we mey further assume thgt 4g# the
If theseis of the

one of tho alleles should be dominant over the

otn"lfit the dominance should become expressed

wheTr the cytoplasni
a.A. /4p_U-

Fra. 5. Recombina,nt appearanco in mating D. f

Formafion of z+Smr rocombinants testod by plating aliquots of tho four cultures used in the

exporiment above (Fig. 4) on lactoso-Sm agar. Portiong of the culture werc dilutod l00o-fold

and shakon vigorouely at 100 minutee to prevont, further meting. The increase up to the second

hour is due to increasing numberg of zygotes. The incroass after the fourth hour is duo to ,nul,tipli-

enti,om of segrogants (Wollroan' Jacob & Hayes' 1956)'

^ l r

d The fact that in matings of tnre (C) no enzyme is synthesized, even several hours

/
outat-ytopfasnic /
r,ting, as we must, V

the

:J,

Ia
\

E,(
Ts
Qs
{l
E
a
Iq

l .s
":. ' i

,";a.ra
it

{  " - 'r t "

lr 422 atter mating, m
/ rnisiffiL

o \
i "t,, #c,'i.''i

Yrtiffi*
,ul

i-) allele from the
so, the'd+ should eventu-

"U.-y 
n""o*u expressed in;;@;;f type (B)-i.e., the zygotes, initially constitutive

(since their cytoplasm comes from the d- parent), should eventually become inducible.

To test this prediction, the following mating was performed:

. with inducer

o no induce"

lloaPs
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;;'';;:i;t"'- ;: Tl"y'i%f#'

and the synthesis of enzyme, in the absence-and,itt.1h" p:T."it: 
^-J -^*alina o

/ ffi# Y#'r"""*t hours (in order to block induction of the J and remat'ing, a
f

y' mixture of streptomycin and iO pt tgu was used)' Figure 4 show-s that' in the absenco

f of inducer, enzJrrne ly.rtrr"ri. stJps about 90 min (or earlier) after entry of tho z+1l+

' f genes into -the g celis. when inducer is added at this stage, enz5roe synthesis is

f resumed, showing that the initially constitutiveplffi-,Yuot''s have 
"?tnbfrlj^

i ;..,.,;;.,it *i:";XT*l;,"1iJ."_ ,fiH*tNllllllllllllllllgJ:ffiu
",.-.1*''i 

i , \ in the heterozygotes, might not correspond to the segregation of homozygous
'\S" | ' ' 

\ s+i+gryyfgr recombinant* 
-*ittt 

concomitant disappearance of the heterozygotes'

\ \ This is excluded because the earliest homozygous recombinants only appear 2 hr

' -.r./

n - .$! ,af ter thet imewhenconst i tut ivesynthesisceasest(x. ig.5).
. \ r,\ e:-r , 

-ilFro* 
these_ observations we may conclude that theJpnstitutive (i-) allele

\ )< \ .) ' ,1,; !s inactiv", Onu"\ \  \  i r ' . ' . ' ' t ** j*nl" :1. ]  - - - : - - - : - ' - - - -  - '/ \- , ,:-:' ' ' .. 547r*g{"@-
,.i  i . .2.:_7

ff ': - - . -' ::" 5. Discussion and conclusions
rr 

t:--.r/'

n

.,' 
, , 

'"' !' 
itfin"'";nclurions which can be directly drawn from the evidence presented

'| 
obove may be summarized' as follows:

Thesynthesi.orp-gorn"tosidaseandgalactosid'e-permeasetnE.coli, iscontrolled
bythreeextremely"r*"rvhnkedgenes(cistron'l@Thzgenedet.ermines,
in part at least, the struJture of the galactosidase prot'ein mllecule' The y gene pro'

bablydoesthesameforthepermeasemolecule,butthereisnoeYidenceonthis
point. TQi gene in its activeiorm controls the synthesis of a product which, when

present in the cytoptu.*, pr"*rr-ts the sfiThtsis-offigalactosidase and galactoside-

permease, unless iniucer is added externally (inducible beha'viour)' When the'i gene'

product is absent o" in".tio" as a result of mutation within the gene' no external

inducer is required for p-galactosidase and galactoside-permease- sSmthesis (constitu'

tive behaviour). nne_d_gt;e,?rr'offi[ is very highly speciffc, having no effect on eny

other known sYstem.
(2) While proving that the interaction of the-ilDzJagtors^involves a specific

cytoplgry-pqg5segg€I. the data presented' her6-clo not, by themselves' give any

indifation as to the mni" of u"tiottof this compound' Two alternative models of this

action should. be considered, i ,

According to one, 'hi"h 
*" shall car thu{$$g)f"u"ll:y :"'ll1Y .T ll:

$
u"il;*:"-;;';i;s "v*:*L 

requires. t* 
-l1$*f*1i,* f "*:ffi;*^r*; i* it"irrdo"iute organirm. such an inducer (a galactoside) is syn'

in".rr he'd+ gene controls thesJrntlT:"::^":1{:igene controls the sSmthesis of an enzJ':mo

:Tf l-,t:llffi #*:"nn'T;;*::"";};ffi "Jii"::Hiljl,:i::.*::i;:;T{igdilitt$,-b$hi',i*rh" i- mutation inactivates t}3.su"" 1': ll: l'1":l: ll:
lilililTt.*i''f -.""'a"r"tiooor"*"g::::':1":::'f lY,:*::T":::i:.:::i:;
;.TJrffffi;*il#;;;ooer .on*tito*tioity, and for the kinetics of conversion of

the zYgotes.

