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ABSTRACf 

The specific involvement of the lac repressor (i-gene 

product) in acute transient catabolite repression has been 

mvestigated using temperature sentitive ·control mutants of 

the i-gene (1). These mutants, while normally inducible at 

10\<1 temperatures· (32. C), become increasingly phenotypically 

constitutive as the growth temperature is raised tO'<1ards 

42 C. One mutant (iTSS) was believed to. have an impaired 

synthesis of therep~ssor molecule at high temperatures; 

such cells continue to sho'<1 acute t.ransient catabolite 

repression. In a second mutant (iTL) the repressor itself 

is tn1stable at 42 C; at this temperature the cells are about 

25% constitutive, and fail to ShO'", the transient repression 

phenomenon with glucose·. 

Further examination of the status of repressor in these· 

strains 'vas carried out using o-nitropheny1-B-D-fucoside 

(ONPF), a substance which represses induced enzyme synthesis 

in the ~ system •.. The i TSS mutant at 42 C showed repression 

with ONPF, and this was partly reversible by isopropyl-thio

B~D-galactoside (IPTG), a pO\"crfu1 inducer. This strain thus 
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contains a repressor which fails to repress B-galactosidase 

synthesis tmless activated by ONPF or by catabolite repression. 

1he i TL mutant, on the other hand, could be further induced by 

IPTG at 42 C, but was tmaffected by ONPP either in the presence 

or absence of IPTG. ~uch cells therefore possess an appreciable 

concentration of an altered repressor, capable of preventing 

75% of S-galactosidase synthesis in the absence of IPTG, but 

incapable of being activated by r~TF or catabolite repression. 

A model is presented for a trivalent repressor, possessing 

sites for interaction with inducer, operator and catabolite 

repressor. A number of possible, genotypes and phenotypes are 

predicted, and ,examples are given. for known categories. The 

experimental results are compared with the model, and the 

nature of the alteration in the repressor caused by the muta

.tion in each strain is discussed. 

,/ 
j 
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It has previously been shown (J. Palmer and V. Moses, Biochem. ,J., 

in press) that acute·transient.catabolite repression of S-galactosidase 

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

EsCherichia ~ (11), requires the.presence of a functional opcrator 

r,.cne (0). TI1C specific involvement 0 f the i-gene product (repressor) 

h'as not then tested since a regulator Cene deletion mutant (idel) was 

not available to us. l~lile such a mutant has still not been isolated 

to tbc best of our Imm'iledge, the characterization of certain temperature

sensitive control mutants by Sadiei' and Novick (13) has made possible 

another approacll to the investigation of the role of repressor in 

acute transient catabolite repression. 

1\'/0 types of temperature-sensitive ~egulatory mutants have been 

obtained (13). In one series repressor itself appeared to be increasingly 

unstable as the temperature was raised, so that, gro,I/th at 42 C produced 

a cell largely constitutive in cllaracter, while the same strain cul-

tured at 30 C.was typically inducible. 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 prevented, although 

repressor, once formed, was not destroyed by heat. Thus investiga-

tion of the catabolite repression behavior of the~e strains at high 

(42 C) and low (32 C) temperatures and comparison with their wild 

type parent strains should yield information on the relation between 

the functional state of the repressor and ~le phenomenon of transient 

catabolite repression. 
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• MATERIALS t.ND l'-'ETI-IODS 

Organisms. The strains of E. coli used are listed ''lith their 

relevant genetic characters: E 103 (iTL 0+ z+); E 102 (i+ parent of 

E 103); E 321 (iTSS 0+ z+); 1'H-4 (i + parent of E 321); 230 U (i - 0+ z+) 

112 - 12 - A - ~4 (i-- SUS [suppressible i- constitutive] 0+ z+ y+ su-). 

TIle first four strains were obtained from A. Novic~and ~leir deriva

tives and properties are described in references 13 and 5. Strains 230 U 

. and 112 - 12 - A - 84 were· gifts from J. Monod and B. Moller-Hill, 

respectively. 

Grmtthconditions. The cells \vere grown at 32 C, 37 C, or 42 C 

in M63 medium (12) containing 22 Jl'M glycerol and supplemented with the 

necessary specific nutrients. Temperatures \vere controlled to :: 0.5 C 

in a water bath. Aeration was provided by shaking or by magnctic 

stirring. Growth was measured as described previously (11); at an 

extinction value of 1.0 the cultures contain 225~g bacterial protein/mI. 

