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ABSTRACT
LOOMIS, WILLIAM F., JR. (Massachusetts Institute of Technology, Cambridge,

Mass.), AND BORIS MAGASANIK. Nature of the effector of catabolite repression of
f-galactosidase in Escherichia coli. J. Bacteriol. 92:170-177. 1966.-Many carbon
sources were found to give rise to catabolite repression of,-galactosidase in a mu-

tant strain of Escherichia coli lacking hexose phosphate isomerase activity. Com-
pounds containing glucose or galactose cannot be formed from several of these
carbon sources in this mutant strain, and, therefore, appear not to be required for
catabolite repression of ,B-galactosidase. Glucose was observed to elicit catabolite re-

pressionoff-galactosidase in another mutant strain under conditions in which the for-
mation of compounds of the citric acid cycle is inhibited. If catabolite repression
of the lac operon is mediated by a single compound, it appears that the compound
is related to the pentoses and trioses of intermediary metabolism. The repression of
3-galactosidase by galactose in galactokinase negative strains was shown to be inde-

pendent of the gene, CR, which determines catabolite sensitivity of the lac operon,
and to be dependent on a functional i gene.

The theory of catabolite repression (18) postu-
lates that the degree of repression of an operon
depends on the concentration of one or more
specific catabolites which can be formed from
many different carbon sources, including the sub-
strate of the repressible enzyme. Many biochem-
ical steps in catabolism are reversible. It is, there-
fore, very difficult to determine which specific
compound is involved in the control of an enzyme
by analyzing the repression elicited by different
carbon sources. However, the relative facility
with which a carbon source gives rise to the
catabolite can be determined. This approach has
been used for study of the control of j-galacto-
sidase (8, 17). Glucose was found to be a better
source of the compound related to the lac operon
than is glycerol. Pyruvate was found to be a poor
source of the catabolite related to control of f-
galactoside. However, it was shown that pyruvate
is a good source of the catabolite related to con-
trol of tryptophanase; although the specific com-
pound involved in the control of either of these
genes is unknown, it appears that the two genes
are controlled by different catabolites.
McFall and Mandelstam (17) suggested that a

1 Present address: Department of Biology, Brandeis
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high concentration of galactose, galactose-1-
phosphate, or uridine diphosphate (UDP) galac-
tose per se gives rise to catabolite repression of
f-galactosidase. They found that the presence of
galactose in the medium would repress ,B-galacto-
sidase in galactose-negative mutants blocked in
galactokinase, galactose transferase, or UDP
galactose epimerase. Since the conversion of
galactose to glucose is impaired in these strains,
galactose compounds per se appeared to exert
repression. McFall and Mandelstam (17) showed
that glucose gives rise to the same degree of
catabolite repression of f-galactosidase in galacto-
kinase- and galactose transferase-negative mutants
as in wild-type strains. They concluded that UDP
galactose alone could give rise to catabolite re-
pression. When glucose was present in the medium
of a UDP galactose epimerase-negative mutant,
catabolite repression of f-galactosidase could be
observed, but appeared weaker than in the wild-
type strain. They concluded that only the galac-
tose compounds are involved in catabolite
repression of ,B-galactosidase and that the glucose-
elicited repression observed in the epimerase-
negative mutant was the result of residual epimer-
ase activity.
Our studies with a mutant lacking hexose phos-

170



CATABOLITE REPRESSION

phate isomerase suggest that compounds other
than those related to galactose can rise to catab-
olite repression of ,B-galactosidase.
-The characterization of a gene, CR, which

determines catabolite sensitivity specific for the
lac operon, and the isolation of a CR- mutant
strain (15), allowed us to determine whether the
repression of ,B-galactosidase by galactose in
galactose-negative mutants is dependent on a

functional CR gene. The results suggest that
galactose can inhibit induction of the lac operon

independently of catabolite repression.

MATERIALS AND METHODS

Chemicals. Isopropyl-thio-,3-D-galactoside (IPTG)
and o-nitrophenyl-,B-D-galactoside (ONPG) were ob-
tained from Mann Research Laboratories, New York,
N.Y.