;;J;; also bo re.call3d that, acco,rdine t"^^*::::?: o Maze (1e57)' heterozvgosis prevaile
r ru urdr ----_i; 

descendants of E' col'i' zygotos'
formanygenerationsin-tl. ,r-* ^r -rr ^^rr-ro

e'is9!9193t" :gElhutis' Thij
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lzst{ iiil
r , i
I

r l
j

and for the

inhibid bY certai4

iooe uy Monod &

iiroducls

synthesizing sYstem' thesize more
(b) p Predicts that

tr'F-'pp"h6be thq e l:.-"*
systems a,s

fCli""-g-t e & Jolit, 1953), g\r1::onidase 9'::*::
ilfr:ffiHi,.ffiJ;;;;;"g,in"r"Li'*e or E. cold and penicillinase or B' cercus

(Kogut, Fo[ock & Triclgell, 1956)'

(cj me inducer modeljf
. lhis assumPtion, fust sug'

i-epression nlilot been vinclicated in recent work

ff :#'ffi 'ffi ffi;ffi ;i'd;lv;*'Ji1'.f :H"."Yfl ::'f l:T*'*.Tl*
r957). oi rrol"to"t inducible systems has been hoL:.b:

qqbe jnhitli+ed
many years &

and other Eo-anon: dpaeifi a- tqre${6n

model is

I?6 A. B. PARDEE' T" JACOB AND J'  MONOD

According to the other, or "repr€ssor"' lodel 
tn-",i"-ti."l:113:r1*":fif]'|:;

r.'T;;;"?;ffi ffi;F""';,*'"*o*:::i':""^T::i:iili?"H:yet:
ff#ilf;'ruffi-*;;;"i''v"*'"Jri.u.11u::i*-::;'1;t--'i*:"ll-3ili;1ll

in the:rp of the
,vr t  vt  r+vFYv

well for the

. In the

the requirement

"oo" 
it61i-), the repre-E-r is not formed' t

for an indueer disappears' This model accounts

ffi riclt :ppst :,l:l'J33"f H::':,":'l*ffi
"mr'::*ffi;;; 

otiJ. ru"t *nilr, *uoora be brieflv reca*ed. Ere**ho-s.mrhrsis'-
r ,-^^:4^-lI- '  lhLihil- ' l  lrrr nprfa,in

' ' of their action' w&8 tlrst oDserveo ul tv{'o uy rYrwuvu w
ts (or evenFubstra!9sl " " "ase (of E' e'oti) (19534) or with
E*i"" working with constitutive galactosrcr, 

-r--^ c rrr^^r-,ro*e\uoren--D..'n...v wurmr- - -^1)' and by wijesundera & woods {1953)'
O-yptpt *rr-.yrrthetase (of 'd ' aerogenes-) (L9531

and cohn, cohen t rionod 1191s; indepencrently working with the methionine-
+t ,i. ramo.rlrn,hle

ffH:' l;-''',l'H*;":-.*"El*:'*"'": :1m1^:{Jffitd1g:l frH
"""""*"i.1 i""* i::i:i:t*-:l":""*fmlffiii;

l#.rT;t";"if,ll lt'n. "o6. 
rr was suggested, "i 

ttot tirne that this remarkable

,#ffi;r;u# ""Ja 
t" a* to rhe displacement of an inlerryl.l.v-synthesized inducer'

responsible fo" 
"o"ttitoiJ" 

synthesis' 
^and 

it was pointed' out that such a mechanism

eould account, ;n part at llst, for the proper adjustment, of, cellular s;rntheses

(Cohn & Monod, 1953; Monod' iOSn;' no'i"g'tlt* pu*t t*o.:"'tp" years' several

new examples of this *f""t l"t" Leen obs"erved and studied in some detail by

Vogel (1957), Yates & P;;;"" (195?)' Gorini & Maas (f95?)' It now appears to be a

generarrure,foro"*oi'']ti*;t:*:::t":-,:;;3T:"fff "":f 
-Til:ff."t;*

;ffi;;;6 el;;L-ph""o*""o''' the coittrol of eru

of metabolism.
( )Thefactswhichdemonstratet'heexistenceandwid'eoocurrenceofrepression

effects justify th" b*i;;;"-ptio* 
-of 

the repressor model. They do not allow a

choice between tne twl;a"i Fu$h"r ao"stdetattont make th" i

arylJrr*nr"" 
since it does not require an indepb'ndent inducer-

(a) The repressor rno

cffi ;J;;.Ja;u-,"p.i,,o, shourd be
, irr" g"conYeNron

o?ra
JZI
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mutant should. be largely insensitive to the glucose effect while other inducible

systems should retain their sensitivity. That this is precisely the case (Cohn & Monod,

