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4 and the synthesis of enzyme, in the absence and in the presence of .indticer, was
/  followed over several hours (in order to block induction of the @ and remating, a

f mixture of streptomycin and T6 phage was used). Figure 4 shows that, in the absence
g of inducer, enzyme synthesis stops about 90 min (or earlier) after entry of the z+it
?

genes into the @ cells. When inducer is added at this stage, enzyme synthesis is
resumed, showing that the initially constitutive E’:ﬁ/@’ zygotes have not been

o inactivated, but have %Wm O 0 [N Y OM
o /Y] It should be asked w Setvorsion to inducibility, rather than occurring

05 Tad E 0 in the heterozygotes, might not correspond to the segregation of homozygous
\\ | ,\ 2+i+SmrT6r recombinants with concomitant disappearance of the heterozygotes.
: This is excluded because the earliest homozygous recombinants only appear 2 hr
— gV after the time when constitutive synthesis ceases} (Fig. 5).
A N *From these observations we may conclude that the/_g_g@gt_iy_:e__ﬁ—) allele
X& v,“ ' G¢ inactive, while the—+_is dominant, D oyokipg—the -synthesis—ef-—a_substanee—

ficaily for the inducible behaviour of the galactosidase enzyme-

e

(\_ s S ‘&-responsiblg_ws pe

% s 5. Discussion and Conclusions

(1) The “conclusions which can be directly drawn from the evidence presented
above may be summarized as follows:

The synthesis of B-galactosidase and galactoside-permease in K. coli is controlled
by three extremely closely linked genes (cistrons) ,_;Mhe z gene determines,
in part at least, the structure of the galactosidase protein molecule. The y gene pro-
bably does the same for the permease molecule, but there is no evidence on this
point. The\ihgine\in its active form controls the synthesis of a product which, when
present in the cytoplasm, prevents the synthesisof f-galactosidase and galactoside-
permease, unless inducer is added externally (inducible behaviour). When the ¢ géne-
product is absent or inactive as a result of mutation within the gene, no external
inducer is required for p-galactosidase and galactoside-permease synthesis (constitu-
tive behaviour). Ehe i gene-product is very highly specific, having no effect on any
other known system.

(2) While proving that the interaction of the J!Lfa&tors involves a specific
cytoepla/sm_ic_l_ngsseng&k the data presented here do not, by themselves, give any
indi€ation as to the mode of action of this compound. Two alternative models of this
action should be considered. e %

According to one, which we shall call tﬁeﬁ_ng&rf//inodel, the activity of the
galactosidase-forming system] requires the presete. of an inducer, both in the

: constitutive and in the inducible organism. Such an inducer (a galactoside) is syn-

@ thesized W&sf %.[he i+ gene controls the synthesis of an enzyme

. which destroys or_inactivates the inducer: hence the requirement for external

Q\ ind ‘m\f@m type. The i~ mutation inactivates the gene (or its product, the

C)/ enzyme) allowing accumulation of endogenous inducer. This model accounts for the

\< dominance of inducibility over constitutivity, and for the kinetics of conversion of
the zygotes.

+ It may also be recalled that, according to Anderson & Maze (1957), heterozygosis prevails
for many generations in the descendants of E. coli zygotes.

t By this term we designate the system of all collular constituents specifically involved in
galaWesis. This inclides the Z gene and its cytoplasmic products. =7
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According to the other, or “repressor”’, model the activity of the galactosidase-
forming system is inhibited in the wild type by a specific “‘repressor” {probably also
involving a galactosidic residue) synthesized under the control of the i+ gene. The
indycer is reguired only in the wild-type as antagonist of the repressor. In the’
constitative (i-), the repressor is not formed, or is mactive, hence the requirement
for an inducer disappears. This model accounts equally well for the dominance-ef 4"
and for the kinetic i i :