Media. Minimal medium was made by adding to 1

liter of water 10 g of K2HPO4, 0.2 g of MgCl2, 0.2 g
of Na2SO4, 5.0 g of NaCl, 0.2 g of sodium citrate, traces
of FeSO4 and CaCl2, and 0.5 mg of thiamine. The pH
was adjusted to 7.0 with concentrated HCl. Carbon
sources were added to 0.4%. (NH4)2SO4 was present
at 0.4% as nitrogen source. Individual amino acids
were added to 20 ,ug/ml when required.

EMB-galactose medium was prepared by adding to
1 liter of water 8 g of tryptone, 5 g of NaCl, 1 g of
yeast extract, 15 g of agar, 400 mg of eosin, 64 mg of
methylene blue, 2 g of K2HPO4, and 10 g of galactose.
Tryptone medium was made by adding to 1 liter of
water 10 g of tryptone, 5 g of NaCl, and 5 g of yeast
extract. ThepH was adjusted to 7.0 with 5 N NaOH.

Phage and bacterial strains. Transducing phage
Plkc was obtained from the collection of S. E. Luria.
The bacterial strains used in this study are listed in
Table 1.

f3-Galactosidase assay. ,B-Galactosidase activity was
measured by the method reported by Loomis and
Magasanik (14).

Hexose phosphate isomerase. The specific activity
of hexose phosphate isomerase was determined in
cell extracts by observing the rate of reduction of
nicotinamide adenine dinucleotide phosphate (NADP)
at 37 C on a Beckman DU spectrophotometer at-
tached to a Gilford absorbance recorder at 340 m,u.
Washed, concentrated bacterial cultures in 0.04 M

glycylglycine-HCl buffer (pH 7.4) were disrupted in
an ultrasonic oscillator (Measuring & Scientific Equip-
ment, Ltd., London, England). The extracts were
freed from debris by centrifugation. To 2.6 ml of
0.04 M glycylglycine buffer (pH 7.4) was added 0.1 ml
of a solution 6 X 10-l M MgCl2, 0.1 ml of a solution
4.5 X 103 M NADP, 0.1 ml of extract, and 0.1 ml of
a solution 2 X 10-2 M fructose-6-phosphate. The
amount of NADP reduced was calculated from the
change in optical density with 6.2 X 103 as the molar
extinction coefficient of reduced NADP (NADPH2).
The assay depends on endogenous glucose-6-phos-
phate dehydrogenase activity and so gives a minimal
value for the enzyme.

6-Phosphogluconate dehydrase. The activity of 6-

TABLE 1. Bacterial strains

Source
K-12 strain Pertinent genotypea or

refer-
enceb

C600. lac- (i+z+y-) CR+ gal+ TL- a
JR-11 lac- (i+z+y-) CR+ gal- TL- glut- b

HI-
JR-1 I-R. lac- (i+z+y-) CR+ gal+ TL- H1-
JR-11-I. .. lac- (i+z+y-) CR+ gal+ TL- HI-
3.000 .. lac+ (i+z+y+) CR+ gal+ a
LA-12 lac+ (i+z+y+) CR- gal+ c
A-263 lac+ (i+z+y+) CR+ gal- a
A-263-1... lac+ (i+z+y+) CR- gal- d
A-413 .. lac+ (i-z+y+/i-z+y+) CR+ gal- a
A-460.. lac+ (i+z+y+) CR+ acet- a

a The lac symbols are identical to those of
Loomis and Magasanik (14); CR-, catabolite in-
sensitivity of the lac operon; TL-, threonine and
leucine requirements; glut-, glutamate require-
ment; acet-, acetate requirement; H1-, hexose
isomerase-negative; gal-, galactokinase-negative
(except strain JR-I1 which is galactokinase-posi-
tive but unable to ferment galactose).

b (a) S. E. Luria; (b) J. Rothman; (c) Loomis
and Magasanik (15); Loomis and Magasanik (in
press). All other strains were isolated during this
study.

phosphogluconate dehydrase was determined accord-
ing to the method of Fraenkel and Horecker (4) by
observing the NADP-independent pyruvate forma-
tion from 6-phosphogluconate.