1953) is a, very strong argument in favor of the repressor model'

(5)
toa

and confirmed with nodel-ma.y.lead

the basic-fr 66-m-on to all protein-s5rnt'hesiuing systems would be

,in5ibitien-hy.sp*-e_aifig repressors formed under the control of particular genes, and

antagonized, in some cases, by inducers. Although the wide occurrenee ofrepression

effects is certain, the situation revealed with the present system, namely a genetic
..complex' 'comprising,besidesthe..structuraI, 'genes(,,@-

i) whose function rlate the expfegclgq of the neighboring genes is,
."F----

this..situation

h is known to exist in the control of immunity and zygotic induction of
sol

and

rriidinito this

(b) Does the repressor act at the level of the gene itrelf, or at the level pf the
(enzyme-forming system) ?

Wollman (1956), when a ,\-lysogenic 6 of E. coli is injected into

of vesetat-iv*Ct16Ec-ffi,vblopment is started, which-----. *.r--
6Ia primary, step the synthesis of specific proteins.

). is performed, zygotic

does vegetative phage develop when such zygotes are
The l-lysogenic cell is therefore immune against

manifestations of prophage or phage potentialities, and, the'i'mmuni'ty is expresseil in

the cytoplasm (Jacob, f958-59). is stric ifi.c, since it
does not extend to other, even closely related, , u-nder tho

of proteinsGfressor, able to block
mined by thcse findings.

the repressor model are two Qtidstionq-which for lack of

evidence we have avoided discussing, but which should be explicitly stated in

conclusion. These questions &re:

basic'mechanism

@toJacob&

(a) What is the chemical rlQtrre;f&31essor.?Should it be considered a primary
a secondary product EfTire ge-n6t

'We aro much indobted to Professor Leo Szilard for ill
work and to Mme M. Beljanski, Mmo M. Jolit and Mr. R.
cortain experimonts.
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By Franqois Jacob, David Perrin, Carmen Sanchez

and Jacques Monod

The analysis of different bacterial systems leads to the conclusion that in the

synthesis of cerbain proteins (enzymatic or viral) a

ible for the structure of the Iator

gene) governingThe ex tormer through the intermediary action of a

l"#.,i"r.,- ft" r."g.rtotor genes,+rhreLErye so f9 biien identified show the

remarkable. property of exercisinpro
nes fdr strudfure, cl-oselY linked r, and corre-

I s1ouence. To

*'*plui.t 
.-thls 

effect, it seems necessary to invoke a new genetic entity, called

-"olperator," 
which would be: (a) adjacent to a group of genes and would control

tn=r;AfnlL a"a 6) wonid b,e sensitive to the repressor prqduce-d'by a particu-

The Operon: A Group of Genes Whose Expression is Coordinated
by an OPerator

=:S_

lar regulator gene (1 ). I; the of the group

ofg" ie.*outdbeinhibi tedthro@ortneoperatof .This

I

t '
t.

hy i"+;nafivp nredietions concerninE the mutations which

could atrect the structureof the operator' In effect:

Reprinted by permission of the author and Gauthier Villars

f.oir Cor.aprrs ReNnus oes Sf,excss oe r-'Aceoeurr oss Scr-

ENcES, zso, 1727-It;:.jtftl.:ilg[l translation by Ed-
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sidaseandofthegalactoside.permease,seemedtocorrespondtornodificationsof
the hypotheticat op"ruior. rt will be recalled that three distinct genes have been

recognized in ttris syst'em : il) y, thu g"*e for structure of the galactoside-permeaso;

(2) z, the gene for 
"t'o"ioi" 

oi i5s B-galactosidase' of which certain alleles permit

the synthesis of a #-tfi"d;;;;v*Iti"utty-inactive protein, Cz; and (3) i' the

;"*iil;; fu synthesizing a repressor specific for the sy-stem- These three genes

are closely linked. rt *1ii"*ttut be recalled that bacteria which are diploid for

the senes of this s'";;; ;; obhined oy,:*TT::i:::-t:TX1?tl,l"*-

The Aperon: .A' GrowP of Genes

liil"l***"' *;"T;;piling fragment oi the bacterial senome (l=t-

units of salactosidase and of 9" o*i"i".t{'-!?j:",:*,::tl-"^T:::"n* "t "u
#HT f:'*ff'ffiT#Tird. ;;;toi' tr," .nil*osor,ne in :u"..T. Y*::1.

