The Operon: A Group of Genes

sidase and of the galactoside-permease, seemed to correspond to medifications of
the hypothetical operator. It will be recalled that three distinct genes have been
recognized in this system: (1) y, the gene for structure of the galactoside-permease;
(2) z, the gene for structure of the g-galactosidase, of which certain alleles permit
the synthesis of a modified, enzymatically-inactive protein, Cz; and (3) 1, the
regulator gene synthesizing & repressor specific for the system. These three genes
are closely linked. It will further be recalled that bacteria which are diploid for
the genes of this group can be obtained by transfer of sex factors (F) having
incorporated the corresponding fragment of the bacterial genome (F-lac) .

Units of galactosidase and of Cz protein [cf. (3)] expressed as the percentage of the
amount found for the allele present on the chromosome in induced bacteria.

__Units of -perme&swﬁ/@)}-ﬁ-panenﬁagapi the amount found in i_xlcﬁx‘cgd’ bacteria.
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According to their characters, the mutations 0° and o° seem to affect a genetic
element which is not expressed by an tndependent cytoplasmic product. The
remarkable properties of these mutations are inexplicable according to the
“classical” concept of the gene for structure and distinguish them equally from
mutations affecting the regulator gene, i. On the other hand, they conform to the
predictions arising from the hypothesis of the operator. Several simple defective
mutations, having a pleiotrophic, coordinated effect, and non-complementable,
have been described for other bacterial systems, in particular for the metabolism
of galactose®). We suggest that these mutations could affect an operator.

The hypothesis of the operator implies that between the classical gene, inde-
pendent unit of biochemical function, and the entire chromosome, there exists an
Intermediate genetic organization. The latter would include the wnits of coords-
nated expression (operons), comprising an operator and the group of genes for
structure which it coordinates. Each operon would be, through the intermedia-
tion of the operator, under the control of a repressor whose synthesis would be
determined by a regulator gene (not necessarily linked to tHe group). The
repression would be exercised either directly at the level of the genetic material,
or at the level of “cytoplasmic replicas’’ of the operon. This hypothesis would
explain the correlation which is very generally observed in bacteria between
functional association and genetic linkage for the sequential enzyme systems.
It has other verifiable consequences, notably that the enzymes of a sequence gov-
erned by the same operator should not be separately induced .
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Ve . 2 A Deletion Analysis of the Lac Operator Region in

Escherichia coli

B-galactosidase (2), galactoside permease (y) and galactoside transacetylase, are

“specified by the lac region of the chromosome. The level of these enzymes is co-
/ ordinately controlled by a cytoplasmic repressor produced by the i gene which is
/ closely linked to the structural genes for the enzymes. The site of action of the
( repressor has been determined by the isolation of mutants (o) whjgl‘”h'&m_l_ggg{g the
: sensitivitz_tolepressgr, and which thus _produce B-galactosid

to tosidase_constitutivelyin
the presence of repressor. ‘These mutants-are very closely linked %6 2~ mutations
mapping at the beginning of the z gene. Another class of mutants, o9, also mapping
< in this area, shuts off the production of all three enzymie activities of the lac region.
Tt has been proposed that o® and o® mutations together define the operator, not
only as the site of action of the repressor, but also as the initiation site for the tran-
2. scription of messenger-RNA from the structnral genes. A group of genes thus con-

e trolled is termed an operon. T———
: ¥ gt 7 In this paper it will be shown that the operator, defined as the site of repression
- -, of the operon, does not lie in the same region in which o® mutants are found. This
" conclusion has been reached from a study of various deletion mutants of the lac

genes. Mutants carrying deletions of different segments of the lac region have been

isolated from o mutants ]midé&g on of z— ¢t revertantson meli biose-agar (Beckwith,

1963, 1964). Two o° strains, 02 (ji*o"l,aiﬁ;Q;Xif@f;}}ﬁéi@é;éﬁﬁaied. Some of
the| 2 yt }evgghéntsz@‘gﬁ;ﬁbmﬂéieﬁdhs within the lac region; the remainder arise
as & Tesult-of mutatio s at unlinked suppressor loci. The two classes of revertants
o can be easily distinguished from each other, since only the deletions abolish the basal
A L Jevel of B-galactosidase activity present in the o® mutants (Table 1) and do not
- further revert to lact phenotype. With the exception of M}lg@_lﬂg@ni could
_be showmconw&ie;@iqg@yfgggg failure to give Tactrecombinants with other

lac= point mutants (Fig. 1). B
; Al of the deletions, except M12 and M112, include all four o° mutants tested
e (Fig. 1). The extent of these deletions was further determined by examining them
-~ for deletion of the ; gene, the nearest known marker to the operator end of the operon.
J SinEg‘,mﬁs%\oﬂhﬂgmrevertax_lfgpygere,Tdﬁ:rgggdzfljgm .an i~ o° strain, it -was_necessary to
- use genetic techniques ta_determine the presence or-absence of the 4 gene. The
mutants were crossed with Hfr strains. of genetic constitution + with of rever-
" —tants) or i"'z_“(w'i’fﬂro*l’m revertants), and the 1@B§§@i:ofthem ?{é{)’iﬁbinants
was tested. As Jacob & Wollman (1961) have demonstrated,;negatjzg interference
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~ in the lac region is extensive, so that a high proportion of Igpog;hixl@gt,EN resulting -
_ from crossovers between two lac™ mutants wi have a second crossover in the same
_regionm. Thus, if the i gene is still present in these deletions, a fraction of the lac+
_ recombinants from such crosses will have incorporated the ¢ character of the revertant
Jusions from these experiments-are

 girain as a result’of 2 second; Crossover. The conc

i
o

; TABLE 1

]
Strain | B-Galactosidase Permease  Repressibility’
| /

ced by a constitutive strain. The

All activities are in terms of per cent of the amount produ
the bacteria for 25 min with 2x 107 s-orthonitrophenyl-