Glucose was introduced to the cuI turcs where indicated by adding 1 M 

glucose solution to give a final concentration of 10 mM. 

Enzyr;1c induction and assay. C)-Galactosidase synthesis was induccd, 

when nccessary, Wi~l 0.5 mM isopropyl-thio-B-I)-galactopyranoside (IPTG). 

Since many measurcments were made of consti tuti ve enzyme synthesis, 
, ' 

particular care was. exercised to minimize errors in san~ling volume. 

Samples (0.05 to 0.20 'ml) of culture 'vcre added to clean weighed 10 ml 

shell vials containing 0.2 m1 of chloramphenica1 solution (1 mg/ml), 

mixcd cmd rewe,ighed. tocorrcct for volumc errors. Before assay, one 

drop (about 6 lll) of toluene was add~ci to each samp1~, and these were 

stoppercd and shaken for'3D min at 37 r.. The stoppers were then 

• 
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removed and the toluene allowed to evaporate for 30 min at 37 C. Fnzyme 

activity was measured by the rate, of hydrolysis of .£,-nitrophenyl-S-D

galactoside (ONPG) as described by Kepes (8), using 0.8 ml of .3.3 InN 

substrate solution, and 0.8 ml of 0.75 M Na2C03 to stop the reaction. 

About 100 mg 6f solid BaC03 was added to each vial, and after mixing 

the vials, ,.,rere centrifuged foI:' i min at 1400 x g in a bench-top centri

fuge to clarify the solution and remove turbidity due to the bacteria. 

111e amount of enzyme catalyzing the hydrolysis of 1 mvmole of sub-. 

strate/min at 37 C is defined as one unit, (EU). 

Effect 'of o.,;nitrophenyl-B-D..;fucoside' (ONPF).) For these experiments 

all tures of each strain were Bro\'ffi overnight with shaking at 42 C 

for E 103 andE 321, and at 37 C for 230 U. The cultures were then 

diluted to an extinction at 650 mvof about 0.01 (equal to 2.25 ~g 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, O.S mM IPTG, 1 lY'M ONPP, or both IPTG and ONPF in the 

previous ammmts. The cells ,,,ere allmoJed to.' grm ... tl:rough five or six 

doublinr,s; during one further doubling samples for enzyme assay were 

,,,ithdraHn and growth was closely follOlved. 

Chemicals. IPTG and O~JPr, \\'91'c rurchased from Calbiochem, Los 

Angeles, Calif., chloramphcn i coI ' .. ::~~; ohtained from Parke, Davis and 

, Co., I;etroit, t>:lich., and ONrr , .. ';:!::;;1 rift from Dr. K. Paigcn. 

RESULTS 

Effect 'of 'temperature on transient '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 i TL strain E 103 (Fig. 2). Both 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 temperatures, lasting 
. 

about the same time in each case. A similar experiment perfonned 

'<lith E 103 (iTL), hmvever, shmvs that transient repression, l,<lhile 

still present at 32 C, is no longer evident at 42 C (Fig. 2). The 

mutation from i + to i TL thus (lboli~hed acute transient repression and 

simultaneously pennitted a partially constitutive synthesis of 

B-galactosidase when these cells ,"ere grown at 42 C. 

Tne i TSS strain and its ,vi1d-type i+ parent exhibited a different 

patten1 of behavior. Both strains showed an erratic growth response 

to the addition of glucose at both temperatures. Instead of a sharp 

increase in growth rate of ZO.,.40~.;, which is typically found with 

many strains of·~·~ under s~ch conditions, WI -4 sometimes showed 

a fall in grO' .. th rate , .. hen glucose wa..c; added, and E 321 invariably 

showed a slowing clO'<ll1. of growth from about 0.7 to 0.1 generations/hour, 

which became apparent some 45-60 min after adding glucose. .l 

The wild-type strain WI-4 shmved no transient repression 6f 

B-galactosidase synthesis at 1m .. temperature, although transient 
~ . . . 

repression lias observed at 42C (Fig. 3). Strain E 321 (iTSS),. on the 

ot11er hand, ·showed severe transient repression at both temperatures 

(Fig. 4) • 

. Effect 'of'glucoseon'art'amber.;suppressor,;sensitive'i-strain. 