I

i
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—@rwemfﬂry'pvﬂwsif might appear strictly ad hoc and arbitrary were it
not also suggested by other facts which should be briefly recalled. That-the-synthesia .
of certain constitutive ems may be specifically inhibited b certain
products (or even substrates of their action, was first observed in 1953 by Monod &
Coben.Bazire working with constitutive galactosidase (of K. coli) (1953a) or with
tryp’oopha,n-synthetase (of A. a,erogen-es) (1953b), and by Wijesundera & Woods (1953),
and Cohn, Cohen & Monod (1953) independently working with the methionine-
synthase complex of E. coli. It was suggested at that time that this remarkable :
inhibitory effect could be due to the displacement of an internally-synthesized inducer, H
responsible for constitutive synthesis, and it was pointed out that such a mechanism |
could account, in part at least, for the proper adjustment of cellular syntheses
(Cohn & Monod, 1953; Monod, 1955). During the past two or three years, several
new examples of this effect have been observed and studied in some detail by
Vogel (1957), Yates & Pardee (1957), Gorini & Maas (1957). It now appears to be a
general rule, for bacteria, that the formation of sequential enzyme systems involved ' i
in the synthesis of essential metabolites is inhibited by their end product. The
convenient term \{ ‘zepression” jvas coined by Vogel to disti ish this effect from
another, equally general, phenomenon: the control of enzyme aci 5-etie . ‘
of metabolism. = » |
(4) The facts which demonstrate the existence and wide occurrence of repression
effects justify the basic assumptions of the repressor model. They do not allow a
choice between the two models. FuWMd . i
am : s Al
(a) The repressor model is simpler since it does not require an independent inducer- - ‘M

synthesizing system. |
(b) It predicts that constituti utants should, as a rule, synthesize more enzyme GM - 1
M-t@e. This appears to be the case for such differént systems as 7
galactosidase, amylomaltase (Cohen-Bazi.re & Jolit, 1953), glucuronidase (Stoebér, .
1959, unpublished data), galactokinase of K. ‘coli and penicillinase of B. cereus
(Kogut, Pollock & Tridgell, 1956). , %

(¢) The inducer model, if 3 i i i th@m% [ NP Cezt ‘

WWMMS assumption, first sug-
gested as an interpretation o Tepression effects, has not been vindicated in recent work
on repressible biosynthetic systems (Vogel, 1957; Gorini & Maas, 1957; Yates & Pardee,
he synthesis of numerous inducible systems has been known for

% Yadkin, 1936; Monod ,-1942)ﬁt(1;bemh4b¥ted o

sidhardt & Magasanik : w

i

has shown this gluc
E5C 5"‘:“:‘5" S & £ Yexedy S

source of internally s nthesized repressors. If this 1s SO, and if our répreséor'Aﬁ.ﬂ)del is

—eoriect, the conversion of glucose into specific galactosidase-repressor should be

blocked in the constitutives. Accordingly the galac osidase-forming ‘ '
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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) Tzadopted and confirmed with other systems, the repressor model may. lead
to a generaliza foture of the regulati ein_syntheses; “according to this
schieme, the basic mechanism common to all protein-synthesizing systems would be

i% _inhibitien-hy specific repressors formed under the control of particular genes, and

antagonized, in some cases, by inducers. Although the wide occurrence of repression
effects is certain, the situation revealed with the present system, namely a genetic
U 6¢’ “complex” comprising, besides the “‘structural” genes (z, ) a repressor-making gene
\ ()\j}r\‘ . N WMMEMWMOH of the neighboring genes is,
\"N} g{ so far, unique for enzyme systems. But the formal ;ma,]ogv ‘between-this--situation
w{q J K and~thaﬁm'1g known to exist in the control of immunity and zygotic induction of

X :

tempﬁgra@tenophage is so complete as to suggeﬁt‘“ﬁﬁ“f\th& basic ‘mechanism
P might—be—essentially the same. 1t should be tecalled that according to Jacob &

L » @ Wollman (1956), when a\chr_ggl_g_so ne from a A-lysogenic & of E. coli is injected into
6 \\ﬁﬁ\ @ a non-lysogenic @, the process of vegetative phage development is started, which

involves as an essential, probably as a primary, step the synthesis of spemﬁc proteins.

