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The synthesis of enzymes in bacterie follows s double penetic control. The so-
called structural goncs detormine the molscular organization of the proteins.
Other, functionslly specialized, genotic determinants, called regulator and operator
gones, contrel the rate of protein synthesis through the intermediscy of eytoplas-
mie compononts or ropressors. The reprossors can be cither insetivated {induction)
or sctivated (roprossion) by certain specific motabolites, This systern of regulation
appoars to operate directly at the level of the synthesis by the gene of a short-

livedd intermodiste, or messenger, which becomes associated with the ribosomes
whore protein synthesis tales place.

1. Introduction

According to its most widely accepted modern connotation, the word “gene” designates
a DNA molecule whose specifie sclf-replicating structure can, through mechanisms
unknown, become translated into the speeifie structure of & polypeptide chain.

This concept of the “structural gene™ aceounts for the multiplicity, specificity and
genetie stability of protein structures, and it implies that such structures are not
controlled by envirommental conditions or agents, It has been known for a long time,
however, that the synthesis of individual proteins may be provoked or suppressed
within a cell, under the influence of specific external agents, and more generally that
the relative rates at which different proteins are synthesized may be profoundly
altered, depending on external conditions. Morcover, it is evident from the study of
many such effects that their operation is absolutely essential to the survival of the cell.

It has been suggested in the past that these effects might result from, and testify
to, complementary contributions of genes on the one hand, and some chemical factors
on the other in determining the final structure of proteins. This view, which con.
tradicts at least partially the * structural gene™ hy pothesis, has found as yet no experi-
mental support, and in the present paper we shall have oceasion to consider bricfly some
of this negative evidence. Taking, at least provisionally, the structural gene hypothesis
in its strictest form, let us assume that the DNA message contained within a gene is
both necessary and sulliciont to define the structure of a protein, The clective effects
of agents other than the structural gene itself in promoting or suppressing the syn-
thesis of a protein must then be deseribed as operations which control the rate of
transfer of structural information from gene to protein. Sinee it seems to be established

1 Thia work has heen nided by grants from the National Scieneo Foundation, tho Jane Coffin
Childs Memorial Fund for Medienl Tescarch, and the Commissaring i ' Encrgie Atomiguo,
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that proteins are synthesized in the eytoplasm, rather than directly at the genetic
level, this transfer of structural information must involve a chemical intermediate
aynthesized by the genes. This hyvpothetical intermediate we shall eall the structural
messenger. The rate of information transfor, i.c. of protein synthesis, may then depend
pither upon the activity of the gene in synthesizing the messenger, or upon the activity
of the messengor in syntliesizing the protein. This simple picture helps to state the
two problems with which we shall be eoncerned in the present paper. If a given agent
specifieally alters, positively or negatively, the rate of synthesis of a protein, we must
ask:

() Whether the agent acts at the eytoplasmie level, by controlling the activity of
the messenger, or at the genctic level, by controlling the synthesis of the messenger.

{b) Whether the specificity of the gffect depends upon some feature of the informa-
tion transferred from struetural gene to protein, or upon some specialized controlling
eloment, not represented in the structure of the protein, gene or messenger.

The first question is easy to state, if diffienlt to answer. The second may not appear
a0 straiphtforward, 1t may be stated in a more general way, by asking whether the
genome is eomposed exclusively of structural genes, or whether it also involves
determinants which may control the rates of synthesis of proteins according to a
given set of conditions, without determining the structure of any individual protein.
Again it may not be evident that these two statements are equivalent. We hope to
malke their meaning clear and to show that they are indeed equivalent, when we
consider experimental examples.

The best defined systems wherein the synthesis of a protein is seen to be controlled
hy speeific agents are pxamples of enzymatic adaptation, this term being taken here to
cover both enzyme induction, i.e. the formation of enzyme electively provoked by a
gubstrate, and enzyme repression, ie. the apecific inhibition of enzyme formation
brought about by a metabolite. Only a few inducible and repressibile systems have
been identified both biochemically and genetically to an extent which allows discussion
of the questions in which we are interested here. In attempting to generalize, we will
have to extrapolate from these few systems. Such generalization is greatly encouraged,
however, by the fact that lysogenic systems, where phage protein synthesis might be
presumed to obey entirely different rules, turn out to be analysable in closely similar
terms, We shall therefore consider in succession certain inducible and repressible
enzyme systems and lysogenic systems.

It might bo best to state at the outset some of the main conclusions which we
ghall arrive at. These are:

{s) That the mechanisms of control in all these systems are negative, in the sense
that they operate by inhibition rather than activation of protein synthesis.

{b) That in addition to the classical structural genes, these systems involve two
ather types of genetic determinants {regulator and operator) fulfilling specific functions
in the control mechanizsms.

{e) That the control mechanisms operate at the genetic level, i.e. by regulating the
activity of structural genes.

7. Inducible and Repressible Enzyme Systems
{a) The phenomenon of enzyme induction. General remarks

1t has been known for over B0 years (Duclaux, 189%9; Dienert, 1600; Went, 1901}
that certain enzymes of micro-organisms are formed only in the presence of their

[. BIOCHEMICAL GENETICE

)



1003

320 F. JACOB AND J. MONOD

specificsubstrate. This effect, later named ‘‘enzymatic adaptation’ by Karstrom (1938),
has been the subject of a great deal of experimentation and speculation. For a long
time, “enzymatic adaptation” was not clearly distinguished from the selection of
spontaneous variants in growing populations, or it was suggested that enzymatic
adaptation and selection represented alternative mechanisms for the acquisition of a
“new’ enzymatic property. Not until 1946 were adaptive enzyme systems shown to
be controlled in bacteria by discrete, specific, stable, i.e. genetic, determinants (Monod
& Auduresu, 1946). A large number of inducible systems has been discovered and
studied in bacteria. In fact, cnzymes which attack exogencous substrates are, as a
general rule, inducible in these organisms. The phenomenon is far more diffieult to
study in tissues or cells of higher organisms, but its existence has been established
quite clearly in many instances. Very often, if not again as a rule, the presence of a
substrate induces the formation not of a single but of several enzymes, sequentially
involved in its metabolism (Stanier, 1951).

Most of the fundamental characteristics of the induction effect have been established
in the study of the “lactose™ system of Escherichia coli (Monod & Cohn, 1952; Cohn,
1857; Monod, 1959) and may be summarized in a brief discussion of this system from
the biochemical and physiological point of view. We shall return later to the genetie
analysis of this system.

{b) The lactose system of Escherichia coli

Lactose and other g-galactosides are metabolized in E. eoli (and eertain other
enterie bacteria) by the hydrolytic transglucosylase f-galactosidase. This enzyme was
isolated from E. coli and later erystallized. Its specificity, activation by ions and trans-
glucosylase vs hydrolase activity have been studied in great detail (¢f. Cohn, 1957).
We need only mention the properties that are significant for the present discussion.
The cnzyme is active exclusively on B-galactosides unsubstituted on the galactose
ring. Activity and affinity are influenced by the nature of the aglycone moiety both
being maximum when this radieal is a relatively large, hydrophobic group. Substitution
of sulfur for oxygen in the galactosidic linkage of the substrate abolishes hydrolytic
activity completely, but the thiogalactosides retain about the same affinity for the
enzyme site as the homologous oxygen compounds.

As isolated by present methods, B-galactosidase appears to form various polymers
{mostly hexamers) of a fundamental unit with a molecular weight of 135,000. There
is one end group (threonine) and also one enzyme site (as determined by equilibrium
dialysis against thiogalactosides) per unit. It is uncertain whether the monomer is
active as such, or exists in vivo. The hexameric molecule has a turnover number of
240,000 mol % min-* at 28°C, pH 7-0 with o-nitrophenyl-8-p-galactoside as substrate
and Nat {(0-01 M) as activator.

There seems to exist only a single homogeneous g-galactosidase in E. coli, and this
organism apparently eannot form any other enzyme capable of metabolizing lactose,
as indicated by the fact that mutants that have lost B-galactosidase activity eannot
grow on lactose as sole carbon source,

However, the possession of f-galactosidase activity is not sufficient to allow utiliza-
tion of lactose by intact B, coli eells, Another component, distinet from B-galactosidaze,
is required to allow penetration of the substrate into the cell (Monod, 1956; Rickenberg,
Cohen, Buttin & Monod, 1056: Cohen & Monod, 1957; Pardee, 1957; Képis, 1960).
The presence and activity of this component is determined by measuring the rate of
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entry and/or the level of accumulation of radioactive thiogalactosides into intact cells,
Analysis of this active permeation process shows that it obeys classical enzyme
kinetics allowing determination of Ky and Vgax. The specificity is high since the
system is active only with galactosides (8 or ), or thiogalactosides. The spectrum of
apparent affinities (1/Ky) is vory different from that of S-galactosidase. Since the
permeation system, like f-galoctosidase, is inducible (see below) its formation can
be studied in wivo, and shown to be invariably assoeciated with protein synthesis. By
these criteria, there appears to be little doubt that this specific permeation system
involves a specific protein (or proteins), formed upon induction, which has been called
galactoside-permease. That this protein is distinet from and independent of f-galacto-
sidase is shown by the fact that mutants that have lost S-galactosidase retain the
capacity to concentrate galactosides, while mutants that have lost this capacity
retain the power to synthesize galactosidase, The latter mutants (called cryptic) cannot
however use lactose, since the intracellular galactosidase is apparently accessible
exclusively via the specific permeation system.

Until quite recently, it had not proved possible to identify dn vitro the inducible
protein (or proteins) presumably responsible for galactoside-permease activity.
Dwring the past year, a protein characterized by the ability to carry out the reaction:

Ac. Coenzyme A - Thiogalactoside — 6-Acetylthiogalactoside 4 Coenzyme A
has been identified, and extensively purified from extracts of E. coli grown in presence
of galactosides (Zabin, Képés & Monod, 1959). The funetion of this enzyme in the
syatem is far from clear, since formation of a free covalent acetyl-compound is almost
certainly not involved in the permeation process in vive, On the other hand:

{a) mutants that have lost S-galactosidase and retained galactoside-permease,
retain galactoside-ncetylase;

(b) most mutants that have lost permease cannot form acetylase;

{e) permeasclesa ocetylaseless mutants which revert to the permease-positive
condition simultaneously regain the ability to form acetylase.

These correlations strongly suggest that galactoside-acetylase is somehow involved
in the permeation process, although its function in vive is obseure, and it seems almost
certain that other proteins (specific or not for this system) are involved. In any case,
we are interested here not in the mechanisms of permeation, but in the control
mechanisma which operate with 8-palactozidase, galactoside-permease and galactoside-
acetylase. The important point therefore is that, as we shall see, galactoside-acetylase
invariably obeys the same controls as galactosidase.§

(¢} Enzyme induclion and protein synthesis

Wild type £. coli cells grown in the absence of a galactoside contain about 1 to 10
units of galactosidase per mg dry weight, that is, an average of 0-5 to 5 active molecules

+ For rensons which will bocome appaerent Inter it is important to consider whether thers is any
justification for the assumption that gelactosidase and acetylose activitics might be amocisted
with tho spme fundamentnal protein unit. We should therofore point to the following observation:

{n) There are mutants which form goestoaidase and no acotylose, nnd viee verga.

(b) Purified acetylasn is devoid of sny detectable galactosidase netivity.

{c) The specificity of the two enzymes ia very difforent.

{d) Tho two enzymos are casily and completely separatod by fractional p?aulpltﬂtmn..

{0} Acotylasc is highly hest-resistant, ander conditions whoro gmlm!t.oaldm is very labile.

(f} Anti-galactosidase serum does not precipitste seetylose; nor does anti-scotylase serum
procipitate galoctoaidese.

Thero is therofore no ground for the contention that goleetosidasse and aecetylase sctivities are
associated with the same protein.

I. BIOCHEMICAL GENETICS
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per cell or 0-15 to 1'5 molecules per nucleus. Bacteria grown in the presence of a
suitable inducer contain an average of 10,000 units per mg dry weight. This is the
induction effect.

A primary problem, to which much experimental work has been devoted, is whether
this considerable increass in specific activity corresponds to the synthesis of entirely
“new"" enzyme molecules, or to the activation or conversion of pre-existing protein
precursora, It has been established by a combination of immunological and isotopic
methods that the enzyme formed upon induction:

() is distinct, as an antigen, from all the proteins present in uninduced cells (Cohn &
Torriani, 1052);

{b) does not derive any significant fraction of its sulfur (Monod & Cohn, 1953;
Hogness, Cohn & Monod, 1953) or carbon (Rotman & Spiegelman, 1954) from pre-
existing proteins,

The inducer, therefore, brings about the complete de nove synthesis of enzyme
maolecules which are new by their specific structure as well as by the origin of their
elements. The study of several other induced systems has fully confirmed this con-
clusion, which may by now be considered as part of the definition of the effect. We
will use the term “induction” here as meaning “activation by inducer of enzyme-
protein synthesis."

(d) Kinetics of inducbion

Accepting (still provisionally) the structural gene hypothesis, we may therefore
consider that the inducer somehow accelerates the rate of information transfer from
gene to protein. This it could do either by provoking the synthesis of the messenger or
by activating the messenger. If the messenger were o stable structure, functioning
as n catalytic template in protein synthesis, one would expect different kinetics of
induction, depending on whether the inducer acted at the genetic or at the cyto-
plasmie level.