Uaitsof--@
anrount found in

iO, ,rot ait"clalle' The excess 
"f "tl-t ^l1"j**:tr::t:;r::t+"Xqstrry-mrr'::l-Fiesent on the.factor

)
f-i*.'.*"*t to indicate the presence of

ioo""o Br,ctenr/ 
u 

I*oo"t-o B'tcrunrl

il^^4prd
Calac- Pratein

tosid,asa Cz

Fe( Galac-

ntease tasi,,ilasc

tL or '&

'/"{1q2,ffi;;;, -:&Lt-' .

tl.-.?,

fr;' { ''j -

Grxoffg ( 't\, "{zra.{Frotein
Ca

Per-
rneaga

F-Laa

lt o-e*r,*'d-
" ti,n-4{.t
'1 p K;x/';'' '
c, l- -T,,1;

w-:
\../
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tT u'"ry
F. Jacob, D. perrin, C. Sanchez, J. Monort

According to their characters, the mutations o" and o" seem to affect a genetic
element which is not expressed by an ind,ependent cytdplasmic product. The
remarkable properties of these mutations are inexplicable according to the
"classical" concept of the gene for structure and distinguish them equally from
mutations affecting the regulator gene, i. on the other hand, they conform to the
predictions arising from the hypothesis of the operator. Several simple defective
mutations, having a pleiotrophic, coordinated effect, and non-complementable,
have been described for other bacterial systems, in particular for the metabolism
of galactoseta). we suggest that these mutations could affect an operator.

The hypothesis of the operator implies that between the classical gene, inde-
pendent unit of biochemical function, and the entire chromosome, there exists an
intermediate genetic organization. The latter would include the tmits of coord.i-
nated expres$on (operons), comprising an operator and the group of genes for
structure which it coordinates. Each operon would be, throulh the intermedia-
tion of the operator, under the control of a repressor whpse syltnesis would be
determined by a regulator gene (not necessarily rinked to ih\e group). The
repression would be exercised either directly at the level of the genetic material,
or at the level of "cytoplasmic replicas" of the operon. This hypothesis would
expla^in the correlation which is very generally observed in bacteria between
functional association and genetic linkage for the sequential enzyme systems.
It has other verifiable consequences, notabry that the 

"nry*". 
of a sequence gov-

erned by the same operator should not be separately induced (6).

F. Jacob and J. Monod, Comptes rendus, g4g, lg5g, p. 12g2.
F. Jacob and E. A. Adelberg, Comptes rend,us, p4g, lg5g, p. lg9.
D. Perrin, A. Bussard and J. Monod , Comptes rendus, e4g, lg1g, p. 7Zg.
H. M. Kalckar, K. Kurahashi and E. Jordan. proc, Nat. Acail. Sc., 45,lgbg, p. lZZ6.
H. W. Ricken!9rg, G. N. Cohen, G. Buttin and J. Mono,J, Ann. Inst. pasteur,91,

1956, p.829.
Thisrvork has been supported by grants from the Jane cofffin childs Memorial

Fund and the National Science Forrndation.

( l )

(2)
(3)
(4)
(o/

(6)
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,-'! ': A Deretion Analysis of the Lac operafor Region in
- : Escherichia coli

Mueh of the information on the reration of the structure of a genetic region to itscontlol and expressioll comes from sturries on the eDzymes involved in Iactosemetabolism in Esch,erich'ia cari, (Jaeob & Bronod, 
-196r). 

Three enz,znric activities,Fgalactosidase (z), sar-yto.s1i.e=ne+,nease {d..glg galactoside i"nJ*l.utyt*", .r"specified by the kw re$on of i6 
"r.**"'o[" Tiie revcr-of these enzymes is co-ordinatet.v controlred ny 

" "rt9nr.;;;;;;;"" produced. lry rhe ri gene which iscloseJy linked to the struetural genes for the enzyrnes. The site of action of the

I,rJ

't,': I

1

I

I
l
t

nepnessor has been detemined by rhe isolation of 
1uta.ntf.(g") *lr"h-!g*_h_" iil"sensitivity to represor, and which rhus produce prg";;d;f,"rbff*nrur,o"ro,in ,

1l:,Fcil.or$prroor. Trr"sg nutants:Jl' o"o closery rinked-6;. mutat-ions
:l*Sg:t-l,Lq p-e'"+"g of- -t!. s*o". A'.oth*':"-luo";#;;; ; ;dffift;rn this area, shute 

"tr 
tl: p,fo-gngU-on.of ibre_enzyrylig aetivities of-tls_ lan rcgpon.rt has ben proposed th;i oo ind o* *"t*ao* together define the operator, notonly as the site ofactiol_1f tle repressor, but also as the initiation site for the tran-

:"y1"3 
of messe'nger-RNA from-the s#r*ur' ge,oes. A gru*p of genes if,us con-t*jl-d- 

i- 
termed an operon. -:_<-:*

rn this paper it will 
\ 

shown thai the operator, defined as the site ofrepressionof t'he operon, does not ri-e 
in -the 

o*u r.gio' io which oo mutants are found. Thisconclusiou has been *u"ls from a stuai of various deletion muiants of the raagenes*$utants car.ying deletiglq of different seg-urents of tke laer*gi* uo. t*,,
Xl:Yi::31 

mutSts b-y€st€stiq, ek-sl*;.rqr6*ts on meribiose_aqar {Beckwi+,h

:. i ',.-:
:.: .--: ". : i

T,;f*:1ry4ryy*gf*ittr*o*-sqry1e*soi riici.-m; ?;;";rxse*"o, 
"*,,""**can be ea'sily distinFdshed from each oth-el, since onlythe deletions 