Tryptophanase. The activity of tryptophanase was
determined according to Pardee and Prestidge (22)
by observing the formation of indole from L-trypto-
phan. One unit is defined as that amount which will
form 1 m,umole of indole in 1 min at 37 C at pH 7.0.

Amylomaltase. Amylomaltase activity was esti-
mated according to Lund and Magasanik (unpublished
data). Cell extracts were prepared by disruption of a
washed, concentrated culture of the various strains in
phosphate buffer (pH 7.0) with an ultrasonic oscilla-
tor (Measuring & Scientific Equipment, Ltd.). The
extracts were freed from bacterial debris by centrifu-
gation. To 1 ml of extract in 0.1 M potassium phos-
phate buffer (pH 7.0) was added 0.1 ml of 10% mal-
tose. After exactly 30 min at 37 C, 0.5 ml of 0.114 N
KOH and 0.5 ml of a 2% solution of ZnSO4-7H20
were added. The precipitate was removed by cen-
trifugation, and the supernatant fluid was assayed
for glucose by use of the Glucostat reagents (Worth-
ington Biochemical Corp., Freehold, N.J.).

Protein. The concentration of protein was esti-
mated by the method of Lowry et al. (16). Protein
synthesis was measured by determining the rate of
C14-leucine uptake according to Nakada and Maga-
sanik (20).

RESULTS
Studies on hexose phosphate isomerase-negative

mutants. Strain JR-11 was isolated from an
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ethylmethane sulfonate (EMS)-mutagenized cul-
ture of Escherichia coli strain C600 as a mutant
which ferments galactose poorly on EMB-galac-
tose plates. It was shown that this phenotype is not
related to a mutation in the gal operon since, after
the introduction of a functional gal operon by
transduction or F-duction into strain JR-11, the
cells are still unable to ferment galactose well

(J. Rothman, personal communication). The
activities of UDP glucose pyrophosphorylase and
phosphoglucomutase were found to be normal
in strain JR-11. However, the strain was found to
contain less than 1% of the wild-type hexose
phosphate isomerase activity (5).

It has been shown that T-even phage lysates of
bacterial strains lacking UDP glucose are host-
restricted (5). Such lysates are termed T*. Normal
T4 phage lysates can be made from strain JR-11
if glucose is present in the medium. However, in
an amino acid medium lacking glucose, T* phage
lysates are produced. It appears that the only
biochemical pathway from amino acids to UDP
glucose has been lost in this strain.

Although the strain grew well in an amino acid
medium, it grew poorly and only after a lag of
many days in minimal medium supplemented
with the amino acids, threonine and leucine,
which the parent strain is known to require. We
found that the addition of glutamate to the me-
dium shortened the lag to about 1 day and then
allowed reasonable growth of the strain on many
carbon sources (Table 2). L-Glutamate (20,g/ml)
was added to the media in all subsequent experi-
ments. However, strain JR-1 1 was found to grow
more slowly than the parent strain on several
carbon sources even with added glutamate and

TABLE 2. Growth rates of various strains of
Escherichia colia

Strain
Carbon source

C600 JR-11 JR-11-R JR-11-I

Glycerol ......... 90b 105 95 95
Glucose .......... 70 115 110 105
Gluconate ........ 78 80 75 75
Fructose 120 >300 120 120

Xylose ........... 75 85
Succinate ......... 85 85

a The growth rates were determined at 37 C in
minimal medium containing 20,Ag/ml of L-threo-
nine, 20 Ag/ml of L-leucine, 20 ,g/ml of L-gluta-
mate, and the various carbon sources at 0.4%.
The optical density at 530 mlA was measured on a
Klett-Summerson photoelectric colorimeter for at
least two generations in the exponential phase of
growth.
bMass doubling time (minutes).