The kinetics of galactosidase induction turn out to be remarkably simple when
determined under proper experimental conditions (Monod, Pappenheimer & Cohen-
Bazire, 1952; Herzenberg, 1859). Upon addition of a suitable inducer to & growing
culture, enzyme activity increases at a rate proportional to the increase in total
protein within the eulture; i.c. a linear relation is obtained (Fig. 1) when total enzyme
activity is plotted against mass of the culture. The slope of this line:

A=

P g

is the “differential rate of synthesis,” which is taken by definition as the measure of
the effect. Extrapolation to the origin indicates that enzyme formation begins about
three minutes (at 37°C) after addition of inducer (Pardee & Prestidge, 1961). Removal
of the inducer (or addition of a apecific anti-inducer, see below) results in cessation
of enzyme synthesis within the same short time. The differential rate of synthesis
varies with the concentration of inducer reaching a different saturation value for
different inducers, The inducer therefore acts in a manner which is (kinetically)
similar to that of a dissociable activator in an enzyme system: activetion and
inactivation follow very rapidly upon addition or removal of the activator.

The conelusion which can be deawn from these kinetios is a negative one: the inducer
does not appear to activate the synthesis of a stable intermedinte able to accumulate
in the eell (Monod, 1956).
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Similar kinetics of induction have been observed with most or all other systems
which have been adequately studied (Halvorson, 1960) with the exception of peni-
cillinase of Bacillus cerews. The well-known work of Pollock has shown that the syn-
thesia of this enzyme continues for a long time, at a decreasing rate, after removal of
inducer (penicillin} from the medium. This effect is apparently related to the fact that
minute amounts of penicillin are retained irreversibly by the cells after transient
exposure to the drug (Pollock, 1950). The unique behavior of this system therefore
does not contradict the rule that indueed synthesis stops when the inducer is removed
from the eells, Using this system, Pollock & Perret (1951) were able to show that the
inducer acts catalytically, in the sense that a cell may synthesize many more enzyme
molecules than it has retained inducer molecules,

4.0 T T T T
e

T 1 T T
Inducer removed

o o
[

et
=

=

A-galactasidase protein (u
in

o
L

i L 1 1

s
o 0 20 30 40 50 & 70 80 %0
Bocterial protein (pg)

Fio. 1. Kinotics of induced enzymo synthesie. Differontin]l plot expressing accumnlation of
p-galactosidese sa a function of inercase of mass of cells in o growing eulture of K. coli. Sinco
shscizan and ordinstes sre expresscd in the swme unita {micrograms of protein) tho slope of Lho
struight line gives gelactosidase na the fraction () of totsl protein ayntheeized in the presence
of inducor. {After Cohn, 18567.)

(&) Specificity af tnduction

One of the most conspicuous features of the induction effect is its extreme specificity.
As a peneral rule, only the substrate of an enzyme, or substances very closely allied
to the normal substrate, are endowed with inducer activity towards this enzyme.
This evidently suggests that a correlation between the molecular structure of the
inducer and the structure of the catalytic center on the enzymes is inkerently involved
in the mechanism of induction. Two main types of hypotheses have been proposed to
secount for this correlation, and thereby for the mechanism of action of the indueer:

{a} The inducer serves as “partial template™ in enzyme synthesis, molding as it were
the catalytic center.

{b) The inducer acts by combining specifically with preformed enzyme (or “pre-
enzyme”'), thereby somehow accelerating the synthesis of further enzyme molecules.

It is not necessary to discuss these “‘elassical” hypotheses in detail, bedause it seems
to be established now that the correlation in guestion is in fact not inherent to the
mechanizm of induetion.

Table 1 lista a number of compounds tested as inducers of galactosidasze, and as
substrates (or specific inhibitors) of the enzyme. It will be noted that:

{a) no compound that docs not possess an intact unsubatituted galactosidic residue

induces;

I. BIOCHEMICAL GCENETICES
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TaBLE 1

Induction of galactosidase and galactoside-transacelylase by various gelactosides

. Goleetoaide-
f-galactosidass transacotyluss
Compound Concontrationa
Induction ¥ 1)Ke Indoction V/Knp
value valhue
A-n-thiogalactosides
{, (esopropyl)  10-*me 100 0 140 1040 &0
1 10-*m 78 L1 7 T4 30
My {methyl)
10-%m 75 - _— 10 —
_@ (phonyl) 10-3 <01 0 100 <1 100
-{_-1,—«:-1,—@ {phenylethyl) 10-% a 5 0 10,000 3 =
Eﬁ-gﬂlunmidm -
CHoH
—ao,
S {Inctons) 1073 m 17 a0 14 12 an
aH " lon
Y e H oM
H gH o H o s
_@ (phenyl) 102w 156 we 100 11 =
Hoooe
ct-h-gul.u.l.:t:cl;i.do -
CHgEH
i |1“ o
M
N oo (melibiose)  10-7 35 0 =il 37 <1
H OH H b L
wN
"o
f-o-glucoaide o
CHyCH ;
wd— s@ {phenyl) W0-*m <01 0 ) <1 50
I ekl "
H o oH
CH o
O {+]
H {galactouss) 10—% m ={-1 — 4 =1 =<1
gt B
H oM
Mothyl-f-n-thiogalactoside (10-* u) 4 phenyl-g-
p-thiogalactogide (10~ ) 52 — — 63 =5

Columns “induction velue” refer to specific activities developed by euliures of wild tvpe
E. eoli K12 grown on glycorol as earbon souree with cach galaetoside added at molsr concontration
atatod. Valucs are given in poreent of valuce obtsined with isopropyl-thiogalactoside at 10-* 2
(for which setunl units were about 7,500 units of §-galactosidase and 300 units of galactoude:
transacetylase per mg of bacterin). Column ¥V refers to maximal substrate activity of cach com-
pound with reapect to galactosidase. Valaes arc given in percent of notivity ohtained with phenyl-
galnctorido. Column 1/Ky expresses offinity of cach compound with respect to galnctosidoac.
Valucs are given in pereent of that observed with phenylgalactoside. In case of grlactoside.trans-
seetylase, only the relative values V(Ke are given since Jow afinity of this ongymo provents
independent determination of the constants, (Computed from Monod & Cohn, 1852; Maonod ef ol.,
1952 Tuttin, 1956; Zabin ef of., 1959; Képéa et al., unpublished resalts.)
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g Galactoside-
B-galactosidase transacetylase
Compound Concentrations
Induction 14 1/Km Induction V/Kmn
value value
B-D-thiogalactosides
( L (¢sopropyl) 10-4m 100 0 140 100 80
—ch
e, 10-¢m 78 0 7 74 30
—CH, (methyl)
ik 10-5 M 7-5 — — 10 —
" ) (phenyl) 10 <01 0 100 <1 100
P N
W OH ”C,ﬁ_CH?_@ (phenylethyl) 10-3 m 5 0 10,000 3 —
B-p-galactosides
CH,OH
OH
Kon u/ (lactose) 103 M 17 30 14 12 35
CH,OH H OH
Ho A 0— H  OH
H
N/ H @ (phenyl) 102y 15 100 100 10l e
H OH
a-D-galactoside
CH,OH
Ho /L OH
OH H
: Bghe. (melibiose)  10-3 m 35 0 <01 37 <1
HoOH HA H
HOOH H oH
oH
B-p-glucoside
CH,OH
) OsO (phenyl) 102 m <01 0 0 <1 50
HO Y H
H OH
CH,OH
o
" ” (galactose) 10—*m <01  — 4 <1 <1
OH H
H OH
OH
Methyl-B-p-thiogalactoside (10—* M) + phenyl-S-
p-thiogalactoside (10—2 M) 52 — — 63 -—

Columns “‘induction value” refer to specific activities developed by cultures of wild type
E. coli K12 grown on glycerol as carbon source with each galactoside added at molar concentration
stated. Values are given in percent of values obtained with isopropyl-thiogalactoside at 10~* M
(for which actual units were about 7,500 units of p-galactosidase and 300 units of galqctosido-
transacetylase per mg of bacteria). Column V refers to maximal substrate activity of each com-
pound -with respect to galactosidase. Values are given in percent of activity obtained with phenyl-
galactoside. Column 1/Kn expresses affinity of each compound with respect to galactosidase.
Values are given in percent of that observed with phenylgalactoside. In case of galactoside-trans-
acetylase, only the relative values V/Kp arc given sinco low affinity of this enzyme provents
independent determination of the constants. (Computed from Monod & Cohn, 1952; Monod et al.,
1952; Buttin, 1956; Zabin et al., 1959; Képés et al., unpublished results.)
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{b) many ecompounds which are not substrates (such as the thiogalactosides) are
exeellent indueers (for inatance tzopropyl thiogalactaside);

{c) there is no correlation between affinity for the enzyme and eapacity to induce
{¢f. thiophenylgalactoside and melibiose).

The possibility that the enzyme formed in response to different indueers may have
somewhat different specifie properties should also be considered, and has been rather
thoroughly tested, with entirely negative results (Monod & Cohn, 1052).

There is therefore no quantitative correlation whatever between inducing capacity
and the substrate activity or affinity parameters of the various galnetosides tested.
The fact remains, however, that only galactosides will induce galactosidase, whose
binding site is complementary for the galactose ring-structure, The pessibility that
thia correlation is a necessary requisite, or consequence, of the induction mechanism
was therefore not completely excluded by the former results.

Az we shall see later, cortain mutants of the galactosidase structural gene (z) have
been found to synthesize, in place of the normal ensyme, a protein which is identical
to it by its immunological properties, while being completely devoid of any enzymatic
activity. When tested by equilibrium dialysis, this inactive protein proved to have no
measurable affinity for galactosides, In other words, it has lost the specific binding site.
[n diploids carrying both the normal and the mutated gene, both normal galactosidase
and the inactive protein are formed, to a quantitatively similar extent, in the presence
of different concentrations of indueer (Perrin, Jacob & Monod, 1960).

This finding, added to the sum of the preceding observations, appears to prove
boyond reasonable doubt that the mechanism of induction does not imply any
inherent correlation between the molecular strueture of the inducer and the-structure
of the binding site of the enzyme.

O the other hand, there is complete eorrelation in the induction of galactosidase and
acetylase. This is illustrated by Table 1 which shows not only that the same compounds
are active or inactive as inducers of either enzyme, but that the relative amounts of
galactosidase and acetylase synthesized in the presence of different inducers or at
different concentrations of the same inducer are eonstant, even though the absolute
amounts vary greatly. The remarkable qualitative and quantitative correlation in the
induction of these two widely different enzyme proteins strongly suggests that the
aynthesis of both is directly governed by a common controlling element with which the
inducer interacts. This interaction must, at some point, involve stereospecific binding
of the inducer, since induction is sterically specific, and since certain galactosides
which are devoid of any inducing activity act as competitive inhibitors of induction
in the presence of active inducers (Moned, 1956; Herzenberg, 1959). This suggests that
an enzyme, or some other protein, distinet from either galactosidase or acotylase,
acts as “receptor” of the inducer, We shall return later to the difficult problem raised
by the identification of this “induction receptor.”

i1y Erzyme repression

While positive enzymatic adaptation, i.c. induction, has been known for over sixty
years, negative adaptation, i.e. specific inhibition of enzyme synthesis, was diseovered
only in 1953, when it was found that the formation of the enzyme tryptophan-
aynthetase was inhibited selectively by tryptophan and eertain tryptophan analogs
{Monod & Cohen-Bazire, 1953). Soon afterwards, other examples of this effeet were
observed (Cohn, Cohen & Moned, 1953; Adelberg & Umbarger, 1953; Wijesundera &
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Woods, 1953), and several systems were studied in detail in subsequent years (Gorini
& Mans, 1057; Vogel, 1957ab; Yates & Pardec, 1957; Magasanik, Magasanik &
Neidhardt, 1959). These studies have revealed that the “repression’ effect, as it was
later named by Vogel (1957a.b), is very closely analogous, albeit symmetrically
opposed, to the induction effect.

Enzyme repression, like induetion, generally involves not a single but a sequence
of enzymes active in successive metabolic steps. While inducibility is the rule for
eatabolic enzyme sequenees responsible for the degradation of exogencous substances,
repressibility is the rule for anabolic enzymes, involved in the synthesis of essential
metabolites such as amino acids or nucleotides, T Repression, like induction, is highly
gpecifie, but while inducers generally are substrates (or analogs of substrates) of the
sequence, the repressing metabolites gencrally are the product (or analogs of the
produet) of the sequence.

That the effect involves inhibition of enzyme synthesis, and not inhibition (directly
or indirectly) of enzyme activity was apparent already in the first example studied
(Monod & Cohen-Bazire, 1953), and has been proved conclusively by isotope incorpora-
tion experiments (Yates & Pardee, 1957). It is important to emphasize this point,
because enzyme repression must not be confused with another effect variously called
“feedback inhibition™ or “retro-inhibition™ which is equally frequent, and may ocour
in the snme systems, This last effect, discovered by Novick & Szilard (in Novick, 1955),
involves the inhibition of activity of an early enzyme in an anabolie sequenee, by the
ultimate product of the sequence (Yates & Pardee, 1956; Umbarger, 1956). We shall
use “repression’” exclusively to designate specific inhibition of enzyme synthesis.]

(g) Kinetics and specificity of repression

The kinetics of enzyme synthesia provoked by “‘de-repression” are identical to the
kinetics of induction (see Fig. 2). When wild type E. coli is grown in the presence of
arginine, only traces of ornithine-carbamyltransferase are formed, As soon as arginine
is removed from the growth medium, the differential rate of enzyme synthesis inereases
about 1,000 times and remains constant, until arginine is added again, when it im-
mediately falls back to the repressed level. The repressing metabolite here acts
(kinetically) as would a dissociable inhibitor in an enzyme system.