"o"u-itol'ffi
i,#j*:if;:jl-jo;,jt? TT""" g.T,,r in rhe oo muranrs {r;i" ;j and do norfurther reveri to ta*+ phenatype. Wirh rh" *"opr1ry,]di1i, ii!i&lu"*o* *un&e-lhslvLlo-eontain d"le.tiqliby-their failure tu grve_ih€jr,re€om5**=;rfrin;l
l*c:+su EJI s. I).---

t All of the deletions, except M12 and. Mllz, incrude all four oo mutanfu tested(rig. I). The extent of these deletions was further determined by examining themfor deletion of the 'i gene, the nearest known marker to th* ope"ato"'J of the operon.

:::?:***,f.-.ll"g!:_yere.derived 
r,o^ uo i- oo strain, ft was neeessarv touse. geneuc 

"3rcruolqy.es .T g:Fdg the preeence o abS'Iryg_ef. the f gene. Theuutants were srossed 
;r.rltr {,!:1!lqti or genqli;_go:netitoErr-i="- i*nn=a;r"*talte.l or r:Z=lwith ofu 

"ro*"tu.,ti1, *,.d rh-;qged;*ar;" *ft*"rbinanrswas tested, As Jaeob & Wollmsn .( r9ffi}.Aa;a?;;;;A=;",C*G=m;clie;;
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in tre rac regron is "**11" ;l'- ii:":*'*#*lt$JirttfrH:T"1ff f; **
e;;#;u*ry"t*1Y:;Yi

Strain J P-Gtt""**lat"* 
?ermeass

H"":ffi :?-t{#g#*lffi****x"n:'"t.1ffi!iiri':E6irecombinants from sucn

shain as a result.of " 
**"Fg#". Th" "orrclo"ioos 

from these exnerimglts'"; 
,a.,

., ii;+,.'
: bti 

: .,:i1:

''3..{J " ii"".,
,.'rt,.', i *;;,/. P, l#, ,$: .

.Y',;t,:*,i,tf,',.* \q;t ; l:.== -,.-"
lno
L-:.- ' -a-:t ..1:'::

"c-i-ltz2 i;t 
0 :-* -

?r '

Ioc regron.

Tbich

ofthe z

".1'-a ,.r-:,, 
-N& " :-,. ;'.: . ; - , . :-: ::r ::: ,:- .:. 

,

<oun! produced by B cotrt;tutive streilr' Tho ;: -A,,ac,ivi,ies"*aqffi.f;off"J?!*ry8{:H{ffi.s$**:**i$?i,!i]l ',;=," ': ': :::il
!)orlnoos6 vas ssseyed r

g-p-galactoside, *rr"r-11-"ii*:*-Ttdio* 
** 

Lrl ** used. After- ireuuatron thi'aells wers n ' t,l',''

[*tir"r co,r,ure wil,h:"*"ff'q 
?'*: fi{i?{X1ilm*,flt,*;:'*XHtrT'i ;. t v :

f*i@#trffiJ""ftT *#*itr'-#i,1f;."t$-f#'';**H5'::r"i,,- "*totioo was heot'eo m

* :mf"-;s HHtftff*-*:x?"#r:';:*"m,r##'trff#;#"ffiF'11 : !- "
:.r 

".ho*utasr,o!,wasusedasecontrol 'T1--Y';"1=;;; l t"ofa!-*r3r,carr;rdelet io*sinthe 

! - . '  _ " i ' , : ' r  " . ,
.-, iili"ilffiil';"ti-'iry. 

eu of lhe revertants' rrrt'n tne ercsPwlv'r vt "z --- ' 
1"r ;1 , ,....' ..,;,"

i1usiraredinEie-l.-T-t!ep:qp-e'$''u4f].-fff.f ff *fi #f;23,"}:ft:$tg'*T5"ff;fr;u#'J H;:H#T:':**t::":t':::;* *l-'SiiTffiHff#'ff '#::ffi *| j:*-T.:th;'i;-o:*'ffi -:*'n:.T;f"ffi :"J;H.ffi :ro-r*i.-gr.elg]f *:-,?#lffi::ffiT'Xl-"i'#*"

tng-d g-ene-
;irf,;;;."tations ue h th€iHlilPgle ite. then itlvoultl bo exPeeted

none waat

I}o to
plesence

,iff is invotved in qrg sellf

al lh.e 4 as defincd !Y z;

r"p*"sCI-.se"f #;;; ulraa9+Sr'*rvt
oftn" wilit-t'ype i+ gene' nintoids.Ut! 11ji-"*,,-^t rlrc nermease. Dll#on MI5'

il*-e.r;:.:9':t*TlT,f*:";:)*S$*I5-+4!+is:s:::.1;*; -lfff, *ii"u it deletes the rest,
asensecomplemectary-**---.,r.'^:--;--;.+,"indi;ti;-tt1it