Strain 112 - ~2 - A - 84, carrying a suppressible rnutat~on of the 
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i-gene which confers a phenotypic constitutive character, offers a 

further opporttmity of investigati,ng the behavior of a strain bearing 

the cC{uivalent of a partial deletion in the i-gene. Addition of 

glucose to these' cells growing on glycerol; increased the grO\vth rate 

by 11%. l'!o transient repression of !3-galactosidase synthesis was . 
observed, and the steady differential rate of enzyme synthesis imme-

diately fell to 61% of the rate in ~1e a?sence of glucose. 

Effect 'ofIPTGand 'ONPF ort'the rates 'of 'l3..;galactosidase synthesis. 

Jayarmr.an, ~:aller-I!ill and Rickenberg (7) have used Or-,TPF to study 

repressor and modified repressor function in a variety of regulator 

mutants. We have made use of their techniques in order to clarify the 

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 lvith 230 U, an i- constitutive known to exhibit transient 

repression (11). 

Table 1 give.s values for the specific content of l3-galactosidase 

in cells grolm exponentially for 6~ 7 generations tmder constant condi

tions. Each value is the average of three samples taken at different 

extinctions ranging ~ver about one doubling of cell mass. Experiments 

1 and 2 were perfonned on different days. 

Table 1 shows that E 103 cultured at 42 C contained some repressor 

(it is only 24% constitutive), but that while this repressor 'vas sensi

ti ve to the presence of IPTG it was, tmaffectedby Or-..1JF. Strain E 321 

grolm for several, generations 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 vlis repression was partially reversible by 

IPTG. Strain 230 U, as would be predicted from the findings of 

Jayarainan et al., contained no repressor that was significantly 

affected by either IPTG or ONPF. 

DISCUSSION 

It was pointed out elsc\'!liere (J. Palmer and V. H)ses, Biochem. J., 

in press) that arguments excluding repressor from ,a role in transient 

repression are not acceptable when based on the fact that i- constitu

tive ~tants e~libit 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 repression. 

Similarly, the observation of repression by glucose of 8-galactosidase 

synthesis during the one-hour period of constitutive synthesis of the 

enzyme following transfer by conjugation of i+ z+ into lac-deletion 

recipients (9), also does not elilT'inate repressor from the mechanism 

of catabolite repression. One might ~rgue that repressor is effective 

at 10\ver concentrations in the presence of glucose metabolites. In a 

very recent paper Barbour and Pardee (1) have indeed obtained evidence 

that repressor or a precursor of repressor is present in low concen

tration from a very early period during mating in these experiments. 

TIle observation that transient repression is linked to,a f~lC

tional operator gene (J. Palmer and V. Moses, Biochem. J., ~press) 

strongly suggests the likelihood of repressor also being involved. 

A fonnal test of this possibility requires a comparison of the glucose 

effect in related strains, one of whidl 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 tefl1Jcrature-scnsitive regulator strains 

descrihed hy Sadler and Novid( (13) and the i-sUS mutant offer a 

possible opportunity of testing repressor involvement. 

Sadler and Novick (13) interpret their findings to mean that the 

iTL Jm.ltant (E 103) makes an i-gene product which is unstable at high 

ten~erature. TIle i TSS mutant (E 321), on tile othe~ hand, fails 

entirely to synthesize repressor at high temperature, while pre-. 
existing repressor molecules are eventually destroyed in metabolism. 

A correlation between appearance of constitutive character in these 

strains at high temperaturei'lith a disappearance of transient catabo

lite repression would be strong. evidence in favor of both functions 

being mediated by repressor. 1m. 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 f~rther investigation of 

the status of repressor in these strains has therefore 'been perfonned. 

ONPF is known to repress lminduccd leaky i-mutants (7) and thus 

appears to be an activator of repressor as distinct from an antagonist 

of inducer. It has no effect on tight i - TIn.ttants because these pre

surr.ably possess no repressor for ONPF to activate. Strain E 103 'at 

42 C is 24~ constitutive; it therefore contains either a low cmlcen

tration of repressor, or an altered repressor, or both. This strain 

may be f~rther induced with Il'TG, but induced or tm.inducedit shows no 

response to ONPF (Table 1). t'e conclude that it does have an altered 

repressor, and this repressor may also be present in lower concentra

tions than nonnal. E 103 has also lost the transient catabolite repres-

sion response at 42 C~ 
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In the case of E.32l, the cells nre effectively completely con

stitutive at 42 C. They therefore either contain an altered repres-

sor or none at all. However, these cells are repressed by O?\'PF, and 

ulis repression is at least partly reversible by IPTG, so that U1e 

binding sites for inducer and operator have not been lost. This leads 

us to suppose that a fonn of repressor is present whidl has no repressing 

activity tmless it is first activated by ONPF. E 321 also demonstrates 

transient catabolite repression at 42 C, s,uggesting that repressor may 

also be activated by glucose metabolites. These results indicate that 

changes in susceptibility to ONPF repression and to giucose repression 

are both due to mutation in the i-gene locus and support indications 

from earlier studies (J. Palmer and V. MJses, Biochem. J., in press) 

that transient catabolite repression is effected through repressor

operator interaction. 