The specificity of repression poses some particularly significant problems. As a rule,
the repressing metabolite of an anabolic sequence is the ultimate product of this
sequence. For instance, L-arginine, to the exclusion of any other amino aeid, represses
the enzymes of the scquence involved in the biosynthesis of arginine. Arginine shows
no specific affinity for the carly enzymes in the sequenee, such as, in particular,
ornithine-carbamyltransferase. In this sense, arginine is a “gratuitous” repressing
metabolite for this protein, just as galactosides are ““gratuitous inducers” for the
mutated (inactive) galactosidase. The possibility must be considered however that
arginine may be converted back, through the sequence itself, to an intermediate product

t Certain enzymes which attack exogeneous substrates are controlled by repression. Alkaline
phosphatase (. coli) is not induced by phosphate esters, bat it is repressed by orthophosphato.
Urease (Preudomonas) is repressed by ammonia.

t Wo should perhopa recall the woll-known fact that glucoss nnd other earbohydrates inhibit
the synthesis of many inducible cnzymea, attacking a variety of sutstrates (Dienert, 1900; Gale,
19473 Mopod, 1942; Cohn & Horibata, 19539). It is probable that this non-specific “glucose affect™
benrs sorme relation to the repressive effect of specific metabolites, but the relationship ia not clear
{Neidhardt & Magasanik, 10560,5). We shall not diseuss the glucoss effect in this paper.
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or substrate of the enzyme. This has been excluded by Corini & Maas (1957) who
showed that, in mutants lacking one of the enzymes involved in later steps of the
sequence, ornithine transcarbamylase is repressed by arginine to the samie extent as
in the wild type. Moreover, neither ornithine nor any other intermediate of the
sequence is endowed with repressing activity in mutants which cannot convert the
intermediate into arginine. It is quite clear therefore that the specificity of action of
the repressing metabolite does not depend upon the specific configuration of the
enzyme site,

I15p ' .
=
4 Thearetical
y arfor £, =45

Edeell

1
PR |

0 02 ]

Cell divisions

Fic. 2. Repression of ornithine-transearbamyluse by arginine. E. eoli requiring both histidine
pnd arginine wers grown in & chemostat with 1 izl histidine - G pfml, arginine {corve 1} or
with 10 ugiml. histidine - 5 pg/ml. arginine fenrve 2), Cultures are insealated with washed cells
taken from cultures growing exponentially in exeess of arginins. The pheoratical ourve woa col-
eulated from the constant enzyme/eell value reached after 4 eoll divisiona. {After Gorini & Maas,
1058.)

The same eonclusion is applicable to the enzymes of the histidine synthesizing
pathway which are repressed in the presence of histidine, both in the wild type and in
different mutants lacking one of the enzymes. The work of Ames & Garry (1959) has
shown that the rates of synthesis of different enzymes in this sequence vary in
quantitatively constant ratios under any set of medinm eonditions, and that the ratios
are the same in various mutants lacking one of the enzymes and in the wild type. Here
again, as in the casc of the lactose system, the synthesis of widely different, albeit
funetionally related, enzymes appears to be controlled by & single common mechanizm,
with which the repressing metabolite specifically interacts.

In summary, repression and induction appear as closely similar effects, even if
opposed in their results. Both control the rate of synthesis of enzyme proteins. Both
are highly specific, but in neither case is the specificity related to the specificity of
action (or binding) of the controlled enzyme. The kinetics of induction and repression
are the same. Different funetionally related enzymes are frequently co-induced or co-
repressed, quantitatively to the same extent, by a single substrate or metabolite.

The remarkable similarity of induction and repression suggests that the two effects
represent different manifestations of fundamentally similar mechanisma (Cohn &
Monod, 1953; Monod, 1955; Vogel, 1957a, b; Pardes, Jacob & Monod, 1959; Szilard,
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1060). This would imply either that in inducible systems the inducer acts as an anta-
gonist of an internal repressor or that in repressible systems the repressing metabolite
acts a8 an antagonist of an internal inducer. This is not an esoteric dilemma since it
poses n very pertinent question, namely what would happen in an adaptive aystem
of either type, when both the inducer and the repressor were eliminated? This, in fact,
is the main question which we shall try to answer in the next section.

3. Regulator Genes

Since the specificity of induction or repression is not related to the structural
specificity of the controlled enzymes, and sinco the rate of synthosis of different
enzymes appears to be governed by a common element, this element in prosumably
not controlled or ropresented by the structural genes themselves, This inference, as
we shall now see, is confirmed by the study of certain mutations which convert
inducible or repressible systems into constitutive systems,

(n) Phenotypes and genotypes in the lactose systems

If this inference is correct, mutations which affect the controlling system should
not behave as alleles of the structural genes. In order to test this prediction, the
structural genes themsolves must be identified. The most thoroughly investigated
case is the lactose aystem of E. coli, to which we shall now return. Six phenotypically
different classes of mutants have been observed in this system. For the time being,
we shall consider only three of them which will be symbolized and defined as follows:

(1) Galactosidase mutations: =+ = 2z~ expressed as the loss of the capacity to
synthesize active galactosidase (with or without induetion).

(2) Permease mutations: y* = y~ expressed as the loss of the capacity to form
galactoside-permease. Most, but not all, mutants of this elass simultancously lose
the capacity to synthesize active acetylase. We shall confine our discussion to the
acetylaselens subelass.

{3) Constitutive mutations: i+ == i~ expressed as the ability to synthosize large
amounts of galactosidaso and acetylase in the absence of inducer (Monod, 1956,
Rickenberg ef al., 1956; Pardoe of al., 1053).

The first two classes are specific for either galactosidase or acetylase: the galacto.
sidnasless mutants form normal amounts of acctylase; conversely the acotylaseless
mutants form normal amounts of galactosidase. In contrast, the constitutive muta-
tions, of which over one hundred recurronces have been observed, invariably affect
both the galactosidase and the permense (acetylase).! There are eight possible com-
binations of these phenotypes, and they have all been observed both in E. coli ML and
K12,

The loci corresponding to a number of recurrences of each of the three mutant
types have been mapped by recombination in E. coli K12, The map (Fig. 3) also

{ The significance of this finding could be questioned #inee, in order to isolate conatitutivo
mutants, ons must of course use selective media, and thia procedurs might be supposed to favour
doubls mutants, where the constitutivity of galactosidase and permenss had arisen indopendently.
It in possible, however, ta soloct for i — 4= mutanta in organisms of type itety=, ia. pormensalonn,
Fifty such mutants were isolated, giving rise to “constitative cryptic” types i-z'y— from which, by
reversion of y=, fifty clones of constitutive i—z*y* wers obiained. It was verified that in each of
these fifty clones the permense was constitutive.
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indicates the location of certain other mutations (o mutations) which will be discussed
later. As may be seen, all these loci are confined to a very small segment of the
chromosome, the Lac region. The extreme proximity of all these mutations raises the
question whether they belong to a single or to several independent functional units,
Such functional analysis requires that the biochemieal expression of the wvarious
genetic structures be studied in heterozygous diploids. Until guite recently, only
transient diploids were available in E. coli; the recent discovery of a new type of gene
transfer in these bacteria (sexduction) has opened the possibility of obtaining stable
clones which are diploid (or polyploid) for different small segments of the chromosome.
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Fio. 3. Diagrammatic map of the lactose region of E. coli K12. The upper line represonts the
position of the Lae region with respect to other known markers. The middle lino represents an
enlargement of the Lae region with the four loei i, =, o and €. The lower line representa an enlarges-
ment of the £ and o loci. Hecombinstion frequencies (given at the bottom) sre obtained in two
factor crossea of the type Hir Lacaad ' 88 2 F= Lacged 87, from the ratics “recombinants LectadtST)
recombinanta adtST." The total length of the z gene may be eatimated to be 0-7 map units, i.e. about
3,500 nueleotide pairs for about 1000 amino acids in the menomer of §-gelactosidase.

In this process, small fragments of the bacterial chromosome are incorporated into
the sex factor, F. This new unit of replication is transmissible by conjugation, and is
then added to the normal genome of the recipient bacterium which becomes diploid
for the small chromosomal fragment. Among the units thus isolated, one carries the
whole Lac region (Jacob & Adelberg, 1959; Jacob, Perrin, Sanchez & Monod, 1960).
To symbolize the genetic structure of these diploids, the chromosomal alleles are
written in the usual manner, while the alleles attached to the sex factor are preceded
by the letter F.

Turning our attention to the behaviour of 2 and y mutant types, we may first note
that diploida of structure zty—|Fz-y* or z-y*/Fz*y— are wild type, being able to
ferment lactose, and forming normal amounts of both galactosidase and acetylase.
This complete complementation between z- and y~ mutants indicates that they
belong to independent cistrons. Conversely, no complementation is observed between
different ¥~ mutants, indicating that they all belong to a single cistron. No com-
plementation is observed between most z- mutants. Certain diploids of structure
#72¢ [Fzt sy synthesize galactosidase in reduced amounts, but pairs of mutually non-
complementing mutants overlap mutually complementing mutants, suggesting again
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that a single cistron is involved, as one might expect, since the monomer of galacto-
sidase has a single N-terminal group. It should be recalled that intracistronic partial
complementation has been observed in several cases (Giles, 1958), and has (tenta-
tively) been explained as related to a polymeric state of the protein.

Mutations in the z gene affect the structure of galactosidase. This is shown by the
fact that most of the z- mutants synthesize, in place of active enzyme, & protein
which is able to displace authentic (wild type) galactosidase from its combination
with specific antibody (Perrin, Bussard & Moned, 1959). Among proteins synthesized
by different z— mutants (symbolized Cz,, ('z,, etc.) some give complete cross reactions
(i.e. precipitate 1009, of the specific antigalactosidase antibodies) with the serum
used, while others give incomplete reactions. The different Cz proteins differ
thercfore, not only from wild type galactosidase, but also one from the other. Finally,
as we already mentioned, diploids of constitution z*fzy synthesize wild type galacto-
gidase and the modified protein simultaneously, and at similar rates {Perrin et al.,
1960). These observations justify the conclusions that the z region or cistron contains
the structural information for B-galactosidase. Proof that mutations in the y region
not only suppress but may in some cases modify the structure of acetylase has not
been obtained as yet, but the assumption that the y region does represent, in part at
least, the structural gene for the acetylase protein appears quite gafe in view of the
properties of the i mutants.

(b} The it gene and its cytoplasmic product

We now turn our attention to the constitutive (i~) mutations, The most significant
foature of these mutations is that they invariably affect simultaneously two different
enzyme-proteins, each independently determined, as we have just seen, by different
structural genes. In fact, most - mutants synthesize more galactosidase and acetylase
than indueed wild type cells, but it is quite remarkable that the rafio of galactosidase
to acetylase is the same in the constitutive cells as in the induced wild type, strongly
suggesting that the mechanism controlled by the 1 gene is the same as that with which
the inducer interacts.

The study of double heterozygotes of structures: i*z [Fiz+ or i yt|Fity~ shows
(Table 2, lines 4 and 5) that the inducible ¢+ allele is dominant over the constitutive
and that it is active in the frans position, with respect to both y* and z*.

Therefore the i mutations belong to an independent eistron, governing the expres-
sion of y and z viz a eytoplasmic component. The dominance of the inducible over the
constitutive allele means that the former corresponds to the active form of the i gene.
This is confirmed by the fact that strains carrying a delelion of the szy region behave
like i~ in diploids (Table 2, line 7). However, two different interpretations of the func-
tion of the i+ gene must be considered.

(#) The i* gene determines the synthesis of a repressor, inactive or absent in the i~
alleles.

(b) The i* gene determines the synthesis of an enzyme which destroys an inducer,
produced by an independent pathway.

The first interpretation is the most straightforward, and it presents the great
interest of implying that the fundamental mechanisms of control may be the same in
inducible and repressible systems. Several lines of evidence indicate that it is the correct
interpretation.
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First, we may mention the fact that constitutive synthesis of g-galactosidase by
i—z+y* types is not inhibited by thiophenyl-galactoside which has been shown (Cohn &
Monod, 1953) to be a competitive inhibitor of induction by exogenous galactosides
{sce p. 326).

TanLe 2
Synthesiz of galeclosidase and galacioside-transacetylase by haploids and helerozygous
diploids of regulator mutants
y Galactosidase Galactoside-tranescetylase
Btrain
Yo Genotype :

N MNon-induced Induced Non-induced Induced
1 ftziyt =<0l 100 <1 100
2 igatyt 100 100 90 a0
3 igztyt 140 130 134 120
4 itz Tyt Fig oyt =1 240 1 270
& i3 2]y Fatzteg =1 280 =1 120
] ig 2]yt Fimatyt 195 190 200 180
7 Aygy| Fimatyt 130 156 150 170
8 ibztyt <1 =1 =1 |
L ity Fitziyt ==k 2 <l 3

Bnetorin are grown in glyeerol 88 carbon sourco and induccd, whon stated, by dsopropyl-thio-
guluetoside, 104 v, Values aro givon aa & percentage of those obsorved with indueed wild typo
{for nhsalube values, seo logond of Tablo 1), digy refers to s delotion of the wholo Loac region, It will
bo noted that organiams carcying the wild allele of one of the structurel genes (z or ¥) on the F
fuctor form more of the eorreaponding enzymo than the heploid. This is presamably due to the
faet that soversl copica of the §-Lae unit aro present per chromosoma, In it s hoterosygotes,
values observed with uninducod colls arc somotimes highor than in the haploid control. This is due
to the prosence of o significont fraction of i=/#~ homozygous recombinants in the population.

A direet and specific argument comes from the study of one particular mutant of
the lactose systom. This mutant (%) has lost the capacity to synthesize both galacto-
sidase and permease, [t is not a deletion beeause it recombines, giving Lac* types,
with all the z- and ¥~ mutants. In crosses with z 4+~ organisms the progeny is ex-
clusively 1~ while in crosses with z 4% it is exclusively {*, indicating exceedingly close
linkage of this mutation with the ¢ region. Finally, in diploids of constitution i%/it, i
turns out to be domingnt: the diploids cannot synthesize cither galactosidase or
acotylase (see Table 2, lines 8 and 9).

