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ABSTRACT
The specific involvement of the lac repressor (i-gene
product) in acute transient catabolite repression has been
investigated using temperature éentitive control mutants of
the i-gene (1). These mutants, while normally inducible at

.llow temperatures (32 C), become iﬁcreasingly'phenotypically
constitutive as the growth temperature is raised towards
42 C. One mutant (iTSS) was believed to have an impaired
synthesis of the«repressor molecule at high temperatures;

" such cells continue to show acute transient catabolite
repression. In a second mutant (iTLy fhe'repressor itself
is unstable at 42 C; at this temperature the cells are about
25% constitutive, and fail to show the transient repression
phenomenon with glucose. |

Further examination of the status of Tepressor in these’
strains was carried out using o-nitrophenyl-g-D-fucoside
(ONPF), a substance which represses induced enzyme synthesis
in the lac system.  The iTSS mutant at 42 C showed repression
with ONPF, and this was parfiy reveréible by isopropyl-thio=-

‘B%D-galactoside (IPTG), a power{ul inducer., This strain thus
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contains a repreésor which fails to repress s-gaiactosidase
synthesis unless activated by ONPF or by catabolite represSion.A
The iTL mutant, on the other hand, could be further induced by
IPTG at 42 C, but was unaffected by ONPF either in‘thé prcseﬁce
or absence of IPTG., Such cells theréfore possess an appreciable
concentrétion_of an altered Tepressor, capablé of preventihg
75% of g-galactosidase synthesis in the absénce of IPTG, but
incapable of Being éétivated by ONPF or catabolite Trepression.

'A model is‘presented for a trivalent repressor, possessing
sites for iﬁteraction.with inducer, operator and catabolite
YEPressor. A:number'of possible genotypes and pﬁenotypes are
predicted, and examples. are given for known categories. Thé
~ experimental results are compared with the model, and the
nature of the alteration in the repressor caused by the mita-

.tion in each strain is discussed.
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It has previouSI& been shown (J. Palmer and V. Moses, Biochem. Jey
in press) that acute transient catabolite repression of g-galactosidase

synthesis, observed when glucose is added to glyceroi-grown cells of

Escherichia coli (11), requires_the_presence of a functional operator

gene (o). “The specific involvement of the i-gene product (repressor)

‘was not then tested since a rcgulator gene deletion mutant (idel) was -

not available to us. While such a mutant has still not been isolated

~ to the best of our knowledge, the charactefizatibn of certain temperature-'
senéitive control mutants By Sédier and Novick (13) has made possible
another approach to the inveétigation of the role of repressor in
acute'transient'catabolite'repression.

Two types of temperature-sénsifive regulatory mutants have been
obtained (13). In one series rcpressor itself appeared to be increasingly
unstable as the femperature was raised, so thag growth at 42 C produced
'.a cell largely constitutive in character, while the same strain cul-
tured at 30 C.was typically ihducible. This mutation has been desig-
nated iTL, In the other series (iTSS) it was believed that the syn-
‘thesis of  repressor at high temperature was preveﬁted, although
repressor, once formed, was not destroyed by heat. Thus investiga-
| tion of the catabolite repression behavior of thesé strains at high
(42 C) and low (32 C) temperature§ and compariébn with their wild
type parent strains should yield information on the relation between

the functional state of the repressor and the phenomenon of transient

catabolite repression.
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- MATERTALS AND METHODS

Organisms. The strains of L. coli used are listed with their
relevant genetic éhafactérs: L 103 (iTL ot 2z*); E 102 (it parent of
E 103); Ik 321 (iTSS o* z*); WI-4 (i* parent of E 321); 230 U (i” o* z9)
112 - 12 - A - 84 (i--Sus [suppressible i~ constitutive] o* z* y* su~).
Thé first four strains were obtained from A Novick, and their deriva- |
tives and properties are described in references 13 and 5. Stfains 230 U
and 112 - 12 - A - 84 were gifts from J. Monod and B. Muller-Hill,
reSpeétively.