- permease was assayed by incubating
ﬁ-])-galactoside, glycerol—s)mthetic medium and 1 pg/ml. chloramphenicol. Ordinarily, 25 ml. of
ed. After incubation the cells were

bacterial culture with & density of 3x10° cells/ml. was us
ded in 2 ml. cold 5% grichloroacetic acid. The trichloroacetic acid

- centrifuged and resuspen

precipitate was centrifuged and the supernatant made basic with 0-35 ml. 6x-KOH. The basic
solution was heated in & boiling-water bath for 3 min, thus hydrolysing the orthonitrophenyl-
B—D-galmtoside to orthonitrophenol. The orthonitrophenol concentration was measured colori-
metrically at 420 mp and a correction of 1:75X 0.D-550mu was subtracted from this reading. ;
The mutant, 03, was used as & control. This assay can only be used with mutants which lack
B-galactosidase activity. All of the revertants, with the exception of 03-M31, carry deletions in the

lac region.

illustrated in Eig.”},_'_IfﬁyeAApgquljtiq1140f Jact recombinants having the i character of
the ¢° mutant from Which'thedeletioné ‘were derived was high (15 to 289%,) in M15,
M111 and M12 (M112 was not tested). In the others, no such recombinants were
found; in particular, 250 lact recombinants from M116 were tested and none was
_found to ) exhibit the i~ phenohypé “of the % utant. Thus, some of the strains still
carry an intact i gene, while “others have deletions extending either into or beyond
the 4 gene. S E :

If the o® mutations lie in the repressor-sensitive site, then it would be expected

ihéfrffévem‘ﬁﬁ?:wiﬁmmeﬁﬁﬁﬁs of this-region ould no Tonger yespond to
repressor. Several ¢ ofiheQ@iWMGpmwmﬁim presence
— of the wild-type ¢+ gene. Diploids with the genetic constitution iyt F-itzyE
“were constructed aﬁﬁ*ﬁéﬁ%ﬁﬁﬁﬁ@jgp}gggibj}i@f@i '§h£pér’1ﬁeas§af;ﬁéléﬁdn Ml5,
which debtﬁs‘@@@{@ s still sensitive to i-produc{éél’)jg’ggiqg7(Tab1/e 1). In
addition, Mi2, which is in a sense complementary o M15, since it d tes the rest
of the z gene and not Lo o0 mutations.is also Tepressible. These results indicate that
/1o part of the 2 ene as defined by 2 and ¢° mutations is involved in the sensi- _
Yivity to repressor. It might be argued that the permease gene has its own repressor-
Wiﬁsﬁﬁ?}; an interpretation, however, is eliminated by the finding thatina
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revertant, M116, carrying an extensive deletion including the 5 gene, the permease is
no longer repressible. Revertant M116 deletes the operator (repressor-sensitive site) while
M15 does not. Thus the operator must lie beyond the furthest known lac— mutation
(09,) at the beginning of the z gene. If the operator is still part of the structural gene,

then it must be either extremely small or unusually insensitive to mutational altera-
tion. Alternatlvely, since no z~ or o® mutations have been found in this region, it is
possible that the operator is a separate locus from the structural gene (see Fig. 1).
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y~ markers indicated here. Mutant 177 maps outside deletion M12 (Jacob, personal communi-

cation). Revertant M112 gives recombinants with all lac— mutants tested to date. The deletion
mutants, M22 and M23, were isolated from 0%,4; the rest were derived from 0. Mutants w, 118,
2 and 84 have all been classified o°. .

F1a. 1. The exient of deletions in the lac region. The deletions were mapped using the z— and

The finding that revertants M15 and M111, which retain the intact operator,
delete all o® mutations without strongly affecting the rate of permease production
< indicates that the o® mutations-do not define a site essential for the initiation of the
: : ] Afl transeription of messenger-RNA from the ~operon. This site, like the operator must
v Ok “he-beyend’the furthest known lac— mutation at the ‘beginning of the z gene. There
#7%>js no evidence, at present, to distinguish the initiation site from the operator. The
"’} deletions which remove the operator and the ¢ gene (Fig. 1) should also delete the
%mtlatlon site, and it must then be proposed that, in these strains, the permease is
;\eonnected to an adjacent operon with its own initiator sxte The characteristic lower
" rate of permease production (25%) in these extended deletmns suggests that the
permease gene has come under the control of a new initiation site and/or- operator,
#y- Tunctioning more slowly than the comparable sites of the lac operon. Such a mecha-
nism has been proposed in the case of revertants of a histidine 0® mutant (Ames,
Hartman & Jacob, 1963).
It appears that o® mutations do not map in the e operator nor do they define a

sﬂamse;gl;@jg the transeription of messenger-RNA from the operon. Therefore,

L it seems quite likely that they-areonly extreme examples of polar mutants found
W _~in the z gene (Franklin & Luria, 1961; Ja.cob & Monod 1961) and that they lie

which indicates that the. Mmﬁtmns L».“Hﬂnjltih&procesmu_
of Sine messenger-RNA mformatlon into protem (Beckwﬂ:h 1964)
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