These unique properties appoear exceedingly difficult to account for, except by the
admittedly vory specific hypothesis that mutant 18 is an allele of § where the structure
of the repressor is such that it cannot be antagonized by the inducer any more, If this
hypothesis is correet, one would cxpect that the i mutent could regain the ability
to metabolize lactose, not only by reversion to wild type {i* — i+) but also, and pro-
bably more frequently, by inactivation of the ¢ gono, that is to zay by achieving the
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TaBLE 2

Synthesis of galactosidase and galactoside-transacetylase by haploids and heterozygous
diploids of regulator mutants

Strain Galactosidase Galactoside-transacetylase
No. Genotype : :
Non-induced Induced Non-induced Induced
1 itztyt <0-1 100 <1 100
2 igztyt 100 100 90 90
3 13z Yyt 140 130 130 120
4 itz Tyt Fig zty* <1 240 1 270
6 13 21yt Fietztyg <1 280 <1 120
6 1321 yt|Fi—ztyt 195 190 200 180
7 dizy| Fi—ztyt 130 150 150 170
8 18ztyt <0-1 <1 <1 <1
9 i8ztyt[Fitztyt <01 2 <1 3

Bacteria aro grown in glycerol as carbon source and induced, when stated, by <sopropyl-thio-
galactoside, 10—4 M. Valucs arc given as a perecentage of those observed with induced wild type
(for absolute values, sco legend of Table 1). dj;y refers to a delotion of the whole Lac region. It will
be noted that organisms carrying the wild allele of ono of the structural genes (z or y) on the F
factor form more of the corresponding enzyme than the haploid. This is presumably due to the
fact that soveral copics of tho F-Lac unit aro present per chromosome. In ¢/~ hoterozygotes,
valucs observed with uninduced cells are sometimes higher than in the haploid control. This is due
to the prosence of a significant fraction of ¢~/¢~ homozygous recombinants in the population.
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constitutive condition (i* — i~). Actually, Lact “revertants” are very frequent in
populations of mutant %, and 50%, of these “revertants” are indeed constitutives of
the i~ (recessive) type. (The other revertants are also constitutives, but of the ot clasa
which we shall mention later.) The propertics of this remarkable mutant could
evidently not be understood under the assumption that the ¢ gene governs the syn-
thesis of an inducer-destroying enzyme (Willson, Perrin, Jacob & Monod, 1961):

Accepting tentatively the conclusion that the i+ gene governs the synthesis of an
intracellular repressor, we may now consider the question of the presence of this
substance in the cytoplasm, and of its chemical nature.
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Fro. 4, Synthesis of §-galactosidaae by merozygotes formed by conjugation between inducible,
galuetosidnse. positive maeles and constitutive, galactosidase-negative fomales. Malo (Hfr itz TO858)
and fomale {F- i-z=TATST) bacterin grown in o synthetic mediuem containing glyeerol aa carbon
soures are mixed in the samo medium (time 0] in the absence of inducer. In such o eross, the first
zygotes which reeeive tho Loc region from the mele are formed from the 20th min. The rate of
enzyme synthesis ia determined from enzyme aetivity messarement on the whaole popualation, to
which stroptomyein and phage TG aro added at times indicated by arrows to bloel further forma-
tion of recombinants and induction of the male parents. It may boe seen that in the nhsenco of
inducer enzyme synthosis stops about 60 to 80 min after penotration of the first 24+ segment but
is reaumed by addition of induecer (From Pardee ef al, 19549).

Important indications on this question have been obtained by studying the kinetics
and conditions of expression of the i+ and 2+ genes when they are introduced into
the eytoplasm of cells bearing the inactive (2~ and i) alleles. The sexual transfer of
the Lac segment from male to female cells provides an adequate experimental system
for such studies. Tt should be recalled that conjugation in E. coli involves essentially
the transfer of a male chromosome {or chromosome segment) to the female cell. This
transfer is oriented, always beginning at one extremity of the chromosome, and it is
progrossive, each chromosome segment entering into the recipient cell at a fairly
precise time following inception of conjugation in a given mating pair (Wollman &
Jacob, 1950). The conjugation does not appear to involve any significant cytoplasmic
mixing, =0 that the zygotes inherit virtually all their eytoplasm from the female eell,
receiving only a chromosome or chromosome scgment from the male. In order to study
galactosidase synthesis by the zygotes, conditions must be set up such that the
unmated parents cannot form the enzymes. This is the case when mating between
inducible galactosidasc-positive, streptomycin-sensitive males (3 ztitSme) and
constitutive, galactosidase-negative, streptomycin-resistant females [ P21 8mT) is
performed in presence of streptomycin {Sm), sinee: (i) the male cells which are sensitive
to Sm cannot synthesize enzyme in its presence; (ii) the female cells are genetically
incompetent; (iii) the vast majority of the zygotes which receive the z+ gene, do not
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become streptomyein sensitive (because the Fm® gene is transferred only to a small
proportion of them, and at a very late time). The results of such an experiment,
performed in the absence of inducer, are shown in Fig. 4. It is aeen that galactosidase
synthesis starts almost immediately following actual entry of the 2+ gene. We shall
return later to a more precise analysis of the expression of the z+ gene. The important
point to be stressed here iz that during this initial period the zvgotes behave like
constifutive cells, synthesizing enzyme in the absence of inducer. Approximately sixty
minutes later, however, the rate of galactosidase syntheais falls off to zero. If at that
time inducer is added, the maximum rate of enzyme synthesis is resumed. We are,
in other words, witnessing the conversion of the originally i~ phenotype of the zygote
cell, into an i* phenotype. And this experiment clearly shows that the “induecible™
state i associated with the presence, at a sufficient level, of a cytoplasmic substance
synthesized under the econtrol of the i+ gene. (It may be pointed out that the use of &
female strain carrying a deletion of the Lue region instead of the -z~ alleles gives the
same results (Pardes ef al., 1959).)

If now 5-methyltryptophan is added to the mated cells a fow minutes before entry
of the =+ gene, no palactosidase is formed because, as is well known, this compound
inhibits tryptophan synthesis by retro-inhibition, and therefore blocks protein
aynthesis. If the repressor is a protein, or if it is formed by a specific enzyme, the
synthesis of which is governed by the i+ gene, ita accumulation should also be blocked.
If on the other hand the repressor is not a protein, and if its synthesis does not require
the preliminary synthesis of a specific enzyme controlled by the it gene, it may
aceumulate in presence of S-methyltryptophan which is known (Gros, unpublished
results) not to inkibit energy transfer or the synthesis of nucleic acids,

The results of Pardes & Prestidge (1959) show that the repressor dees accummulate
under these conditions, since the addition of tryptophan 60 min after G-methyl-
teyptophan allows immediate and complete resumption of enzyme synthesis, buf only
in the presence of inducer; in other words, the cvtoplasm of the sygote cells has been
converted from the constitutive to the inducible state during the time that protein
synthesis was bloclked. This result has alzo been obtained using chloramphenicol as the
agent for blocking protein synthesis, and it has been repeated using another system
of gene transfer (Luria ef al., unpublished results).

This experiment leads to the conclusion that the repressor is not a protein, and this
again excludes the hypothesis that the i+ gene controls an inducer-destroying enzyme.
We should like to stress the point that this eonclusion does not imply that no enzyme
is involved in the synthesis of the ropressor, but that the enzymes which may be
involved are nof eontrolled by the i+ gene. The experiments are negative, as far as the
chemieal nature of the repressor itself is concerned, sinee they only eliminate protein
as o candidate. They do, however, invite the speculation that the repressor may be
the primary product of the i+ gene, and the further speculation that such a primary
product may be a polyribonucleotide.

Before concluding this section, it should be pointed out that constitutive mutations
hawve been found in several inducible systems; in fact wherever they have been searched
for by adequate selective techniques (amylomaltase of E. coli (Cohen-Bazire & Jolit,
1953), penicillinase of B. cerews (Kogut, Pollock & Tridgell, 1956), glucuronidase of
E. eoli (F. Stoeber, unpublished results), galactokinase and galactose-transferase
{Buttin, unpublished results)). That any inducible system shonld be potentially
capable of giving rise to constitutive mutants, strongly indicates that such mutations
oeeur, or at least can always oceur, by a loss of function. Tn the case of the “galactose”
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system of E. coli, it has been found that the constitutive mutation is pleiotropie,
affecting o sequence of three different enzymes {galactokinase, galactose-transferase,
UDP-galactose epimerase), and oceurs at a locus distinet from that of the corres-
ponding structural genes (Buttin, unpublished results).

The main conclusions from the observations reviewed in this section may be
summarized as defining & new type of gene, which we shall eall a “regulator gene”
(Jacob & Monod, 1059). A regulator gene does not contribute structural information
to the proteins which it controls. The specifie product of a regulator gene is a cyto-
plasmic substance, which inhibits information transfer from a structural gene (or
genes) to protein, In contrast to the classical structural gene, & regulator gene may
control the synthesis of several different proteins: the one-gene one-protein rule does
not apply to it.

We have already pointed out the profound similarities between induction and
repression which suggest that the two effects represent different manifestations of the
same fundamental mechanism. If this is true, and if the above conelusions are valid,
one expects to find that the genetic control of repressible systems also involves
regulator genes.

{¢) Regulator gemes in repressible systems

The identification of constitutive or “‘de-repressed” mutants of several repressible
systems has fulfilled this cxpectation. For the selection of such mutants, certain
analogs of the normal repressing metabolite may be used as specific selective agents,
because they cannot substitute for the metabolite, except as repressing metaholites.
For instance, 5-methyltryptophan does not substitute for tryptophan in protein
synthesis (Munier, unpublished results), but it represses the enzymes of the trypto-
phan-synthesizing sequence (Monod & Cohen-Bagzire, 1953). Normal wild type E. coli
does not grow in the presence of 5.methyltryptophan. Fully resistant stable mutants
arise, however, a large fraction of which turn out to be constitutive for the tryptophan
system. The properties of these organisms indicate that they arise by mutation of a
regulator gene Ry (Cohen & Jacob, 1959). In these mutants tryptophan-synthetase as
well as at least two of the enzymes involved in previous steps in the sequence are
formed at the same rate irrespective of the presence of tryptophan, while in the wild
type all these enzymes are strongly repressed. Actually the mutants form more of the
enzymes in the presence of tryptophan, than does the wild type in its absence (just
as i-z+ mutanta form more galactosidase in the absence of inducer than the wild type
doea at saturating concentration of inducer). The ecapacity of the mutants to concen-
trate tryptophan from the medium is not impaired, nor is their tryptophanase activity
inereased. The loss of sensitivity to tryptophan as repressing metabolite cannot there-
fore be attributed to its destruction by, or exclusion from, the cells, and can only
roflect the breakdown of the control system itself. Several recurrences of the R
mutation have been mapped. They are all located in the same small section of the
chromosome, at a large distance from the cluster of genes which was shown by
Yanofsky & Lennox (1959) to synthesize the different enzymes of the sequence. One
of these genes (comprising two cistrons) has been very clearly identified by the work
of Yanofsky (1960) as the structural gene for tryptophan synthetase, and it is a safe
assumption that the other genes in this cluster determine the structure of the preceding

1 Repistance to 5-methyltryptophan may also arise by other mechanisms in which wo are not
intereated here.
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enzymes in the sequence. The Ry gene therefore controls the rate of synthesis of
several different proteins without, however, determining their strueture. It can only
do so viz a cytoplasmic intermediate, sinee it is located guite far from the structural
genes, To complete its characterization as a regulator gene, it should be verified that
the constitutive (R7) allele corresponds to the inactive state of the genme (or gene
product), ie. is recessive. Stable hetorozygotes have not been available in this case,
but the transient (sexual) heterozygotes of a eross 5 Rpx JRT are sensitive to
S-methyltryptophan, indicating that the repressible allele is dominant (Cohen & Jacob,
1959).

In the arginine-synthesizing sequence there are some seven enzymes, simultane-
ously repressible by arginine (Vogel, 1957a,b; Gorini & Maas, 1958). The specific
{i.e. probably structural) genes which control these enzymes are dispersed at various
loei on the chromosome, Mutants resistant to canavanine have been obtained, in
which several (perhaps all) of these enzymes are simultaneously de-repressed. These
mutations oceur at a locus (near Sm®) which is widely separated from the loci corres-
ponding (probably) to the structural genes. The dominance relationships have not
been analysed (Gorini, unpublished results; Maas, Lavallé, Wiame & Jacob, un-
published results).

The case of alkaline phosphatase is particularly interesting because the structural
gene corresponding to this protein is well identified by the demonstration that
various mutations at this locus result in the synthesis of altered phosphatase
(Levinthal, 1959). The synthesis of this enzyme is repressed by orthophosphate
{Torriani, 1960). Constitutive mutants which synthesize large amounts of enzgyme in
the presence of orthophoaphate have been isolated. They ocour at two loci, neither of
which is allelic to the structural gene, and the constitutive enzyme is identical, by
all tests, to the wild type (repressible) enzyme. The constitutive alleles for both of
the two loci have been shown to be recessive with respect to wild type. Conversely,
mutations in the structural (P) gene do not affect the regulatory mechanism, since
the altered (inactive) enzyme formed by mutants of the P pene is repressed in the
presence of orthophosphate to the same extent as the wild type enzyme (Echols,
Garen, Garcn & Torriani, 1961).

{d) The interaction of repressors, inducers and co-repressors

The sum of these observations leaves little doubt that repression, like induction,
is controlled by specislized regulator genes, which operate by a basically similar
mechanism in both types of systems, namely by governing the synthesis of an intra-
cellular substance which inhibits information transfer from structural genes to protein.

It is evident therefore that the metabolites (such as tryptophan, arginine, ortho-
phosphate) which inhibit enzyme synthesis in repressible systems are not active by
themselves, but only by virtue of an interaction with a repressor synthesized under
the control of a regulator gene. Their action is best described as an activation of
the genetically controlled repression system. In order to aveid confusian of words, we
shall speak of repressing metabolites as “eo-ropressors” roserving the name “re-
pressors’ (or apo-repressors) for the eytoplasmic produets of the regulator genes.