Grthh‘cdhditions. The cells were grown at 32 C, 37 C, or 42 C

in M63 medium (12) containing 22 mM glycerol and supplemented with the
necessary specific nutriénfs. Temperatures were controlled to * 0.5 C -
in a water bath. Aeration was provided by shaking or by magnetic
stirring. = Growth was measured as described previously (11); at an
extinction value of 1.0 the cultures contain ZZS.ug bacterial protein/ml.
Glucose was introduced to the cultures where indicated by adding 1 M
giucose solution to give a final concentration of 10 mM.

Enzyme induction and assav, B-Calactosidase synthesis was induced,

when necessary, with 0.5 mM isopropyl-thio-g-D-galactopyranoside (IPTG),
Since many measurements were Fmde of constitutive enzyme synthesis,
particular care was exercised to minimize errors in sampling volumé.
Samples (0.05 to 0.20 ml) of cultﬁre weré‘added to clean weighed 10 ml
shell vials coﬁtaining 0.2 ml of chloramphenical solution (1 mg/ml),
mixed and reweighed_tp'cofrect for volume errors. Before assay, one

drop (about 6 ul) of toluene was added to each samplé, and these were

stoppered and shaken for'30 min at 37 C. The stoppers were then
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removed and the tolueﬁe allowed to evaporate for 30 min at 37 C. Enzymé
activity was measured by the rate of hydrolysis of o-nitrophenyl-g-D- .
galactoside (ONPG) as described by Kepes (8), using 0.8 ml‘of 3.3 mM
substrate solution, and 0.8 ml of 0.75 M NayCO3 to stop the reaction.
About 100 mg 6f solid BaC03 was added to each vial, and after mixing

the vials were centrifuged for 1 min at 1400 X g'in‘a-bench—top centri-
.fuge to clarify the solution and remove.tufbidity due to the bacteria.
The amount of enzyme ‘catalyzing the hydrolysis of 1 mumole of_sub-ﬁ
strate/min at 37 C is defined as one unit. (FU).

'Effeét;of o-nitrOphényl—é-D*fueéside'(6NPF).> For these experiments

cultures of each strain were grown overnight with shaking at 42 C
for E 103 and E 321, and at 37 C for 230 U. The cultures were. then
diluted to an extinction at 650 mu of about 0.01 (equal to 2.25 ug of
bacterial protein/ml), and 10 ml quantities of each culture were incu-
Bated‘at the above temperatures in separate flasks containing either
no additions, 0.5 mM IPTG, 1 m ONPF, or both IPTG and ONPF in the
previous amounts.» The cells were allowed to’'grow through five or six
doﬁblings; during one further doubling samples for énzyme assay were
withdrawn-and growth was closely followed. | |

' Chemicals. IPTG and ONI'C were purchased from Calbiochem, Los
Angeles, Calif.,‘chloramphcnﬁcolvwna chtained from Parke, Da&is-and
Co., Detrﬁit, Mich;, and ONPT" was » ¢ift from Dr. K. Paigen.

RESULTS

Effect ‘of température on transicnt repression. The effect on

B-galactosidase synthesis of adding glucose to cells growing on gly-

cerol at 32 C and 42 C is shown‘for the i* strain E 102 (Fig. 1) and
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the iTL strain E 103 (Fig. 2). Bqth strains have identical growth
responses to addition'of glucose; no change in doubling time when
~glucose is added at 32 C, but a 6-7% decrease in the doubling.time
‘when glucose is added at 42 C. For strain E 102 a transient repres-

sion of enzyme synthesis was observed at both temperatureég.lasting"
“about the same time.in each case, A.similar ekperiment performed
with E 103 (iTL), however, shows that transient repression, while
still proseht at 32 C, is no longer cvident at 42 C (Fig. 2). The
rutation from if to iTL thus abolished acute transient repression and
simultanedusly permitted a partially constitutive synthesis of
B-galactosidase when these cells were grown at 42 C.