was found to grow extremely slowly on fructose,
as shown in Table 2. To elucidate the nature of
this growth response, we selected derivatives of
strain JR-11 for ability to ferment galactose on

EMB-galactose agar from an EMS-mutagenized
culture (13). We also isolated similar derivatives
after infection of strain JR-11 with phage P1 from
a lysate of the gal- strain, LA-12. Single colony
isolates of the revertant, JR-11-R, and the trans-
ductant, JR-11-I, were gal- on the EMB plates.
Both strains grow well on glycerol and fructose
and require threonine and leucine but not gluta-
mate for growth (Table 2).
The activity of hexose phosphate isomerase in

these strains was determined (Table 3). To our

surprise, neither strain JR-1 1-R nor strain JR-1 1-I
had more than 0.1 % of the activity of the enzyme
found in strain C600. To test for in vivo isomerase
activity, T6 phage lysates of strain JR-11-R were
prepared. As can be seen in Table 4, T* phage
characteristics were found in the lysates of cells
grown on amino acids and on amino acids plus
fructose. Normal phage lysates were formed when
glucose was present in the medium. It appears
that strain JR-1 1-R lacks hexose phosphate
isomerase activity in vivo as well as in vitro. The

TABLE 3. Hexose phosphate isomerase activitya

Activity (mpmoles
Strain per min per mg of

protein)

C600 .................. 154
JR-lI ................. 0.24
JR-11-R ............... 0.0
JR-1 -I ................ 0.09

a The activities were determined in extracts of
overnight cultures of the strains grown on glycerol
minimal medium.

TABLE 4. Production of T* in strain JR-11-Ra

Efficiency of plating on

Medium
Shigella Escherichia

dysenteriae coli B

Tryptone. 1.0 104
Tryptone + 0.4% glucose.... 1.0 0.8
Tryptone + 0.4% fructose. 1.0 104

a Phage T6 lysates of strain JR-ll-R in the
various media were prepared by incubating 2 X
107 T6 phage with 3 X 108 bacteria at 37 C for 10
min, collecting the bacteria by centrifugation, and
resuspending them at 3 X 104 bacteria per milli-
liter in the various media. After 80 min at 37 C, a
drop of chloroform was added. Dilutions were
made for titering phage on S. dysenteriae 16 and
E. coli B.
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biochemical basis for poor galactose fermentation
and lack of growth on fructose in strain JR-11 is
not understood, but does not appear to be related
to hexose phosphate isomerase activity. In any
case, strains JR-11-R and JR-11-I appear com-
pletely normal except for the loss of hexose phos-
phate isomerase activity and the concomitant
inability to form glucose derivatives from carbon
sources not containing glucose or galactose.
A similar hexose phosphate isomerase-negative

mutant of Salmonella typhimurium has been iso-
lated (4). In contrast to the isomerase-negative
strains of E. coli, the Salmonella mutant grows
very slowly on glucose. In an effort to determine
the basis for this difference, we investigated the
Entner-Doudoroff pathway. E. coli is known to
contain 2-keto-3-deoxy 6-phosphogluconate al-
dolase, the second enzyme of the pathway (12).
We found that E. coli forms 6-phosphogluconate
dehydrase, the first enzyme of the pathway, when
grown on glucose, gluconate, or glycerol (Table
5). Thus, it appears that E. coli forms the Entner-
Doudoroff enzymes constitutively in contrast to
Salmonella, which forms 6-phosphogluconate
dehydrase only when grown on gluconate. The
utilization of this pathway for glucose metabolism
in the isomerase-negative mutants of E. coli may
account for the relatively rapid growth on glucose.