The nature of the interaction between repressor and co-repressor (in repressible
gyatema) or inducer (in indueible systems) poses a particularly difficult problem. As a
purely formal description, one may think of inducers as antagonista, and of co-
repressors as activators, of the repressor. A variety of chemical models can be imagined
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to account for such antagonistic or activating interactions. We shall not go into these
speculations since there is at present no evidence to support or eliminate any particular
model. But it must be pointed out that, in any model, the structural specificity of
inducers or co-repressors must be accounted for, and can be accounted for, only by
the assumption that a stereospecific receptor is involved in the interaction. The fact
that the repressor is apparently not a protein then raises s serious difficulty since the
capacity to form stercospecific complexes with small molecules appearz to be a
privilege of proteins. If a protein, perhaps an enzyme, is responsible for the specificity,
the strueture of this protein iz presumably determined by a structual gene and muta-
tion in this gene would result in loss of the capacity to be induced (or reprossed). Such
mutants, which would have precisely predictable properties (they would be pleio-
tropic, recessive, and they would be complemented by mutants of the other structural
genes) have not been encountered in the lactose system, while the possibility that the
pontrolled enzymen themselves (galactosidase or acetylase) play the role of ““induction
enzyme" is excluded.

1t is conceivable that, in the repressible systems which synthesize amino acids, this
role is played by enzymes simultaneously responsible for essential functions (e.g. the
activating enzymes) whose loss would be lethal, but this seems hardly conceivable
in the case of most inducible systems. One possibility which is not excluded by
these observations is that the repressor itself synthesizes the “induction protein”
and remains thereafter associated with it. Genetic inactivation of the induction
enzyme would then be associated with structural alterations of the repressor itself
and would generally be expressed as constitutive mutations of the regulator gene.t
This possibility is mentioned here only as an illustration of the dilemma which we
have briefly analysed, and whose solution will depend upon the chemical identification
of the repressor,

(o) Regulator genes and immunity in temperate phage systems

One of the most conspicuous examples of the fact that certain genes may be either
allowed to express their potentialities, or specifically prohibited from doing so, is
the phenomenon of immunity in temperate phage systems (¢f. Lwoff, 1953; Jacob,
1954; Jacob & Wollman, 1957; Bertani, 1958; Jacob, 1960).

The genetic mateorial of the so-called temperate phages can exist in one of two states
within the host cell:

(1) In the vegelative state, the phage genome multiplies autonomously. This process,
during which all the phage components are synthesized, culminates in the production
of infectious phage particles which are released by lysis of the host cell.

(2) In the prophage state, the genetic material of the phage is sttached to a specific
gite of the bacterial chromosome in such a way that both genetic elements replicate
a8 & single unit. The host cell is said to be “lysogenic.” As long as the phage genome
remains in the prophage state, phage particles are not produced. For lysogenic
bacteria to produce phage, the genetic material of the phage must undergo a transition
from the prophage to the vegetative state. During normal growth of lysogenie bacteria,
this event is exceedingly rare. With certain types of prophages, however, the transition
ean be induced in the whale population by exposure of the culture to u.v. light,

 Buch & modsl could secount for the properties of the i# (dominant) mutant of the regulator gene
in the lactoss system, by the assamption thet in this mutant the repressor remains active, while
having lost the capacity to form its sssociated induction protein.
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X-rays or various compounds known to alter DNA metabolism (Lwoff, Siminovitch &
Kjeldgaard, 1950; Lwoff, 1063; Jacob, 1954).

The study of “defective’” phage genomes, in which a mutation has altered one of the
steps required for the production of phage particles, indicates the existence of at least
two distinet groups of viral functions, both of which are related to the capacity of
synthesizing specific proteins (Jacob, Fuerst & Wollman, 1957). Some “early”
functions appear as & pre-requisite for the vegetative multiplication of the phage
genome and, at least in virulent phages of the T-even series, it is now known that they
correspond to the synthesis of a series of new enzymes (Flaks & Cohen, 1958; Kornberg,
Zimmerman, Kornberg & Josse, 1958). A group of “late” funetions correspond to the
synthesis of the structural proteins which constitute the phage coat. The expression
of these different viral functions appears to be in some way co-ordinated by a sequential
process, since defective mutations affecting some of the early functions may alao
rezult in the loss of the capacity to perform several later stepa of phage multiplication
{Jacob et al., 1957).

In contrast, the viral functions are not expressed in the prophage state and the
protein constituents of the phage eoat cannot be detected within lysogenic bacteria.
In addition, lysogenic bacteria exhibit the remarkable property of being specifically
tmmune to the very type of phage particles whose genome is already present in the
cell as prophage. When lysogenic cells are infected with homologous phage particles,
these particles absorb onto the cells and inject their genetic material, but the cell
survives. The injected genetic material does not express its viral functions: it is unable
to initiate the synthesis of the protein components of the coat and to multiply vegeta-
tively. It remains inert and is diluted out in the course of bacterial multiplication
{Bertani, 1953; Jacob, 1954).

The inhibition of phage-gene functions in lysogenic bacteria therefore applies not
only to the prophage, but also to additional homologous phage genomes. It depends
only upon the presence of the prophage (and not upon a permanent alteration,
provoked by the prophage, of bacterial genes) since loss of the prophage is both
necessary and sufficient to make the bacteria sensitive again.

Two kinds of interpretation may be considered to aceount for these “immunity™
relationshipa: :

{a) The prophage oceupies and blocks a chromosomal site of the host, specifically
required in some way for the vegetative multiplication of the homologous
phage.

{b) The prophage produces a cytoplasmic inhibitor preventing the completion of
some reactions (presumably the synthesis of a particular protein) necessary for the
initiation of vegetative multiplication.

A decision between these alternative hypotheses may be reached through the study
of persistent diploids, heterozygous for the character lysogeny. A sex factor has been
isolated which has incorporated a segment of the bacterial chromosome carrying the
gemes which control galactose fermentation, Gal, and the site of attachment of
prophage, A. Diploid heterozygotes with the structure Gal~ A=/ F Gal*.A*+ or Gal= A%/
F @al+ A- are immune against superinfection with phage A, a result which shows that
“immunity’’ is dominant over “non-immunity” and has a cytoplasmic expression
(Tacob, Schaeffer & Wollman, 1960).

The study of transient zygotes formed during conjugation between lysogenic (A*)
and non-lysogenic (A-) cells leads to the same conclusion. In crosses AT XS4, the
transfer of the prophage carried by the male chromosome into the non-immune
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recipient results in transition to the vegetative state: multiplication of the phage
ocours in the zygotes, which are lysed and releaso phage particles. This phenomenon
is known as “zygotic induction” (Jacob & Wollman, 1956). In the reverse cross
dA= % §A*, however, no zygotic induction occurs. The transfer of the “non-lysogenic”
character carried by the male chromosome into the immune rocipient, does not bring
about the development of the prophage and the zygotes are immune sgainst super-
infection with phage A.

The opposite results obtained in reciprocal crosses of lysogenic by non-lysogenic
roale and fomale cells are entirely analogous to the observations made with the lactose
system in reciprocal crosses of inducible by non-inducible cells. In both eases, it is
evident that the decisive factor is the origin of the eytoplasm of the zygote, and the
conclusion is incscapable, that the immunity of lysogenic bacteria is due to & cyto-
plasmic constituent, in the presence of which the viral genes eannot become exprossed
{Jacob, 1960).

The same two hypotheses which we have already considered for the interpretation
of the product of the regulator gene in the lactose system, apply to the eytoplasmic
inhibitor insuring immunity in lysogenie bacteria.

{a) The inhibitor is a specific repressor which prevents the synthesis of some early
protein(s) roquired for the initiation of vegetative multiplication.

{b) The inhibitor is an enzyme which destroys & metabolite, normally synthesized
by the non-lysogenic cell and specifically required for the vegetative multiplication
of the phage.

Several lines of evidence argue against the second hypothesis (Jacob & Campbell,
1059; Jacob, 1960). First, for a given strain of bacteria, many temperate phages are
known, ench of which exhibits o different immunity pattern. According to the second
hypothesis, each of these phages would specifieally require for vegotative multiplica-
tion a different metabolite normally produced by the non-lysogenic cells, an assump-
tion which appears extremely unlikely. The second argument stems from the fact
that, like the repressor of the lactose system, the inhibitor responsible for immunity
is synthesized in the presence of chloramphenicol, i.e. in the absence of protein
synthesis: when crosses JA* 3 @A™ are performed in the presence of chloramphenicol,
no zygotic induction occurs and the prophage is found to segregato normally among
recombinanta.

In order to explain immunity in lysogenic bacteria, we are led therefore to the same
typo of interprotation as in the case of adaptive enzyme systoms, According to this
interpretation, the prophage controls a eytoplasmic repressor, which inhibita spe: fSe-
ally the synthesis of one {or several) protein(s) necessary for the initiation of vegetative
multiplication. In this model, the introduction of the genetic material of the phage
into a non-lysogenic cell, whether by infection or by conjugation, results in a “race’
between the aynthesis of the specific repressor and that of the early proteins required
for vegetative multiplication. The fate of the host-cell, survival with lysogenization
or lysis as a result of phage multiplication, depends upon whether the synthesis of the
ropressor or that of the protein is favoured. Changes in the cultural conditions
favoring the synthesis of the repressor such as infection at low temperature, or in the
presence of chloramphenieol, would favor lysogenization and vice verad. The pheno-
menon of induction by u.v. light eould then be understood, for instance, in the follow-
ing way: exposure of inducible lysogenic bacteria to u.v. light or X-rays would
transiently disturb the regulation system, for example by preventing further synthesia
of the repressor. If the repressor is unstable, its concentration inside the cell would

SELECTED PAPERS ON MOLECULAR GCENETICS



CENETIC REGULATORY MECHANISMSA 338

decrease and reach a level low enough to allow the synthesis of the early proteins.
Thus the vegetative multiplication would be irreversibly initiated.

The similarity between lysogenic systems and adaptive systems is further strength-
ened by the genetic analysis of immunity. Schematically, the genome of phage A
appears to involve two parts (see Fig. 5): a small central segment, the C region, contains
a few determinants which control various functions involved in lysogenization (Kaiser,
1057); the rest of the linkage group contains determinants which govern the “viral
functions,” i.e. presumably the structural genes corresponding to the different phage
proteins. Certain strains of temperate phages which exhibit different immunity
patterns are able nevertheless to undergo gemetic recombination. The specific
immunity pattern segregates in such erosses, proving to be controlled by a small
segment “im” of the C region (Kaiser & Jacob, 1957). In other words, a prophage
contains in its C region a small segment “im” which controls the synthesia of & specific
repressor, active on the phage genome earrying & homologous “4m" segment.

CO Ad_M-ET
be=T | i
T T L)

€3 ;
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(i)

Fio. 5. Disgrammatie ropresentation of the linkage group of the temperate bacteriophage A The
upper disgram roprosents the linear arrangement of markers, Symbols refer to various plagque size,
plique type and host-range markers. Symbols d refer to vorious dofoctive mutationa. The ©
region represonted by o thiclker line is enlarged in the lower dingram. The figures eorrespond to
veripus € mutations. The € region can bo subdivided into throo functional units, €, €3 and Oy
the segrment controlling immunity is designstod sm.

In the “im" region, two types of mutations arise, whose properties are extremely
gimilar to those of the different mutations affecting the regulator genes of adaptive
enzyme aystems.

(1} Some mutations (('f—C;) result in the complete loss of the capacity for lyso-
genization in single infection. All the ¢y mutations are located in & cluster, in a small
part of the “im” segment, and they behave as belonging to a single cistron in comple-
mentation tests,

In mixed infections with both ¢ and Cf phages, double lysogenic clones carrying
both €; and € prophages can be recovered. In such clones, single lysogenic cells
segregate, which carry the C* type alone but never the €'} typo alone. These findings
indicate that the wild allele is dominant over the mutant Oy alleles and is eytoplasmi-
cally expressed, repressing the mutant genome into the prophage state. The properties
of the €, mutations are therefore similar to those of the recessive constitutive muta-
tions of adaptive systems. The evidence suggests that the Oy locus controls the
synthesis of the repressor responsible for immunity, and that the ') mutations
correspond to inactivation of this locus, or of its product.
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{2) A mutation (ind*—>ind-) has been found which results in the loss of the inducible
property of the prophage, i.e. of its capacity to multiply vegetatively upon exposure
of lysogenic bacteria to u.v. light, X-rays or chemical inducers. This mutation is
located in the Cp segment. The mutant allele ind~ is dominant over the wild allele
ind+ since double lysogenic Aind*/Aind- or diploid heterozygotes of structure Gal-
Xind*+|F Gal*Aind~ or Gal-Aind—|F Gal*Xind* are all non-inducible. In addition, the
mutant Aind- exhibits a unique property. If lysogenic bacteria K12 (A*) carrying a
wild type prophage are exposed to u.v. light, the whole population lyses and releases
phage. Infection of such cells with Aind- mutants, either before or immediately after
irradiation, completely inhibits phage production and lysis.

The properties of the ind- mutant appear in every respect similar to those of the
previously described mutant i8 of the lactose system. The unique properties of the
ind— mutants can be explained only by the same type of hypothesis, namely that the
mutation ind- affects, quantitatively or qualitatively, the synthesis of the repressor
in such a way that more repressor or a more efficient repressor is produced. If this
assumption as well as the hypothesis that the C; mutation results in the loss of the
capacity to produce an active repressor, are correct, the double mutants Cyind-
should have lost the capacity of inhibiting phage multiplication npon infection of
wild type lysogenic cells. This is actually what is observed. It is evident that the
properties of the ind— mutant cannot be accounted for by the assumption that the Cy
locus controls the synthesis of a metabolite-destroying enzyme (Jacob & Campbell,
1959).