The iTSS strain and its wild-type i* parentAexhibited a different
pattem of behavior. Both strains showed an errati§ gfowth Tresponse
to the addition of glucose at both temperatureé. Instead of a sharp
increase in growth rate of 20-40%, which is typically found with
many;strains of E. _c_g_l_i under such conditions, WI-4 sometimes showed
a fall in growth rate when glucose was added, and E 321 invariably
showed a slowing down of growth from about 0.7 to 0;1 gCnerations/hogr,
which became apparent some 45-60 min after'adding‘glucose. ‘ |

‘The wild-type strain WI-4 showed no transient repressioﬁ of
B-galactosidasé synthesis at low temperature, althqugh transient
repression was observed at 42 C (Eig. 3). Strain E 321 (iTSSj, on the
other hand, -showed sévere transient repression at both temperaturés

(Fig. 4).

Dffect ‘of ‘glucose on ‘4 anber-suppressor-sensitive i° strain.
Strain 112 - 12 - A - 84, carrying a suppressible mutation of the

-
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i-gene which confers a phenotypic constitutive character, 6£fers a
further opportunity of investigating the behavior of a strain bearing
 the equivalent of a partiai deletion in the i-gene. Addition of
glucose to these cells growing on glyceroliincreased the‘growth rate
by 11%. No transient repression of Q-galactosidasé syntﬁesisvwas
observed, and the steady differential rate of enzyme synthesis irmme-
diately fcll to 61% of the rate in the ébsence of glucose.

‘Effect ‘of IPTG and ONPF on the rates‘ofiségalactosidase synthesis.

Jayaraman, Miller-Hill and Rickenberg (7)'have used‘ONPF to study
repressor and modified repressor function in a variety of regulator
mutants. We have made use of their techniques in order to clarify thé
condition of the repressor in the temperature-sensitive strains E 103
‘and E 321, which show varying transient catabolite repression responses
in the apparent absence of repressor in both cases. These strains were
‘compared with 230 U, an i~ constifutive knowh to exhibit transient
représsion (11).

Table l_givés values for the specific content of S-galac;osidase
in cells grown exponentially for 6-7 generatidns under constant condi-
tioné. Each value is the avérage of three sémples taken at different
extinctions ranging qver'about one doublihg of cell mass. Experiments
1 and 2 were performed on different days. |

Table 1 shows that E 103 cultured at 42 C contéined some Trepressor
(it is only 24% constitutive), but thiat while fhié TEPressor was sensi-
tive to the presence of IPTG it wasvunaffeCted_by‘ONPF. Strain E 321
grown for several genérations at 42 C also contained repressor; even

though it was 92% constitutive under these conditions it was severely
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repressed by ONPF, and this repression was partially reversible by
IPTG. Strain 230 U, as would be predicted from the findings of
Jayaraman et al., contained no repressor that was significantly
affected by either IPTG of ONPF.

DISCUSSION

It was péintéd out elscvlhiere (J. Palmer.and V. Moses, Biochem. J.,
in press) that arguments excluding rcpressor from a role in transient
repression are not acceptable when based on -the facf that i~ constitu-
tive mutants exhibit this sort of repression. It is possible that i”
point mutants possess an altered repressor which, while having lost
its normal capacity to bind to the operator, may be activated to do
so under metabolic conditions giving rise to catabolite rebression;
Similarly;-the observation of rcpression by glucose'of B-galactosidase
synthesis during the one-hour period of constitutive synthesis of the
enzyme following transfer by conjugafion of it z* into lac-deletion
reciﬁients (9), also doeé nof eliminate repressér from the mechanism
of catabolite repression. One might argue that repfessor is éffective
at lower concentratioﬁs‘in the presence of glucbse metabolites. In a
very recent paper Barbour and Pardee (1) have_indeed obtained evidence
that repressor or a pfecursor oflrepressor is present in low concen-
tration from‘a very early period during mating in these experiments,

The observation thét transient repression is linked to‘a'func;
~ tional operator gene (J. Palmer and V. Moses, Biochem. J., in press)
strongly suggests the likelihood of repressor also being involved. : v
A formai test of this possibiiity requires a comparison of the glucose |

effect in related strains, onc of which contains repressor while in the
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other it is absent. Such a comparison cannot yet be made with a
deletion mutant, but the temperature-sensitive regulator strains
described by Sédler and Novick (13) and the i~ SUYS mutant offer a
possible opportunity of testing repressor involvement.