Catabolite repression in strains JR-lI, JR-II-R,
and JR-HI-I. We determined the differential rate
of $-galactosidase synthesis in strains C600,
JR-11, JR-11-R, and JR-11-I after induction in
minimal medium minus a source of nitrogen, in
the presence of various carbon sources. The cul-
tures were all preadapted to growth on the test
carbon source. Thus, complications due to tran-
sient repression of ,-galactosidase were not pres-
ent in these experiments (Loomis and Magasanik,
in press). Likewise, IPTG was present in all experi-
ments at I0-3 M concentration, a concentration

TABLE 5. 6-Phosphogluconate dehydrase activity'

Activity (mumoles
Strain Carbon source per min per mg of

protein)

3.000 Glucose 78

3.000 .......... Gluconate 180
C600 ...... Glycerol 50
LA-12 ...... Glucose 62
LA-12 ...... Gluconate 156

a The strains were grown overnight in minimal
medium with the various carbon sources. The
bacteria were collected by centrifugation, washed,
and suspended in glycylglycine-HCl buffer (pH
7.4). The enzyme was measured in sonic extracts
as described in Materials and Methods.

known to give optimal induction of cells growing
in glucose-containing medium (14). The repres-
sion observed under these conditions is completely
relieved by a mutation in a gene, CR, which has
been shown to determine catabolite repression
specific to the lac operon (15; Loomis and Maga-
sanik, in press).
Under these conditions, extremely strong

catabolite repression of ,B-galactosidase is exerted
by gluconate, xylose, lactate, succinate, and
fructose in all strains tested (Table 6). These
carbon sources cannot give rise to either glucose
or galactose nor to their derivatives in the isom-
erase-negative strains. Thus, it appears that
catabolite repression of,-galactosidase can re-
sult from a high concentration of compounds
other than those related to glucose or galactose.

If one assumes that lactate gives rise to a catab-
olite which represses ,B-galactosidase independ-
ently of hexose phosphate isomerase activity,
one would expect glycerol to give rise to the same
catabolite independently of hexose phosphate
isomerase activity. However, it can be seen in
Table 6 that, although glycerol in the absence of
a nitrogen source elicits strong repression of,-
galactosidase in the wild-type strain, it does not
repress f3-galactosidase in the isomerase-negative
mutants. The weight of evidence, however, sug-
gests that the lack of repression by glycerol in
hexose phosphate isomerase-negative mutants is
not due to the fact that the formation of glucose-
6-phosphate is blocked in these mutants. At
present, the problem remains a mystery.

Nevertheless, we decided to determine whether
glycerol would give rise to catabolite repression
of tryptophanase and amylomaltase in strain
JR-1 1 in the absence of a nitrogen source. It can
be seen (Table 7) that, although gluconate re-
presses amylomaltase strongly in both strain

TABLE 6. Catabolite repression of l-galactosidasea
,a S 8-

0

0 a Cd

C600 ...... 4 1 1 7 4 14
Jr-l ...... 7 - 2 90 4 13
JR-11-R... 1 5 - 112 1
JR-11-I - - - 80

a Values are the differential rate of ti-galactosi-
dase synthesis in minimal medium lacking a nitro-
gen source, containing various carbon sources at
0.4% concentration. The rate in the absence of
both a carbon and a nitrogen source is taken as
100. The rate of synthesis was determined over a
period of 80 min after the addition of 10-3 M
IPTG.
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TABLE 7. Catabolite repression of tryptophanase
and amylomaltase

Tryptophanasea
Strain Carbon source Amylomaltaseb

+NH4+ -NH4+

C600 Glycerol 100 7
Glucose 26
Gluconate 37 0

JR-1I Glycerol 100 20 81
Glucose 32
Gluconate 43 0

a The values in nitrogen-containing medium are
the relative rates of enzyme synthesis after induc-
tion with 1 mg/ml of L-tryptophan. The rate with
glycerol as carbon source is taken as 100. The rate
was determined over a period of 60 min. All val-
ues are the average of at least two determinations.
The values in the absence of a nitrogen source are
the relative differential rates of synthesis. The
rate when no carbon source is present is taken as
100. The rate was determined over a period of 80
min.

b Values are the relative specific activities of
amylomaltase after incubation overnight in the
presence of 0.4% maltose. The specific activity of
a culture incubated overnight without added car-
bon source is taken as 100

JR-il and the parent strain C600, glycerol only
represses this enzyme in the parent strain.
Glycerol exerts strong repression of trypto-
phanase in strain JR-il under this condition.
It appears that the catabolite related to tryp-
tophanase can be formed in the mutant from both
glycerol and gluconate, and the catabolite related
to amylomaltase and ,B-galactosidase can be
formed in the mutant from gluconate but not
from glycerol.