In summary, the analysis of lysogenic systems reveals that the expression of the
viral genes in these systems is controlled by a eytoplasmic repressor substance, whose
synthesiz is governed by one particular “regulator” gene, belonging to the viral
genome. The identity of the proteins whose synthesis is thus repressed is not eatab-
lished, but it seems highly probable that they are “early” enzymes which initiate the
whole process of vegetative multiplication. With the (important) limitation that they
are sensitive to entirely different types of inducing conditions, the phage repression
systems appear entirely comparable to the systems involved in enz ymatic adaptation.

4. The Operator and the Operon

(a) The operator as site of action of the repressor

In the preceding section we have discussed the evidence which shows that the
transfer of information from structural genes to protein is controlled by specific
repressors synthesized by specialized regulator genes. We must now consider the next
problem, which is the site and mode of action of the repressor.

In regard to this problem, the most important property of the repressor is its
characteristic pleiotropic specificity of action. In the lactose system of K. coli, the
repressor is both highly specific since mutations of the i gene do not affect any other
system, and pleiotropic since both galactosidase and acetylase are affected simultane-
ously and gquantitatively to the same extent, by such mutations.

The specificity of operation of the repressor implies that it acts by forming a stereo-
apecific combination with a constituent of the system possessing the proper {comple-
mentary) molecular configuration. Furthermore, it must be assumed that the flow
of information from gene to protein is interrupted when this element is combined with
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the repressor. This controlling element we shall eall the “operator’” (Jacob & Monod,
1958), We should perhaps call attention to the fact that, once the existence of a apecific
repressor is considered as established, the existence of an operator element defined
as above follows necessarily. Our problem, therefore, is not whether an operator
exists, but where (and how) it intervenes in the system of information transfer.

An important prediction follows immediately from the preceding considerations.
Under any hypothesis concerning the nature of the operator, ita specific comple-
mentary configuration must be genetically determined; therefore it could be affected
by mutations which would alter or abolish its specific affinity for the repressor, without
necessarily impairing its activity as initiator of information-transfer. Such mutations
would result in consfifutive synthesis of the protein or proteins. These mutations would
define an “‘operator locus” which should be genetically distinct from the regulator
gene (i.e. its mutations should not behave as alleles of the regulator); the most
distinetive predictable property of such mutants would be that the constitutive allele
should be dominant over the wild type since, again under virtually any hypothesis,
the presence in a diploid cell of repressor-sensitive operators would not prevent the
operation of repressor-insensitive operators.

(b) Constitutive operator mulations

Clonstitutive mutants possessing the properties predicted above have so far been
found in two repressor-controlled systems, namely the phage A and Lac system of
B, coli.

In the ease of phage A, these mutants are characterized, and ean be easily selected,
by the fact that they develop vegetatively in immune bacteria, lysogenie for the wild
type. Thiz characteristic property means that these mutants (v) are insensitive to the
repressor present in lysogenic eells. When, in fact, lysogenic cells are infected with
thess mutant particles, the development of the wild type prophage is induced, and
the resulting phage population is a mixture of v and v+ particles. This is expected,
since presumably the initiation of prophage development depends only on the
formation of one or a few ‘“‘early” enzyme-proteins, which arc supplied by the
virulent particle (Jacob & Wollman, 1953).

In the Lac system, dominant constitutive (of) mutants have been isolated by
selecting for constitutivity in cells diploid for the Lac region, thus virtually eliminating
the recessive (i7) constitutive mutants (Jacob et al., 1960a). By recombination, the
ot mutations can be mapped in the Lae region, between the i and the z loci, the order
being { Pro) yzoi (Ad) (see Fig. 3). Some of the properties of these mutants are sum-
marized in Table 3. To begin with, let us consider only the effects of this mutation on
galactosidase synthesis. It will be noted that in the absence of inducer, these organisms
synthesize 10 to 209 of the amount of galactosidase synthesized by i~ mutants,
i e, about 100 to 200 times more than uninduced wild type cells (Table 3, lincs 3 and
7). In the presence of inducer, they synthesize maximal amounts of enzyme. They are
therefore only partially constitutive [except however under conditions of starvation,
when they form maximum amounts of galactosidase in the absence of inducer {Brown,
unpublished results)). The essential point however is that the enzyme is synthesized
constitutively by diploid cells of constitution otjo (see Table 3). The o¢ allele there-
fore iz “dominant.”

1f the constitutivity of the o¢ mutant results from a loss of sensitivity of the operator
to the repressor, the o¢ organisms should also be insensitive to the presence of the
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altered repressor synthesized by the i (dominant) allele of the i+ gene (see page 331).
That this iz indeed the ease, as shown by the constitutive behavior of diploids with
the constitution 1%+ Fito¢ (sec Table 3, line 12), is a very strong confirmation of the
interpretation of the effects of both mutations (i* and ¢°). In addition, and as one
would expect according to this interprefation, o® mutants frequently arize as lactose
positive “revertants” in populations of 4% cells (see p. 332).

TapLe 3

Synthesis of galactosidase, cross-reacting material (C RM), and galactoside-transacetylase
by haploid and heterozygous diploid operator mulants

Galactosidase Crosa-reacting matarinl
Strain
No. Genatype =
Non-indueed Induced Non-induced Induced
1 otz® -1 100 — 23
2 otzt| Fatey =1 105 <1 an
3 ocz® 156 i — ]
4 otzt| Fotzy -l G 30 180
3 otzy |Fotzt 40 250 <1 85
Galaclosidase Guoleetoside-transacotyluse
Non-Indueed Trndueed Non-indueed Induced
[ otztyt <01 [EITH) B | T
7 otztyt 25 03 15 Lig
& otztyy) Fotrtyt 70 b1 ] 50 160
i otzy vt Fotztyy 180 440 =1 220
10 itoggztyt =il =1 =1 =1
11 ilogeetyt | Fimotziyt 1 240 2 240
12 idgtziyt Pidgestyt 1M} 210 150 200

Bacteris are grown in glycerol as corbon source and induced whon stated, with fsopropyl-
thiogalactosido, 10-* M. Values of galactosiduse and neetylase are given ss o pereentage of those
obaerved with induced wild type. Values of CRM aro expressed as sntigenic equivalents of gal-
actosidaso. Noto that the proteins corresponding to the alleles eorried by the sex fscter oro often
producod in groater smeunt than theat obsorved with indueed haploid wild type. This is prosumably
due to tho existence of several copica of the F-Lae factor per chromosome. In of mutants, haploid
or diploid, tho absolute values of enzymes produced, espocially in the non-induced cultures varics
groatly from day to day depending on tho conditions of the culturcs,

We therefore conclude that the o*—ro® mutations correspond to a modification of
the specific, repressor-accepting, structure of the operator. This identifics the operator
locus, i.e. the genetic scgment responsible for the structure of the operator, but not
the operator itaclf,
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TABLE 3

Synthesis of galactosidase, cross-reacting material (CRM), and galactoside-transacetylase
by haploid and heterozygous diploid operator mutants

Galactosidase Cross-reacting material
Strain
No. Genotype
Non-induced Induced Non-induced Induced
1 otzt <0-1 100 — —_
2 otzt/Fotzy <0-1 105 <1 310
3 oczt 15 90 — —
4 otzt[FocCz <0-1 90 30 180
5 otzy [FoCzt 90 250 , <1 85
Galactosidase Galactoside-transacetylase
Non-Induced Induced Non-induced Induced
6 otztyt <0-1 100 <1 100
7 octzty+t 25 95 15 110
8 otztyy/Focztyt 70 220 50 160
9 otz1 yt/Focztyy 180 440 <1 220
10 itogeztyt <01 <01 <1 <1
11 1togqztyt|Fi—otzty* 1 260 2 240
12 1Botztyt[Fitocztyt 190 210 150 200

Bacteria are grown in glycerol as carbon source and induced when stated, with isopropyl-
thiogalactoside, 10-4 M. Values of galactosidase and acetylase are given as a percentage of those
observed with induced wild type. Values of CRM are expressed as antigenic equivalents of gal-
actosidase. Note that the proteins corresponding to the alleles carried by the sex factor aro ofton
produced in greater amount than that observed with induced haploid wild type. This is presumably
due to the oxistence of several copics of the F-Lac factor per chromosome. In 0¢ mutants, haploid
or diploid, tho absolute values of enzymes produced, especially in the non-induced cultures varies
greatly from day to day depending on the conditions of the cultures.
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(e} The operon

Turning now to this problem, we note that the ot mutation (like the i- mutation)
is pleiotropic: it affects simultaneously and quantitatively to the same extent, the
synthesis of galactosidase and acetylase (see Table 3, lines 7 and 8). The structure of
the operator, or operators, which controls the synthesis of the two proteins, therefore,
is controlled by a single determinant.{

Two alternative interpretations of this situation must be considered:

{a) A single operator controls an infegral property of the z-y genetic segment, or of
its eytoplasmic product.

(b) The specific product of the operator locus is able to associate in the eytoplasm,
with the products of the z and y cistrons, and thereby governs the expreszion of both
structural genes,

The second interpretation implies that mutations of the operator locus should
behave as belonging to a eistron independent of both the z and y cistrons. The first
interpretation requires, on the contracy, that these mutations behave funetionally as
if they belonged to both cistrons simullaneously. These alternative interpretations can
therefore be distinguished without reference to any particular physical model of
operator action by testing for the trans effect of o alleles, that is to say for the con-
stitutive vs inducible expression of the two structural genes in o' o¢ diploids, hetero-
zygous for one or both of these structural genes.

The results obtained with diploids of various structures are shown in Table 3. We
may first note that in diploids of constitution o*z+{Fot21 or otzy [Fotzt (lines 4 and 5),
both the normal galactosidase produced by the 2+ allele and the altered protein (CRM)
produced by the z,~ allele are formed in the presence of inducer, while in the absence of
inducer, only the protein corresponding to the z allele in position cis to the o® is produced.
The o therefore has no effect on the 2 allele in position trans. Or putting it otherwise:
the expression of the z allele attached to an o' remains fully repressor-sensitive even
in the presenee of an of in position frans. The o locus might be said to behave as
belonging to the same cistron as the z markers. But as we know already, the o®
mutation is cqually effective towards the acetylase which belongs to a eistron
independent of z, and not adjacent to the operator locus. The resulta shown in Table 3,
lines & and 9, confirm that the o—y relationship is the same as the o—= relationship,
that is, the effect of the of allele extends exclusively to the y allele in the cis position.
For instance, in the diploid o'z-y*+/Fotztyy the galactosidase is constitutive and the
acetylase is inducible, while in the diploid e*ztyy/Fotz'y" both enzymes are con-
stitutive.

These observations, predicted by the first interpretation, are incompatible with the
apeond and lead to the conclusion that the operator governs an integral property of
the genetic segment ozy, or of its eytoplasmic product (Jacob ef ial., 19600 ; Képds,
Monod & Jacob, 1961},

This leads to another prediction. Certain mutations of the o segment could modify
the operator in such a way as to inactivate the whole ozy segment resulting in the loss
of the capacity to synthesize both galactosidase and permease.

These 00" mutants would be recessive to o+ or 0%, and they would not be comple-
mented either by a*zty— or by ofz-y+ mutants. Several point-mutants, possessing

1 Lot us reeall ngnin that no non-pleistrepic constitutive mutants of any type hove been isolatoed
in this system, in spito of systematic screening for such mutanta.
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precisely these properties, have been isolated (Jacob ef al., 1960a). They all map very
closely to o, as expected (see Fig. 3). It is interesting to note that in these mutants
the i+ gene is functional (Table 3, lina 11), which shows clearly, not only that the i and
o mutants are not alleles, but that the o segment, while governing the expression of
the z and y genes, does not affeet the expression of the regulator gene.

MOCEL I Operator Structural
Regulatar gene gene genes
Fif _ID}'I: f — Genes
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Fro. 6. Models of the regulation of protein aynthesis.

In conclusion, the integral or co-ordinate expression of the esy genctie segment
signifies that the operator, which controls this expression, is and remains attached
(see Fig. 6):

{a) either to the genes themselves (Fig. 6, I),

{b) or to the cytoplasmic messenger of the linked z and y genes which must then be
assumed to form a single, integral, particle corresponding to the structure of the whole
ozy segment, and functioning as a whole (Fig. 6, II).

In the former case, the operator would in fact be identical with the o locus and it would
govern direetly the activity of the genes, i.e. the synthesis of the structural messengers,

Both of these models are compatible with the observations which we have discussed
g0 far. We shall return in the next section to the question whether the operator, i.e.
the site of specific interaction with the repressor, is genetic or eytoplasmic. In cither
case, the ozy segment, although containing at least two independent struetural genes,
governing two independent proteins, behaves as a unit in the transfer of information.
This genetic unit of co-ordinate expression we shall call the “operon” (Jacob ef al.,
1960a).

The existence of such a unit of genetic expression is proved so far only in the case
of the Lac segment. As we have already seen, the v mutants of phage A, while illustrat-
ing the existence of an operator in this system, de not define an operon (because the
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number and the funections of the structural genes controlled by this operator are
unknown). However, many gbservations hitherto unexplained by or even conflicting
with classical genetic theory, are immediately accounted for by the operon theory.
Tt is well known that, in hacteria, the genes governing the synthesis of different enzymes
spquentially involved in a metabolic pathway are often found to be extremely
closely linked, forming a cluster (Demerec, 1956). Various not very convineing
speculations have been advanced to account for this obvious correlation of genetic
gtructure and biochemical funetion (see Pontecorvo, 1058). Sinee it is now established
that simultaneous induction or repression also generally prevails in such metabolic
sequences, it scems very likely +hat the gene clusters represent units of co-ordinate
expression, i.e. operons.