Sadler and Novick (13) interpret their findings to mean that the
iTl mutant (B 103) makes an i-gene product which is unstable at high
temperature. The iTSS mutant (F 321), on the othef hand, fails

entirely to synthesize repressor at high temperature, while pre-

_ eXisting repressoxr molecules are éventually destroyed in metabolism.

A correlation between appearance of constitutive character in these
strains at high temperature with a disappearance'of transient catabé-
lite repression would be strong. evidence in favor of both functions
being mediéted ﬁy repressor. An absence of correlation, however,

would be inconclusive, since it could be argued that only a'part.of ‘

* the repressor function is absent at 42 C. A further investigation of

the status of repressqr'in these strains has therefore been performed.
ONPF is known to repress uninduced leaky i™ mutants (7) and thus
appears to be an activator of repressor as distinct from an antagonist
of inducer. It ha; no effect on-tight'i' mutants because these pre-
surably possess no repressor for ONPF’té activate; Strain E 103 at
42 C is 24% constitufive; it therefore contains either a low concen-
tration of repressor, or an altered repressor, or both;‘ This strain
may be further induced wiﬁh IPTG, but induced or uﬁinduced‘it shows no
respénse to ONPF (Table 1). Ve éonéludc that it does have an ﬁltered
repressor, and this repressor may also be present in.lower concentra-

tions than normal. E 103 has also lost the transient catabolite repres=

sion response at 42 C.
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In the case of L.321, the cells are effectively complctely con-
stitutive at 42 C. They therefore cither contain an altered repres-
sor or none at all. However, these cells are repressed by ONPF, and
this repression is at least partly reversible by IPTG, so that the
- binding sites for inducer and operator have not been lost. This leads
.u; to suppose that a form of repressor is pfesent which has no repressing
activity wnless it is first actieated by ONPF. E 321 also demonstrates
transient catabolite repression at 42 C, suggesting that repressor may
also be activated by glucose metaboliﬁes._'These results indicate that
changes in susceptibility to ONPF repression and to glucose repression |
are both due to mutation in the i-gene locus and support indications
from carlier studles (J. Palmer and V. Ibses Blochem. Je, gg_gggggj
that transient catabolite repression is effected”thrqugh Tepressor-
operator interaction; . -

Strain 230 U is an i~ point mutent and may be presumed to contain
an aitered repressor molecule. Cells of this strain are fully consti-
tutive and do not respond to ONPF. They do, however, exhibit transient
cetabolite repression (11), and as this appears to be effected via repres=
sor we may conclude that glucose ﬁetabolites are more bowerful than ONPF
in promoting the binding of repressor to the operator.

| The absence of transient rcpression in straln 112 - 12 - A - 84

~ supports the idea of the involvement of repressor in this phenomenoh.
Repressor in this strain has presumably lost affinity for operator, and
this has resulted in constitptiVe characteér. .Gilbert and Muller-Hill (4)
have shown thaf this repfessof haé also lost affinity for inducer.
~This argues strongly for a large;functional deletion in the i-gene and
is thus consistent with transient catabolite repression beiﬁg mediated

by the i-gene product.
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The observed relation of transient catabolite repression to

various nutations in the i-gene may be explained by a model in which
repressor is a trivalent molecule, rather than the bi?aleﬁt entity
originally.suggcsted by Jacob and Monod (6). This concept has pre=-
viously been briefly discusscd by Clarke and Brammar (3),‘éﬁd was
aiso considered by’Loomié énd Magasanik (9) but was rejected by them
for rcasons which were subsequently criticized by Clarke and Brammar (3)
and by Palmer and Moses (Biochem. J., in press). The three postulated
sites on the'repressor would be an inducer-ihterécting sitej(I), an
operator-interacting site (0) and a catabolite corepressor-interacting
site (CR). According to this model, the O-site interacts with the
opcrafor in the absence of inducer and preveﬁts transcription. In the
presence of inducer the I-site binds to the latter and the O-site is
-allosterically modified in such a way that it no longer has affinify
for the operator and transcription proceeds (10). The CR-site interacts
with‘the catabolite corepressor and allosterically'incréases the affinity
of the O-site for the operator. Thus the CR- and I-sites have opposite '
effects on the degree of binding of the repressor to the operator and
can be viewed as being competitive. Evidence has been published indi-
cating that induction and catabolite repression may bé competitive
phenomené (2). Whether or not ONPF.also interacts at the CR-site, or
"ét yet another.site on the repressor, is not clear. Although the
: idenfity of the catabolite corepressor is not yet definitely known,
thelchemical nature of the possible candidates for this role proposed