Strain 230 U is an i- point mutant and may be presumed to contain 

an altered repressor molecule. Cells of this strain are fully consti

tutive Dnd do not respond to ONPF. They do, hmvever, exhibit transient 

catabolite repression (11), and as this appears to be effected via repres

sor we may conclude that glucose metabolites are more powerful than ONPF 

in promoting the binding of repressor to the operator. 

TIle absence ,of transient repression in strain 112'- 12 - A - 84 

supports the idea of the involvement of repressor in this phenomenon. 

Repressor in this strain haS preswnably lost affinity for operator, and 

this has resulted in constitutive character. ,Gilbert and ~laller-Hill (4) 

have shmm that this repressor has also lost affinity for inducer. 

111is argues strongly for a large ,functional deletion in the i-gene and 

is thus consistent with transient catabolite repression being mediated 

by the i-gene product. 
" 

• 
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TIle observed relation of transient catabolite repression to 

various mutations in the i-genc JTlay be explained by a model in which 

repressor is a trivalent molecule, rather than the bivalent entity 

originally suggested by Jacob and Monod (6). 111is concept has pre

viously been briefly discussed by Clarke and Brammar (3), and was 

also considered by Loomis and nagasanik (9) .butwas,rejected by them 

for reasons which were subsequcntly criticized by Clarke and Brammar (3) 

and by Palmer and. }lJOses (Biochem. J., in press). The three postulated 

sites on the repressor would be an inducer-interacting site' (I), an 

operator-interacting site (0) and a catabolite corepressor-interacting 

site (CR). According to this model, the O-site interacts \vith the 

operator in the absence of inducer and prevents transcription. In ele 

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 affinity 

for the operator and transcription proceeds (10). Tne CR-site interacts 

with the catabolite corepressor and allosterically increases the'affinity 

of the O-site for the operator. Thus the CR-and I-sites have opposite 

effects on the degree of binding of ti1e repressor to the operator and 

can be viewed as being competitive. Evidence has been published indi

cating that induction and catabolite repression may be competitive 

phenomena (2). Whether or not ONPF also interacts at the CR-site, or 

'at yet another site on the repressor, is not clear. ,Although the 

identity of the catabolit.e corepressor is not yet definitely knO\<JIl, 

the chemical nature of the possible candidates for this role proposed 

by Prevost and Moses (C. Prevost and V. Moses, Biochem. J., 2:!!. press) 
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does not make it seem likely that the catubolite corepressor and 

ONPF do act at the same p18cc. 

Each of the proposed tl:i\'C ~'(TrCSSOr sites r.-ay be conceived as 

existing in several allelic Con's r'i v ing rise to the following geno-

types: 

"1+: repressor is capable of interac~ing reversibly with inducer, and 

thus losing affinity for the operator; 

1-: repressor is incapable of interacting idth inducer; 

1++: ,repressor binds to inducer more tightly than nonnal; 

CR+: repressor is capable of interacting reversibly with the catabolite 

corepressor and thus increasing affinity for the operator; 

CR-:' repressor is incapable of interacting with the catabolite corc-

pressor; 

CR++: repressor binds to the catabolite corepressor more tightly than 

nonna1; 

0+: repressor is capable of interacting reversibly ,~ith the operator; . 

0-: repressor is incapable of interacting with the operator; 

0++: repressor binds to operator more tightly than usual. 

In order to account for ~le presence of transient catabolite repres

sion in i- constitutive nRltants, it is also necessary to postulate a 

further allele of the O-site: 

OCR: repressor interacts with the operator only when the CR-site is 

occupied by the ca~abolitc corepressor. 