# ;l1;:Hffi,":ilffi';I might be angueo-r''4" 
;; i-;;#d bv rhe fiuding t'hat in a

an interPretation, howel
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revertamt, MlI6, carrying an exfunsive deletion including the i gene, the permeare is
no longerrepressible. RevertantMl16deletes theoperatmr (repre.ssor-sens,iti,oesdklwhile
MtSdoes not. Thus t'he operator must lie beyond the furthest knovrn lac- mutation
(oBJ at t'he beginning of--f,he a gene. If the operator is eti-llpar*ef,*hest*uetural-gene,
t'hea it must !e eithet extoemely'small or irnisually insensitive to mutational altera- '

tion. Alteraatively, einee no z- ar oo.mutations have-been.four&in this region, it is
pos$ible tJrat the operator is a sopara,te lscue.from the stractural gene (see F g. 1).

Y '  .  , ' ' - . .  o i
Vr77 | S '-alt8'

yl4 (t,84

f- ---14'2-l

fl-Mttz
miTs-r
TM]TITI

TETTER TO TgE EDISOR

h". 
-f- 

fp $eA,-oLaaaUns i*-ilt*-Lrc *giot. !!rq deleiione were meplred using ihe z- md
g- merkert indioi4t€d horo. Mutsnt l?7 mape outsido deletion M12 {tr*cob, person*I oomrnimi-
cetion). Roveria.nt Ml12 give recomtrirra,r-rts vith oll !ac- mutsnts tsted to-dete. Tho deletion
rrruta,nts, lI22 and 1d"23, wore isolated from of16; the rest were derived from o!. lluta,nts ar, lI8,
2 and 84 have sll boen classified oo.

=
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-
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=
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Restorction of operon cctivity lpr"i.rpp"*t"o"t "1
r--.---

The genes clustered in the lcc region at the Eschsicniianl c*amosome are under the

control sf a single operatofregion adjacent to the gene forB-galactosiclase {EC 3- z-t.z}.
oo mutants, located in this region, shut o{1 the actir.ities o{ a1l three genes in the
operon, B- galactosid.ase tz), perm€ase $), and galactoside transacetyl*\e1. It has
been shorn that these mutants, including the one described below, doidt produce

-any 
detectable marsengfi-RNI-from the operon2. Since according to this result there

h-nocytopld5inic gene products from the operon in mutalts of this type, the ways
in which reiersion'tit the lac+ state can occur should be limited. It is the pu4lose of
tbis note to describe experiments which test this expectation by determining the
nature of revertants of such a mutant.

We.have prgyiously reported the isolation of phenotypicaJly z+y+ revertants of
an oo mutlb?]for the lactose opbioF. Th6 GoAfioiifrtl-eh:rracterisatisn-€,f-a-n€w
type of revertant of this same mutant is reported here. By-the-use of "melibi_oge,- an
cr,-galactoside which requires.permease but-nofr&.galactosidase for its rnetabolisma,

''it- was_gx*bleJ*o s._|ggj fo: pherroqrpi cally,rll re vertints. The, oo mutant used,
-i- strain (produees no reprgolJ-aLtltnea from Dr. F. Jacqg. More

- tha.c-5o oy'oolthe reyertanls isola{ed usinfuryftljoje $oduced little or no B-galacto-
s-idase. These phenotyprcally ry+ revertaffi a1g--not the result o{ a mutation at
a.nother locus producing a new type of perrnease, srideTnut€*ts-deleted in--the-Jce-

After puri{icatioa, the revertants were_ 4rgsayed
for permease$y"a.1lqlrl method involving the measuremeni-o{ o-nitiophenyl-19-o-
gdattoside ,rptLe. This method will be i"rUt"d in?etaillisewheres. In Table I
are listed some of the propertie; of the "z-yt" revertaats wfrjgh werg isoQtgd.

Biachim. Biophys. Acta, 76 (t963) 16z-164

Ao : vtrl(y, {y":-z-,

-t"*a* 
\l c''l'-r'-:'i'''ir;r'P LO

PN 61t6

,:: i .,r
i #

: i  i
':f ;

1_..  ; . -  :  !

':;;,!*' t€e

i; :.

v

t ' '

.1/

'j 
'tt':'" -'

:-'l--.::,'.

' ,Flltas+eadlha'11 suppressors arl*i-:ficlve&. t-T"4? 
r:*': *:'1 ' 

i- , i '7.
- Genetic studieEFere-Eried out to deteirnine whether any o{ the suppt'essors

in these revertants were located outside t}le lac region. In intermpted mating ex-

perimeats, various wild-type Hfr donors v'ere mated with these F- revertants. The

U
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Gor? 163
TABLE I

crrARra.caERrsrrcs oF ry+ REvERTAlvrs oF z3za
All actiwities aad the levels ol CRM groduction are ia terms of lo at the amount produced by a

fully cotstitutive strain, 33co.