by Prevost and Moses (C. Prevost and V. Mbses, Biochem. J., in press)
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does hot make it seem likely that the catabolite corepressor and
ONPF do act at the same placc.

Fach of the proposed thivc wepressor sites may be conceived as
existing in several allelic {omms giving rise tb the following geno-
types:

T*: _repressér is capable of.intéracﬁing reversibly with inducer. and
thus losing affinity for the operator;
I7: repressor is incapable of interacting with inducer;
I**: repressor binds to inducer more tightly than normal; .
CR*: repressqf is capable of interacting reversibly with the catabolite
corepressor and thus increasing affinity for the operatér;
CR™: représsor is incapable of intéracting Qith.the catabolite ;dre-
preésor; |
CR**: repressor bindstto thevcatabolite corepressor'more tightly than
normal’; | | |
o*: repressor is capable of interacting reversibiy Qith the operator; -
0-: repressor is incapable of interacting with the operator;
O0**: repressor binds to operator more tightly than usual.

In order to account for the pfesence of transient catabolite repres-
sion in i~ constitutive mutants; it is aléo necessary to postulate a
further allele of the O-site: |
0CR:  repressor interacts with the operator only when the CR-site is

occupied by the cétabblite'corepressor.

‘These genotypes ¢6nsidered'in'isolatioﬁ onldfconfer'the following
properties: If'woﬁldibe Wild;type inducible;'I‘ would exhibit super-

repression (iS in;thefhsual‘notation), while I** would respond to
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lower concentrations of inducer than I*., A mutant of the latter varicty'

has recently been reported by Gilbert and Miller-Hill (4), and given
the designation il (for "tight" binding of inducer). Among allcles
of the 0-site, O represents wild-type recpressible, O~ the common con-
stitutive (i7) and O** is another mutation giving rise to a super-

repressed condition, In a strain with the OCR allele, repression

would occur only under conditions of catabolite repression: in the complete

abscnce of catabolite repression (if that is ever possible) the cells

would be phenotypically constitutive. Such a strain may or may not be

inducible in the presence of catabolite repression, depending on the

relative competitive effects on the O-site of interaction at the I~ and

CR-sites. In the CR-51te CR* is wild type showing tran51cnt catabolite

repression, CR™ is not sensitive to such repre551on, vhile CR** would

‘be very sensitive and possibly permancntly repressed,(yet another form

of i®). In diploids the ‘expected dominance relationships would be
I-> I+> I**; CR* > CR* > CR"; O** > 0* > OCR > 0,

Independenit variation of these alleles giveé 36 possible genotypes,
falling into nine'phenotypi; groups;:Table 2 lists these possibilities.
In making assignmeﬁts to pheﬁotypes C and E,'we assume, from our present
results. that ONPF and the catabdlite corepressor both bind at the same

(CR) site. Examples are presently known fitting into scven of these

nine categories, and future work in this laboratory is being directed

to a closer investigation of phenotypic and genetic consequences of

mutation in the i-gene.
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Table 1 Effect of IPTG and ONPF on the dlfferentlal rates of
‘B-galactosidase synthesis®@

FU/extinction As percentages
Strain . Additlons. - Expt. 1 IDbpt. 2. - Expt. 1 Expt. 2 - Average