\ “When the revers fig (3 non-lysegenic X -A-lysogenic).is performed, zygotic
induction does not occur; nor does vegetative phage develop when such zygotes are
“mticle& The A-lysogenic cell is therefore immune against
manifestations of prophage or phage potentialities, and the immunity is expressed in
the cytoplasm (Jacob, 1958-59). Wﬁ?gﬂ& ==Pemﬁc since it
does not extend to other, even closely related, phages e formatlon under the
control of a phage gene, of a specific Tepressor, able to blmhesw of proteins

etermined by other ge "ﬁ(‘_@ﬁ‘ld“B:UC’G" it for these findings.
icit in the repressor model are two “two oribical questions;-which for lack of

\)SQ, evidence we have avoided discussing, but which should be explicitly stated in
(7 conclusion. These questions are: =

N g (a) What is the chemlnglwessoﬂ%ould it be considered a pnmary =

7' or a secondary product ‘of the gene? .

(b) Does the repressor act at the level of the gene itself, or at the level of the

% cytoplasmm gene pr t (enzyme- formlng system)? D,

KO We are much indebted to Professor Leo Szilard for illuminati dlscussmns during this
\‘X work and to Mme M. Beljanski, Mme M. Jolit and Mr. R. Barrand for assistance in
(\/ certain experiments.
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The Operon: A Group of Genes Whose Expression is Coordinated
by an Operator
—_——

By Frangois Jacob, David Perrin, Carmen Sanchez -
and Jacques Monod

The analysis of different bacterial systems leads to the conclusion that in the
synthesis of certain proteins (enzymatic or viral%gﬂu&tc__\m,
intervenes invelwing-twe-genes-with-distinet functions:—ene-(the gene fo
Ttre) rw\wﬁwwmm&w egulator
gene) governing the expression of the former through the intermediary action of a
repressor . The regulator genes which have so far been identified show the

remarkable property of exercisingwwwmeming
the expression of several genes for structure, c osely linked together, and corre-

sporiding to protein enzymes belonging to the same biochemical sequence. To

explain this effect, it seems necessary to invoke a new genetic entity, called
“operator,”’ Whri‘g}#l_yc_)uld be: (a) adjacent to a group of genes and would control

their activity ; and (b) would be sensitive to the repressor produced by a particu-
lar regulator gene ). Inthe mmﬁe—s-sgﬁ of the group
of genes would be inhibited thm of the operator. This
hypothesisimwdﬁww&e mutations which

‘could affect the struc he operator. In effect:

(1) Certain ngutations affecting a erator would be manifested by the loss of
the capacity to synthesize the proteins determined by the group of linked genes
“coordinated” by that operator. These simple mutations would behave like
physiological deletions, and would not be complemented by any mutant in which
one of the genes for structure of the sequence had been altered.

(2) Other mutations, Mgﬁr@l/e involving a loss of sensitivity (affinity) of
_the operator for the corresponding repressor, would be manifested by the con-
_stitutive synthesis of the proteins determined by the Vééﬁordinaté(«f?genes. These
constitutive mutations, unlike those which result from the inactivation of
regulator genes, would be dominant in a diploid heterozygote, but their effect
would only be manifested for the genes which were in the cts position with respect

to the mutated operator.

We have studied certain mutations which, affecting the metabolism of lactose
in Escherichia coli K-12 and acting .simultaneously’ on the synthesis of 8-galacto-

Reprinted by permission of the author and Gauthier Villars

from CompPTES RENDUS DES SEANCES DE L’ACADEMIE DES SCI-

EncEs, 250, 1727-1729 (1960). English translation by Ed-
ward A. Adelberg.
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