111ese genotypes considered in· isolation would confer the following 

properties: I+l\'o~ld be i~i1d'-type inducible, , 1- would exhibit super

repression (is in,the'usualnota:tion), while 1++ would respond to 

J 

• 
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lm'lerconcentrations of inducer than r+. A mutant of the latter variety 

has recently been reported by Gilbert and iVttller-Hill (4), and given 

the desiznation iT (for "tight" binning of inducer).. Amonr; alleles 

of the O-si te, 0+ represents wild-type repressible, 0- the conur.on con

stitutive (i-) and 0++ is another mutation giv0g rise to a super

repressed condition. In a strain ,dth the OCR allele, repression 

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

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

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

inducible in the presence of catabolite repression, depending on ~le 

relative competitive effects on the O-site of interaction at the 1- and 

CR-sites. In the CR-site, CR+ is wild type shmving transient catabolite 

repression, CR- is not sensitive to such repression, while CR++ would 

be very sensitive and possibly permanently repressed, (yet another fonn 

of is). In diploids the expected dominance relationships would be 

r- > r+ > 1++; CR++ > CR+ > CR-; 0++ > 0+ > OCR> '0-. 

Indepen~leIit variation of these alleles gives 36 possible genotypes, 

falling into nine' phenotypic groups;: Table 2 lists these possibilities. 

In making assignments to phenotypes C and E, we assume, from our present 

resul ts; ~la t 01'-.TP and the catabolite corepressor both bind at the same 

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

nine categories, and future work in Blis 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 O~~F on ~1e differential rates of 
'S.;,galactosfdase synthesisa 

FU/extinction As percentages 
Strain ' 

E 103 
(42 C) 

E 321 
(42 C) 

230 U , 
(37 C) : 

, . 

Additions. 

None 

IPTG 

ONPF 

IPTG & ONPF 

None 

IPTG 

IPTG & ONPF 

None 

IPTG 

ONPF 

IPTG & O!'.rpF 

Expt. 

865 

3720 

920 

1255 

1225 

650 

1 EXJ.)t. 

806 

3360 

830 

3110 

1130 

1410 

645 

765 

2400 

2680 

2360 

2320 

2 
, , 

' ,Expt. .. , . 

100 

430 

106 

100 

98 

52 

. -

1 Expt. ,2 

100 

417 

103 

386 

100 

119 

55 

65 

100 

112 

' 98 

97 

Average 

100 

424 

105 

386 

100 

109 

54 

65 

aSeparate cultures of the indicated strains of Ih,coli were grown for 

6-7 generations in glycerol-minimal salts ,~ith the indicated additions 

(see Materials 'and YJethods). Each value shown is the average of three 

determinations ranging over about one cell, generation. 

',', 

,. 
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Table 2. Possible phenot)1)ic classes and differcnt genotypes in each class based on a trivalent repressor 
modela · 

.. A 

Possible i+ cr+ 
phenotypes 

Different 
.. genot~s 

Examples and 
references 

B 

230 U . 
3300 

i - whcn no 
.+ ·cr; 1 .. 

. . '\Then· cr ~ 

E 321, on 
basis of 
ONPF at 
42 C 

D 

1 1"hen no 
cr; hypi+ 
lihen cr. 

not knOMl 

E 

E 103 
at 42 C 

F 

E 103 at 
42 C, un
induced 

G 

is re-I 

ported by 
i'Jillson 
et al. 
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FIGURE CAPTIONS 

Pig. 1. Repression by glucose of B-galactosidase synthesis in strain 

E 102 at 32 C rolO 42 C. IPTC to 0.5 mH 'vas added at down-

ward arrows and glucose to 10 roM, at upward arrows. i":ass 

doubling times (min) before and after glucose addition and 

lengUl of transient repression, respectively: at 32 C, 78, 

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

Fig. 2. Repression by glucose of B-galactosidase synthesis in strain 

E 103 pat 32 C and 42 C. IPTC to 0.5 roM was added at dO\~n-

ward arrows and glucose tci 10 mM at upward arrows ~ Mc'1SS 

doubling times (min) before and after glucose addition and 

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

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

Fig •• 3. Repression by glucose' of B-galactosidase synthesis in strain 

Wl-4 at 32 Cand 42 C. IPTC to 0.5 roM was added at dm<lIH<lard 

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, 86, 74, no 

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

Fig. 4. Repression by glucose of B-galactosidase synthesis in strain 

E 321 at 32 C and 42 C. IPTC to O.S mM was added at down-

ward. arrows and glucose to 10 roM at upward arrows.· Mass 

doubling time (min) before and after glucose addition and 

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

73 lVith large increase beginning after 45 min, 27; at 42 C, 

120, 90 with large increase beginn~g after· 60 min, 22.· 
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This report was prepared as an account of Government 
sponsored work. Neither the United Statea, nor the Com
m1SS10n, 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 

B. 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, ~ny information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