E 103 None 865 806 100 100 100
(42 C)
1IPTG 3720 3360 430 417 424
ONPF 920 . 830 106 103 - 105
IPTG § ONPF = - 3110 - 386 386-
E 321  None 1255 1130 100 100 - 100
(42 C) | | , _
S IPTG 1225 1410 98 - 119 109
ONPF - 650 645 52 © 55 54
- IPTG & ONPF - 765 - 65 65
230U - None . - 2400 - 100
(370 L : |
RS IPTG - 2680 SRR 112
ONPF - 23600 - - 98
IPTG § ONPF - 2320 - .. - 97

aSeparate cultures of the indicated strains of E. ‘coli were grown-for
6-7 generations in glycerol-minimal salts with the indicated ‘additions
(see Materials and Methods). Each value shown is the average of three

determinations ranging over about one cell generation.



" Table 2, Possible phenotypic classes and differcnt genotypes in each class based on a trivalent repressor
. A B C. D E F G H I
Possible - it crt i~ cr i= when no i~ when no _
phenotypes . cery it L ocery hypit it ert. i cor” is hypi® cr*  hypi* cr”
"""""" S .when cr.” = when cr. - o '

Different  I*O*CR* I-0CRCR* 1*0CRcR*  I**OCRCRY  I*O*CR-  I*O"CR-  I-O*CR* I**O*CR*  I**O*CR

_genotypes I"0O"CR~ I-O*CR~
850 1P I**0"CR~ I1*O*CR**
- I*0-CR* I-O*CR**
I0~CR* 1**o*cr**
I**0-CR* ItOttCR*
I*0-CR** I-0+*CR'
I"Q~CR¥*+ 1ttot+crt
I++O~CRf+‘I+O++CR-
I*OCRCR- I-0+*CR-
1-0CRgr~ 1++O**+CR-
1++*0CRCR- I1+O++CRH
: 1-o+tcr*t
++nytHreoptt
% +08 RC%B*
I-QCRcR++
I++OCRCRf+
Exarmples and wild 230 U E 321, on not known E 103 E 103 at 1iS, re- il not known
references type 3300 basis of at 42 C 42 C, un~- ported by Ref.
OMPF at .. 7 induced illson (7N
42 C et al.
> . - (14)
+

aPhenotypés are represented with lower case letters: 1i¥ is wild-type inducible, i” is a regulator consti-
tutive, i is superrepressed, hypi* is induced by lower than nommal levels of inducer, cr* shows transient
catabolite repression, cr~ shows no transient repression, GCenotypes are indicated with capital letters
and are explained in the text.

-L'Fu
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FIGURE CAPTIONS
Repression by glucose of B-galactosidase synthesis in strain
E 102 at 32 C and 42 C. IPTG to 0.5 mM was added at down- |
ward arrows and glucose to 10 mM. at upward arrows. Mass
doubling times (min) before and after glucose addition and
length of transient repression, respectively: at 32 C, 78,

77, 25; at 42.C, 70, 66, 29.

Repression by glucose‘of s;galactosidase synthesis in strain.
E iOSpat 32 C and 42 C. IPTIG to 0.5 mM was added at down-
wafd arrows.aﬁé giucose kd 10 mM at upward arrows. Mass
doubling'times.Cmin) before and after glucose addition and

length of transient rcpression, respectively: at 32 C, 70,

72, 23; at 42 C, 73, 68, no transient.

Repression by glucose of B—galactbsidase synthesis in strain

 Wl-4 at 32 Cand 42 C. IPIG to 0.5 mM was added at downward
f arrows and glucose to 10 mM at.upward arrows. Mass dOubling"
~ times (min) before and after glucose addition and length of

" transient repression, respectiyely: at 32 C, 86, 74, no

transient; at 42 C, 93, 56, 28.

Repression by glucose of B-galactosidase synthesis in strain

| E 321 at 32 C and 42 C.  IPTG to 0.5 mM was added at down-
; ward arrows ana glucose to 10 mM at upward arrows, Mass

f doubiing time (min) before and aftef glucose addition and

) length of transient repression, respectively: at 32 C, 78,

73 with large increase beginning after 45 min, 27; at 42 C,
120, 90 with large increase begimning after 60 min, 22.
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This report was prepared as an account of Government
‘sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.,

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, -any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.



P