We have already mentioned the fact that two inducible enzymes sequentially
involved in the metabolism of galactose by E. coli, galactokinase and UDP-galactose-
transferase, are simultaneously induced by galactose, or by the gratuitous inducer
p-fucose (Buttin, 1961). The genes which control specifically the synthesis of these
enzymes, i.e. presumably the structural genes, are closely linked, forming a cluster on
the E. coli chromosome, (Kalckar, Kurahashi & Jordan, 1958; Lederberg, 1960;
Yarmolinsky & Wiesmeyer, 1960; Adler, unpublished results.} Certain point-mutations
which oceur in this chromosome segment abolish the capacity to synthesize both
enzymes. These pleiotropic loss mutations are not complemented by any one of the
specific (structural) loss mutations, an observation which is in apparent direct conflict
with the one-gene one-enzyme hypothesis. These relationships are explained and the
conflict is resolved if it is assumed that the linked structural genes constitute an
operon controlled by a single operator and that the pleiotropic mutations are muta-
tions of the operator locus.

We have also already discussed the system of simultaneous repression which
controls the synthesis of the enzymes involved in histidine synthesis in Salmonella.
This system involves eight or nine reaction steps. The enzymes which catalyse five
of these reactions have been identified. The genes which individually determine these
enzymes form a closely linked eluster on the Salmonella chromosome. Mutations in
each of these genes result in a loss of capacity to synthesize a single enzyme; however,
certain mutations at one end of the cluster abolish the capacity to synthesize all the
enzymes simultaneously, and these mutations are not complemented by any one of
the specific mutations (Ames, Garry & Herzenberg, 1960; Hartman, Loper & Serman,
1960). It will be recalled that the relative rates of synthesis of different enzymes in
this sequence are constant under any set of conditions (see p. 327). All these
remarkable findings are explained if it is assumed that this cluster of genes
constitutes an operon, controlled by an operator associated with the g
cistron.

The rule that genes controlling metabolically sequential enzymes constitute genetic
clusters does not apply, in general, to organisms other than bacteria (Pontecorvo,
1958). Nor does it apply to all bacterial systems, even where simultaneous repression
is known to oceur and to be controlled by a single regulator gene, as is apparently
the case for the enzymes of arginine biosynthesis. In such cases, it must be supposed
that several identieal or similar operator loci are responsible for sensitivity to re-
pressor of each of the independent information-transfer systema.

Tt is clear that when an operator controls the expression of only a single structural
cistron, the concept of the operon does not apply, and in fact there are no conceivable
genetic-biochemical tests which could identify the operator-controlling genetic
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segment as distinct from the structural cistron itself.f One may therefore wonder
whether it will be possible experimentally to extend this concept to dispersed (as
opposed to clustered) genetic systems. It should be remarked at this point that
many enzyme proteins are apparently made up of two (or more) different polypeptide
chains. It is tempting to predict that such proteins will often be found to be eontrolled
by two (or more) adjacent and co-ordinated structural cistrons, forming an operon.

5. The Kinetics of Expression of Structural Genes, and the Nature of the
Structural Message

The problem we want to diseuss in this section is whether the repressor-operator
system functions at the genetic level by governing the synthesis of the structural
message or at the cytoplasmic level, by controlling the protein-synthesizing activity of
the messenger (see Fig. 6). These two conceivable models we shall designate respec-
tively as the “genetic operator model” and the “eytoplasmic operator model.”

The existence of units of co-ordinate expression involving several structural genes
appears in fact difficult to reconcile with the cytoplasmic operator model, if only
because of the size that the cytoplasmic unit would have to attain. If we assume that
the message is a polyribonucleotide and take a coding ratio of 3, the “unit message’
corresponding to an operon governing the synthesis of three proteins of average
(monomeric) molecular weight 60,000 would have a molecular weight about 1-8x 10%;
we have seen that operons including up to 8 structural eistrons may in fact exist. On
the other hand, RNA fractions of . coli and other cells do not appear to include
polyribonucleotide molecules of molecular weight exceeding 108,

This difficulty is probably not insuperable; and this type of argument, given the
present state of our knowledge, cannot he considered to eliminate the eytoplasmic
operator model, even less to establish the validity of the genetic model. However, it
seems more profitable tentatively to adopt the genetic model and to see whether some
of the more specific predictions which it implies are experimentally verified,

The most immediate and also perhaps the most striking of these implications is
that the structural message must be carried by a very short-lived intermediate both
rapidly formed and rapidly destroyed during the process of information transfer.
This is required by the kinetics of induction. As we have secn, the addition of inducer,
or the removal of co-repressor, provokes the synthesis of enzyme at maximum rate
within a matter of a fow minutes, while the removal of inducer, or the addition of
co-repressor interrupts the synthesis within an equally short time. Such kinetics are
incompatible with the assumption that the repressor-operator interaction eontrols the
rate of synthesis of stable enzyme-forming templates (Monod, 1956, 1958). Therefore,
if the genotic operator model is valid, one should expect the kineties of structural gene
expression to be essentially the same as the kinetics of induction: injection of a “new™
gene into an otherwise competent cell should result in virtually immediate synthesis of
the corresponding protein at maximum rate; while removal of the gene should be
attended by concomitant cessation of synthesis.

+ It should be pointed out that the operationel distinction botwesn the operator locus and tha
structursl cisteon to which it is directly adjacont reats exclusively on the faot that the operator
mutations affact the synthesis of several proteins governed by linked ecistrons. This doea not
exclude the posaibility that the operator locus is actually part of the structural cistron to which it
is “adjacent.” If it were s, one might expoct certain constitutive operstor mutations to invelve an
alteration of the structure of tho protein governod by the “adjscent” cistron. The evidenas
available at present is insufficient to confirm or eliminate this assumption.
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{a) Kinetics of expression of the galactosidase siructural gene

Additions and removals of genes to and from cells are somewhat more difficult to
perform than additions or removals of inducer. However, it can be done. Gene
injoetion without cytoplasmic mixing occura in the conjupation of Hfr male and F-
female E. coli. In a mixed male and female population the individual pairs do not all
mate at the same time, but the distribution of times of injection of a given gene can be
rather accurately determined by proper genctic mothods. The injection of the z*
{galactosidase) gene from male cells into galactosidase-negative (z-) fernale cells is
rapidly followed by enzyme synthesis within zygotes (ef. p. 332). When the rate of
enzyme aynthesis in the population is expressed as a function of time, taking into
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Fra. 7. Kinetics of enzymae production by merozygotes formed by conjugation botween inducible
grlactosidnac-positive meles and constitutive galactosidase-negative females. Conditions sre auch
thet only the zygotes con form enzyme. Incroaso in the numbor of ¥ containing zygotes is deter-
mined by counting recombinnnts on adeguate aclective medinm, Formation of enzyme i followed
by enzyme activity measurermenta on the total population, It is scen that tho enzyme ineroases
linearly with the aquars of time. Since the zygote populstion increases linearly with time, it is
apparent that the rato of ensyme syntheaia per sygote is constant from the tims of penetration of
the z* gone. (From Riley ef al., 1960.)

account the increase with time of the number of =+ containing zypotes, it i3 found
(sec Fig. 7):

(1) that cnzyme synthesis beging within two minutes of the penetration of the
zt gene;

{2} that the rate por zygote is constant and maximum over at least the first 40 min
following penetration (Riley, Pardee, Jacob & Monod, 1960).

These observations indicate that the structural messenger is very rapidly formed by
the 2+ gene, and does not accumulate. This eould be interpretated in one of two ways:

{a) the structural messenger is a short-lived intermediate;

ib) the structural messenger is stable, but the gene rapidly forms a limited number
of messenger molecules, and thereaftor stops functioning.

If the second assumption is eorrcet, removal of the gene after the ineeption of
enzyme synthesis should not prevent the synthesis from continumg. This possibility
is tested Ly the “removal” cxperiment, which is performed by loading the male
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chromosome with **P before injection. Following injection (into unlabelled female
oells), ample time (25 min) is allowed for expression of the z+ gene, before the zygotes
are frozen to allow 2P decay for various lengths of time. The rate of galactosidase
synthesis by the population is determined immediately after thawing. It iz found to
decrease sharply as a function of the fraction of 3P atoms decayed. If a longer
period of time (110 min) is allowed for expression before freezing, no decrease in either
enzyme-forming capacity or in viability of the z* marker are observed. This is to be
expected, sinco by that timo most of the z* genes would have replicated, and this
obscrvation provides an intornal control showing that no indireet effects of 221
disintegrations are involved.

This experiment thereforo indicates that oven after the =* gene has become expressoed
its integrity is required for onzyme synthesis to continue, as expected if the messenger
molecule is a short-lived intermediate (Riley et al., 19460).

The interpretation of both the injection and the removal experiment rests on the
assumption that the observed effects are not due to (stable) cytoplasmic messenger
molecules introduced with the genetic material, during conjugation. As we have
already noted, there is strong evidenco that no cytoplasmic transfer, even of small
molecules, oscurs during eonjugation. Furthermore, if the assumption were made that
enzyme synthesis in the zygotes is due to pre-formed messenger molecules rather than
to the activity of the gene, it would be exceedingly difficult to account for both (a) the
very precise eoinecidence in time between inception of enzyme synthesis and entry
of the geno (in the injection experiment) and (b) the parallel behaviour of enzyme-
forming capacity and genotic viability of the 2+ gene (in the removal cxperiment).

These experiments thorefore appear to show that the kinetics of expression of a
structural geno are entirely similar to the kinetics of induction-repression, as expectod
if the operator controls the activity of the gone in the synthesis of a short-lived
messenger, rather than the activity of a ready-made (stable) messonger molecule in
aynthesizing protein,

It is interesting at this point to recall the fact that infoction of K. coli with virulont
{11, T2, T4) phage is attendod within 2 to 4 minutes by inhibition of bacterial protein
synthesis, including in particular 8-galactosidase (Cohen, 1949; Monod & Wollman,
1947; Benzor, 1953). It is known on tho other hand that phage-infoction results in
rapid visible lysis of bacterial nuelei, while no major destruction of pre-formed
bacterial RNA appears to oceur {Lurin & Human, 1950). It scems very probable that
the inhibition of specific bacterial protein synthesis by virulent phago is due essentinlly
to the depolymerization of bacterial DNA, and this conclusion also implies that the
intogrity of bactorial genes is required for continued aynthesis of bacterial protein.
In confirmation of this interpretation, it may be noted that infection of E. coli by
phage A, which docs not result in destruction of bacterial nuclei, allows §-galactosidase
synthesis to continue almost to the time of lysis (Siminovitch & Jacob, 1952),

(b) Structural ¢ffects of base analogs

An entirely different type of experiment also leads to the conclusion that the strue-
tural messonger is a short-lived intermodiate and suggests, furthermore, that this
intermediate is a ribonuclootide. It is known that certain purine and pyrimidine
analogs are incorporated by bacterial eells into ribo- and deoxyribonucleotides, and it
has been found that the synthesis of protein, or of some proteins, may be inhibited in
the prescnce of certain of those analogs, One of the mechanisms by which these effects
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could be explained may be that certain analogs are incorporated into the structural
messenger. If so, one might hope to ohserve that the molecular structure of specifie
proteins formed in the presence of an analog is modified. It has in fact been found that
the molecular properties of f-galactosidase and of alkaline phosphatase synthesized
by E. coli in the presence of 5-fluorouracil (3FU) are strikingly altered. In the case of
g-galactosidase, the ratio of enzyme activity to antigenic valency is decreased by 809,
In the case of alkaline phosphatase, the rate of thermal inactivation (of this normally
highly heat-resistant protein) is greatly increased (Naono & Gros, 1960a.b; Bussard,
Naono, Gros & Monod, 1960).

Tt can safely be assumed that such an effect cannot result from the mere presenco
of 5FU in the cclls, and must reflect incorporation of the analog into a constituent
involved in some way in the information transfer system. Whatever the identity of
this constituent may be, the kineties of the effect must in turn reflect the kinetics of
5FU incorporation into this constituent. The most remarkable feature of the SFU
effect is that it is almost immediate, in the sense that abnormal enzyme is synthesized
almost from the time of addition of tho analog, and that the degree of abnormality
of the moleenlar population thereafter synthesized does not inerease with time. For
instanee, in the caso of galactosidase abnormal eneyme is synthesized within 5 min of
addition of the analog, and the ratio of enzyme activity to antigenic valency remains
eonstant thercafter. In the case of alkaline phosphatase, the thermal inactivation
curve of the abnormal protein synthesized in the presence of 5FU is monomolecular,
showing the molecular population to be homogeneously abnormal rather than made up
of & mixture of normal and abnormal molecules. It is clear that if the constituent
responsible for this effect were stable, one would expect the population of molecules
made in the presence of 5FU to be heterogeneous, and the fraction of abnorma
molecules to increase progressively. It follows that the responsible constituent must
be formed, and also must decay, very rapidly.

Now it should be noted that, besides the structural gene-synthesized messenger,
the information transfor system probably invelves other constituents responsibile for
the correct translation of the message, such as for instance the RNA fractions involved
in amino acid transfer. The 5FU effect could be due to incorporation into one of these
fractions rather than to incorporation into the messenger itself. However, the con-
vergence of the results of the different experiments discussed above strongly suggests
that the 5FU effect does reflect a high rate of turnover of the messenger itsclf,

(c) Messenger RN A

Accepting tentatively these conelusions, let us then consider what propertics would
be required of a cellular eonstituent, to allow its identifieation with the structural
messenger. These gualifications basod on general assumptions, and on the results
dizcussed above, would be as follows:

(1) The “candidate” should be a polynueleotide.