Racttnt
wfiar

' CRM, material cross-reactirg arth.f-galactosidase autibody, was determiaed accordiag
lrc=cretlqd of M- cohn and D. perrii is descritred uy Masians eNa i.*reau.tcl-the=rretlqd of M- Cohn and

'* Geaeratioi tioes are in miru

time of entry of the allele of the suppressor locus was determined by
recombinants {the original oo mutant). These me-

&ealeosfulev Pqww CRM'
plodrctbt

Ganaatig, .-'
timc"'(a*r)

1.,::-:

.  i  . : -

:: ,: -.:

:-
4,

"7 i r  v ' - ' , ' : !
- f  L- i  t  " -

i
'J l': ,

::,i

r)'-

: :

:  - : :
:L_
!

scoring the al4learance

;

, ' . . : -  - ' -

: ' :"
t:  :

;  -  . ; '  ;  , -..' ;

!i:::

I

could be distinguished from the revertants thernsetves on
etta"hffi'fi;ti€tfn add.itioa toth{"ry+" revertants, three "z+y+" revertantss
28, r.o o/"; zO, t.5 o/o atdr.6,6o o/o $-galactosidase), were mapped by this techlioue.r.5 o/" atd r.6, 6o o/o 

f-galactosidase), were mapped by this techlique.

Fig. r. Location of suppressors on E. coli chromosomal map. The map positiouot_lle sup_
Pres:tors- are rougb estinates except for .the+hrerinternal suppressoii U tfte Uc region.-='-- ._

rnM3z and M4r map near the serine marker.
qt ea-ter nlsse To tlie methionine

, in Mrz, Mr5 and 16, are located withfu the l,ac regioo.
None o{ these gave saf oo recombinants with the Hfr donors used.

Two o{ this last Soup, Mrz and tril.r5, were studied furicher. Several l{fr strains
carrying mutations either in the e or y cistrons were mated with Mrz and. tr[r5, arrd

Biackittt. Biaphys- Ada, 76 (t963) 162-16+

;.,,:''l

=
1:
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the frequency of z+y+ recombinants from the ,,-y*,'rgf,ei4ants 
was determined- Bv

this method it was determined that the reversion in uifis 
"t 

th"-s"*; s;i";; ;;- cl<ise-lothe oGmutation. ffl- contrast, the reversion in Mri involves a.deletion extend-
,  intoveramalorprtol thezregion.- .  ,  , r1. .  \  . ,  ,  , .  :  

-  "" ' -

",: /"Uf 
et al.? have tuggeti"d two frEdhanisms foi'resiJration oiiperoh actlvity

" !! , ,ii{iin suppresed o0 mutants for the hfstidine pathu'ay. They propose that in one re-r+_ertant ad.eletlon connects the inar:t'vated histirline operon to an operator {or another

1T;.1":*lytTated o" a$ er;tla*Igmosomal fugme+tesair tri i6V: ili"* 
:

? od+

3.'r .= -'.:'.:i, ',1 :

I
ut 

' i

::^"',t_11_":_lhese 
classes. Ml,.lo:, 

1ot appeal io *urry a deletion extending, ! ,..t, :-:."1:;_",-:", 
v! r.ac Lrdws. rnrz uoes,ror appear to cary a deletron extending

: !:.''; 
" out ol the lac operon. It was found that when the heterogenote, F-i+z+y-li-rni, r_ | . - .''; was formed-bv i*troducirrp m^liqfnr fonf^r i-+^ ttl'^ -^-l^-^:^- -' rL '.' e;;: l ','''; 

"Xl.tl1*]l,p".T.re.an-f13*cror into Mre, repiession of the irer_iousry
\ _:g:'-tff^H:."5 i"r1Yi:I result.e&)The repres.sor-sensitive region of the operoi

the..csntt

Biolagy Depatunent,
Prfutcetott, U niuer sily,

Pri*cetnn, N. /. {U.S.l.}

revertan ts reportedtnin-this-nOte- do= rtof

-foNarH:rn Becrcwrrn*

on the new operator for the rac rcglon a. *ould have to be supposed it ,rr" ;;a;f"i n.,j ,. r-,

9t,jt*Tt "ndthatmelibiore:l;ir";)recombinanrsappearedimmediatJi t'ri i,,,' .oi.
regto\ entered the-recipient. If these -suDDrpssnr l^"i 

'oo'o 
qntrorr,, +-^-- i

i c'F{rrritive permease 
ictuly resdt.Drhe ,;;;*;#i*il,"*";;.T" 

"#;
'ivhfr3 

probably still intict. It does not seem plausibre that the ii-i'e;;;rr", could act

This work was aided try Grant E44og from the u.s. pubric Health service.
The author would like to thank Dr. A. B.'panone and Dr. J. c- Genuanr for manyhelpful suggestions during the course oI this work.

1:nter:d 
the_recqient. If these suppressor loci rverb actually trans_ i.

ctlvatect operong,,'such recombinants should not appear until a{ter A p- {.. rl .r, I
suplrifsoil-oci" have entered the ceil. Thus, neither extended de- 

? )\t c r''' 
,n .letions nor translocatious can be invoked to account r"ittnat".J 
z ; ;

des,cribed heie', 'us 
suppressors 

i--'.o, :., i u

difticurlto interprqt the many suppressors in terms of the accept"o *oa.t ,f ;;;; 'yQ,-i' : . , r

control. Either the factors involved in action at the operator site are *." .o-!i"-* , ,, l-., ..i-,. .jS.+reviously supposed,_or''ew types of .,rppr"rro., which af{ect tn" s"r* t.lr.r- "'
-scription process are involved. - i':-'. -r:':\'-::":" '- ' '

2., t , :  
{  l

'... :;;;_i-:.;i- .': :::
. j u- -,,- r,.' ,, .'t, ,.. .- - .1 '

r F. Jacoa AND l. MoNoD,^CoId Spring Hartur Symp. euant. Biot.,26 (196r) rgf. ! ,
.r 

G. A -raRDr, S.-Nroro, F. Gnos,r-,*6 F.-i.""l p!.*na. communrcation-
-  A.  r r .  I 'ARDEE AND I .  R. Bucswrrn,  Biochim. Biophys. Acta,6o (r962) 4j : .I A B. ?anorn. J. Ercttior., tt t iiil sii.'-' 

-'-r")
- J - l(. bEcKwtrs, in preparation.
t M. Mrsrrns aNp A. -8. 'paxore, 

Blocli,m. Biofhys. Aeta, 56 (1962) 6o9. 
t

? B. lr. AMEs, p. E. H.anrxeN eNa F. Jecoa. j,'rt;i,'Biot.,-7 
tieo:i 

":.- . .:

Received Ayril zznd, 1963
Revised manuscript received June 3rd, 1963

' u's' Public Health service Postdpqtorat Fellow; present addre*s: MRC Microtrial GeneticsRei€arcb Unit, Hammersmith Hospital, t-""a"" W. ,rl Great Britain.

Bioehitrt, Bio?hys. Act*, 76 (tE63j 16z-164

/
\ t -q,  1. /U:. . ,

41,

273



fruu 0, t Cu flt rv\ ltrid,S
448 Chapter 17 Regulation of Gene Expression in Prokaryotes

(a) 1- O* Z* Y* A'(mutant repressor gene) - No lactose present - Constitutive
tPoLzy

Transcription

I

(b) 1* O' Z* Y' A* (mutant operator gene) - No lactose present - Constitutive
lPotTv

I  z \
| / No binding occurs;
I m 

/ transcriptionproceeds

-W

molecule, no direct chemical evidence was immediately
forthcoming. A single E. coli cell contains no more than 10
or so copies of the lac repressor; direct chemical identifica-
tion of 10 molecules in a population of millions of proteins
and RNAs in a single cell presented a tremendous challenge.

TABLE 17-'l A Comparison of Gene Activity
(+ or -)  in the presence or
Absence of Lactose for Various f. coli
Genotypes

i" o+*z.-
FIGURE 17-6 The response of
the /oc operon in the absence of
lactose when a cel l  bears either
the /- or the Oc mutation.

t: ' ; ' r l  l
t :  i l '

Genotype

Presence of

B - Galac to s idas e Ac tiv ity

Ia.ctose Lactose
Present Absent

Translation

In1966, Walter Gilbert and Benno Miiller-Hilt reported
isolation of the lac repressor in partially purified form.
achieve the isolation, they used a regulator quantity (
mutant strain that contains about 10 times as much
as do wild-type E. coli cells. Also instrumental in their
cess was the use of the gratuitous inducer, IPTG, which bi
to the repressor, and the technique of equilibrium d
In this technique, extracts of 1a cells were placed in a
ysis bag and allowed to attain equilibrium with an ex
solution of radioactive IPTG, which is small enoush to
fuse freely in and out of the bag. At equilibrium, the
centration of IPTG was higher inside the bag than in 1
external solution, indicating that an IPTG-bindins ma
was present in the cell extract and that this material was
large to diffuse across the wall of rhe bag.

Ultimately, the IPTG-binding material was purified
shown to have various characteristics of a protein. In
trast, extracts of 1- constitutive cells havins.no lac
activity did nor exhibit lPTG-binding activity, srrongly
gesting that the isolated protein was the repressor mo

To confirm this thinking, Gilbert and Miiller-Hrll grew
coli cells in a medium containing radioactive sulfur and
isolated the lPTG-binding protein, which was labeled in
sulfur-containing amino acids. This protein was mixed
DNA from a strain of phage lambda (,\.), which carries
lacO* gene. The DNA sediments at 40S, while the
binding protein sediments at 75. The DNA and protein
mixed and sedimented in a gradient, using ultr

^:!*/;. i i
l::rfrr i .

I'O+2" lF', I*

Note'.ln parts B to D. most genotypes are partially diplo.id. containing
an F factor plus atrached genes (F').

,/ No binding occurs;
, transcription proceeds

@-/
ffi' t-- Operator-binding site
ffi!\=6

wl 
of repressor altered

s
tion. The radioactive protein sediments at the same rate
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