{#) The fraction would presumably be very heterogeneous with respect to molecular
weight. However, assuming a eoding ratio of 3, the average molecular weight would not
be lower than 5 x 105

{3) It should have a base composition refleeting the base composition of DNA.

(4) Tt should, at least temporarily or under certain conditions, be found associated
with ribosomes, since there are good reasons to believe that ribosomes are the seat
of protein synthesis.
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(5) It should have a very high rate of turnover and in particular it should saturate
with 5FU within less than about 3 min.

It is immediately evident that none of the more classically recognized cellular ENA
fractions meets these very restrictive qualifications. Ribosomal RNA, frequently
assumed to represent the “template” in protein synthesis, is remarkably homogeneous
in molecular weight. Its base composition is similar in different species, and does not
reflect the variations in base ratios found in DNA. Moreover it appears to be entirely
stable in growing cells (Davern & Meselson, 1960). It incorporates 5FU only in
proportion to net increase.

Transfor BNA, or (sRNA) does not reflect DNA in base composition. 1ts average
molecular weight is much lower than the 53 10° required for the messenger, Except
perhaps for the terminal adenine and cytidine, its rate of incorporation of bases,
including in particular 5FU, is not higher than that of ribosomal RNA.

However, a small fraction of RNA, first observed by Volkin & Astrachan (1857) in
phage infected E. coli, and recently found to exist also in normal yeasts (¥éas &
Vincent, 1960) and coli (Gros, e al., 1861), does seem to meet all the gualifications
listed above.

This fraction (which we shall designate “messenger RNA" or M-ENA) amounts to
only about 3% of the total RNA; it can be separated from other RNA fractions by
column fractionation or sedimentation (Fig. 8). Its average sedimentation veloeity
coefficient is 13, corresponding to & minimum molecular weight of 3 108, but zince
the molecules are presumably far from spherical, the maolecular weight is probably
much higher, The rate of incorporation of **I', uracil or BFU into this fraction is
extremely rapid: half saturation is observed in less than 30 sec, indicating a rate of
synthesis several hundred times faster than any other RNA fraction. Its half life is
also very short, as shown by the disappearance of radioactivity from this fraction
in pre-labelled eclls. At high concentrations of Mg?+ ((0-005 M) the fraction tends to
associate with the 70s ribosomal particles, while at lower Mg?+ concentrations it
sediments independently of the ribosomal particles {Gros et al., 1961).

The striking fact, discovered by Volkin & Astrachan, that the baso-composition of
this fraction in T2-infected cells reflects the base composition of phage (rather than
bacterial) DNA, had led to the suggestion that it served as o precursor of phage DINA
The agreement between the proporties of this fraction and the properties of a short-
lived structural messenger suggests that, in phage infected cells as well as in normal
cells, this fraction served in fact in the transfer of genetic information from phage DNA
to the protein synthesizing centers. This assumption implics that the same protein-
forming centers which, in uninfected cells, synthesize bacterial protein, also serve in
infected eells to synthesize phage protein according to the new structural information
provided by phage DNA, via M-RNA. This interpretation is strongly supported by
recent observations made with T4 infected E. coli. (Brenner, Jacoh & Meselson, 1961).

Uninfected cells of E. coli were grown in the presence of **N. They were then infected
and resuspended in N medinm. Following infection, they were exposed to short
pulses of 22P or ¥5, and the ribosomes were analysed in density gradients. It was found:

(1) that no detectable amounts of ribosomal RNA were synthesized after infection;

(2) labelled M-ENA formed after infection became associated with unlabelled rilwo-
somal particles formed before infection;

(3) newly formed (i.e. phage-determined) protein, identified by its 38 content, was
found associated with the 70s particles before it appeared in the soluble protein
fraction.
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These observations strongly suggest that phage protein is synthesized by bacterial
ribosomes formed before infeetion and associated with phage-defermined M-RNA.
Since the structural information for phage protein could not reside in the bacterial
ribosomes, it must be provided by the M-RNA fraction.
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Fic. & Incorporation and turnever of uraeil in messenger RNAL K. coli growing cxponontinlly
in broth were incubated for 5 sec with [2%C]-uraeil. The bacteria were contrifuged, washed and
resuspended in the originsl volume of the mune medium containing 1-fold excess of [12C]-uracil.
Half the bacteria were then harvested snd frozen (I) and the romainder wero incubated for
15 min st 37°C {11} prioe to harvesting and freezing. The frozen samples wore ground with alumina
and extracted with tris buffer (2-amine-2 hydroxymethylpropane-1: 3-diol} containing 10—*a-Mg,
treated with DN ose and applied to o sucrose gradient. Aftor 3 hr, sequentinl sumplea were token for
determination of radioactivity and sbsorption at 200 mg. It muay boe seen (part I) that after 5 see,
M-IRNA is the only labelled freetion, and that subsoquently (part IT) uracil incorporated into
M.KMNA i8 entirely renowed., {From Groa et al, 1961}

Finally, the recent experiments of Lamfrom (1961) independently repeated by Kruh,
Rosa, Dreyfus & Schapira (1961) have shown dircetly that species specificity in the
synthesis of haemoglobin is determined by a “soluble” ENA-containing fraction rather
than by the ribosomal fraction. Lamfrom used reconstructed systems, containing
ribosomes from one species (rabbit) and soluble fractions from another (sheep) and
found that the haemoglobin formed in vitro by these systems belonged in part to the

I. BIOCHEMICAL GCENETICS

131



132

362 F. JACOB AND J. MONOD

type characteristic of the species used to prepare the soluble fraction. It is not, of
course, positively proved that infer-specific differences in haemoglobin structure are
gene-determined rather than cytoplasmic, but the assumption seems safe enough.
In any case, Lamfrom’s experiment proves beyond doubt that the ribosomes cannot
be considered to determine entirely (if at all) the specific structure of proteins,

We had stated the problem to be discussed in this section as the choice between
the genetic operator model and the eytoplasmic operator model. The adoption of the
genetic operator model implies, as we have seen, some very distinctive and specifie
predictions concerning the behaviour of the intermediate responsible for the transfer
of information from gene to protein. These predietions appear to be borne out by a
considerable body of evidence which leads actually to a tentative identification of the
intermediate in question with one particular RNA fraction. Even if this identification
is confirmed by direct experiments, it will remain to be proved, also by direct experi-
ments, that the synthesis of this “M-RNA" fraction is controlled at the genetic level by
the repressor-operator interaction.

6. Conclusion

A convenient method of summarizing the conclusions derived in the preceding
sections of this paper will be to organize them into & model designed to embody the
main elements which we were led to recognize as playing a specific role in the control
of protein synthesis; namely, the structural, regulator and operator genes, the operon,
and the cytoplasmic repressor. Buch a model could be as follows:

The molecular strocture of proteins is determined by specific elements, the strucfural
genes, These act by forming a eytoplasmic “transeript’” of themselves, the structural
messenger, which in turn synthesizes the protein. The synthesis of the messenger by
the structural gene is a sequential replicative proeess, which can be initiated only at
certain points on the DNA strand, and the cytoplasmie transeription of several, linked,
structural genes may depend upon a single initiating point or operator. The genes
whose activity is thus co-ordinated form an eperon.

The operator tends to combine (by virtue of possessing a particular base sequence)
specifically and reversibly with a certain (RNA) fraction possessing the proper (com ple-
mentary) sequence, This combination bloeks the initiation of eytoplasmic transeription
and therefore the formation of the messenger by the structural genes in the whole
operon. The specific “repressor” (RNA?), acting with a given operator, is synthesized
by a regulator gene.

The repressor in certain systems (inducible enzyme systems) tends to combine
apecifically with certain speeific small molecules. The eombined repressor has no
affinity for the operator, and the combination therefore results in activation of the
operomn.

In other systems (repressible enzyme systems) the repressor by itself is inactive
{i.e. it has no affinity for the operator) and is activated only by combining with certain
specific small molecules. The combination therefore leads to inhibition of the operon.

The structural messenger is an unstable molecule, which is destroyed in the process
of information transfer. The rate of messenger synthesis, therefore, in turn eontrols
the rate of protein synthesis,

This model was meant to summarize and express conveniently the properties of
the different factors which play a specific role in the control of protein synthesis. In
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order coneretely to represent the functions of these different factors, we have had to
introduce some purely speculative assumptions, Let us elearly discriminate the experi-
mentally established conclusions from the speculations:

{1) The most firmly grounded of these conelusions is the existence of regulator genes,
which control the rate of information-transfer from structural genes to proteins,
without contributing any information to the proteins themsclves. Let us briefly recall
the evidence on this point: mutations in the structural gene, which are reflected as
alterations of the protein, do not alter the regulatory mechanism, Mutations that
alter the regulatory mechanism do not alter the protein and do not map in the
structural genes. Structural genes obey the one-gene one-protein principle, while
regulator genes may affect the synthesis of several different proteins.

{2) That the regulator gene acta via & specific eytoplasmic substance whose effect is
to inhibit the expression of the structural genes, is equally clearly established by the
trans offect of the gene, by the different properties exhibited by genetically identical
zygotes depending upon the origin of their eytoplasm, and by the fact that absence of
the regulator gene, or of its product, results in uncontrolled synthesis of the protein
at maximum rates,

(3) That the produet of the regulator gene acts directly as a repressor (rather than
indirectly, as antagonist of an endogenous inducer or other activator) is proved in the
case of the Lac system (and of the A lysogenic systems) by the properties of the domi-
nant mutants of the regulator,

(4) The chemical identification of the repressor as an RNA fraction is a logical
assumption based only on the negative evidenece which indicates that it ia not a protein.

{5) The existence of an operator, defined as the site of action of the repressor, is
deduced from the existence and specificity of action of the repressor. The identifica-
tion of the operator with the genetic segment which controls sensitivity to the re-
pressor, is strongly suggested by the observation that a single operator gene may
control the expression of several adjacent structural genes, that is to say, by the demon-
stration of the operon as a co-ordinated unit of genetic expression.

The assumption that the operator represents an initiating point for the eytoplasmic
transeription of several structural genes is a pure speculation, meant only as an
illustration of the fact that the operator controls an integral property of the group
of linked genes which form an operon. There is at present no evidence on which to
base any assumption on the molecular mechanisms of the operator.

{6) The assumptions made regarding the interaction of the repressor with inducera
of co-roprossors are among the weakest and vaguest in the model. The idea that specific
coupling of inducers to the repressor could result in inactivation of the repressor
appears reasonable enough, but it raises a difficulty which we have already pointed
out. Since this reaction between repressor and inducer must be stereospecific (for both)
it should presumably require a specific enzyme; yet no evidence, genetic or bio-
chemieal, has been found for such an enzyme.

{7) The property attributed to the structural messenger of being an unstable
intermediate is one of the most specific and novel implications of this-scheme; it is
required, let us recall, by the kinetics of induction, once the assumption is made that
the control systems operate at the genetic level. This Jeads to a new concept of the
mechanism of information transfer, where the protein synthesizing centers (ribosomes)
play the role of non-specific constituents which can synthesize different proteing,
according to specific instructions which they receive from the genes through M-ENA.
The already fairly impressive body of evidence, kinetic and analytical, which supports
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this new interpretation of information transfor, is of great interest in itaslf, even if
some of the other assumptions included in the scheme turn out to be incorrect.

These conclusions apply strictly to the bacterial systems from which they were
derived; but the fact that adaptive enzyme systems of both types (indueible and
ropressible) and phage systems appear to obey the same fundamental mechanisms
of control, involving the same essential elements, argues strongly for the generality of
what may be callod “repressive genetic regulation” of protein synthesis.

One is led to wonder whether all or most structural genes (i.e. the synthesis of most
proteins) are submitted to repressive regulation. In bacteria, virtually all the enzyme
systems which have been adequately studied have proved sensitive to inductive or
reprossive effects, The old idea that such effeets are characteristic only of “non-
essential” enmymes is certainly incorrect (although, of course, these cffeets can be
detected only under conditions, natural or artificial, such that the systom under study
is at least partially non-essential (gratuitous). The results of mutations which abolish
the control (such as constitutive mutations) illustrate its physiological importance,
Constitutive mutants of the lactose system synthesize 6 to 79, of all their proteins as
A-galactosidase. In constitutive mutants of the phosphatase system, 5 to 69 of the
total protein is phosphatase. Similar fipures have been obtained with other constitutive
mutanta, It is clear that the cells could not survive the breakdown of more than two
or three of the control systems which keep in pace the synthesis of enzyme proteins.

The oceurrence of inductive and repressive effects in tissues of higher organisms
has been observed in many instances, although it has not proved possible so far to
analyse any of these systems in detail (the main difficulty being the ereation of eon-
trolled conditions of gratuity). It has repeatedly been pointed out that enzymatie
adaptation, as studied in miero-organisms, offers a valuable model for the interpretation
of biochemical co-ordination within tissues and between organs in higher organisma,
The demonstration that adaptive effects in micro-organisms are primarily negative
(reprossive), that they are controlled by functionally specialized genes and operate at
the genetic level, would seem greatly to widen the possibilities of interpretation. The
fundamental problem of chemical physiclogy and of embryology is to understand why
tissue cella do not all express, all the time, all the potentialities inherent in their genome.
The survival of the organism requires that many, and, in some tissues most, of these
potentialities be unexpressed, that iz to say repressed. Malignaney is adequately
described as a broaldown of one or several growth controlling systems, and the genetic
origin of this breakdown can hardly be doubted,

According to the strictly structural concept, the genome is considered as a mosaie
of independent molecular blue-prints for the building of individual eellular con-
stituents. In the execution of these plans, however, co-ordination is evidently of
ahsolute survival value. The discovery of regulator and operator genes, and of re-
pressive regulation of the activity of structural genes, reveals that the genome
contains not only a series of blue-prints, but a co-ordinated program of protein
synthesiz and the means of controlling its execution.
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