Repression by glucose in strain JR-Il. Since we
found that strain JR-l1 grows more slowly on
glucose than on glycerol (Table 2), we wondered
whether glucose would give rise to catabolite
repression of ,B-galactosidase in a growing culture.
The fully induced differential rate of f-galacto-
sidase synthesis in a culture of strain JR-i1 was
found to be reduced by the presence of glucose in
the medium to 55% of the differential rate in
glycerol-containing medium. It appears that glu-
cose can give rise to catabolite repression of f-
galactosidase, even when the growth rate on
glucose is reduced by loss of hexose phosphate
isomerase activity.
When the oxidation of glucose to gluconate in

Aerobacter aerogenes is impaired by mutation,
glucose no longer represses f3-galactosidase (21).
Since an impairment in utilization of the pentose
shunt, but not a block in the Embden-Meyerhof

pathway, reduces catabolite repression of ,B-
galactosidase, it seems that the specific catabolite
may be a derivative of the pentose shunt.

Studies in a mutant unable to form acetyl-coen-
zyme A (CoA). To define further the compounds
involved in catabolite repression of j3-galacto-
sidase, we investigated the repression elicited by
glucose in a mutant unable to form compounds
of the citric acid cycle in the absence of exogenous
acetate.

E. coli strain A-460 requires acetate for growth
and has been shown to have only 0.5% of the
wild-type lipoic reductase-transacetylase activity
(6). A culture of this strain growing exponentially
in glycerol minimal medium with 0.4% acetate
was induced with 10-3 M IPTG, and glucose was
added to one half of the culture. The rate of f3-
galactosidase synthesis was reduced in the glucose
medium to 50% of the rate in the glycerol me-
dium. To exclude the Krebs cycle intermediates
from a role in catabolite repression of (-galacto-
sidase, a glucose-grown culture of strain A-460
was collected on membranes, washed, and re-
suspended in minimal medium, but acetate was
omitted. Glucose was added to one half of the
culture, and the other half remained free from a
carbon source. The cells could not grow under
these conditions. It was found that the differential
rate of ,B-galactosidase synthesis was reduced to
5% of the rate in the carbon-free culture by the
presence of glucose.

It has been shown that, when the concentration
of acetyl-CoA is low, very little of the 4-carbon
compounds of the Krebs cycle can be formed (1).
Thus, it appears that neither compounds of the
Krebs cycle nor the derivatives of these com-
pounds are required for complete catabolite re-
pression of ,B-galactosidase.

Apparent repression by galactose. We have
shown that several carbon sources cause catabolite
repression of 3-2galactosidase in a mutant in
which none of the galactose compounds can be
formed from these carbon sources. Therefore, we
investigated the repression elicited by galactose
in strains able and unable to metabolize galactose.

Unlike McFall and Mandelstam (17), we did
not observe repression by galactose of,-galacto-
sidase in growing cultures of a galactose-positive
strain, 3.000. McFall and Mandelstam utilized a
strain, 58-161, which had been selected for strong
repression of (-galactosidase by glucose, and it is
conceivable that galactose is also a better source
of catabolites in strain 58-161 than in strain 3.000.
We did observe a severe repression by galactose
of f-galactosidase when anabolism was reduced
by the lack of a nitrogen source in the wild-type
strain, 3.000, but not in the strain carrying a muta-
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tion in the CR gene, LA-12G (Table 8). A muta-
tion in the CR gene has been shown to render a
strain insensitive to catabolite repression of the
lac operon by several carbon sources even under
conditions of nitrogen starvation (15). Therefore,
we conclude that the repression elicited by galac-
tose in the wild-type strain is dependent on a
functional CR gene and appears to be an expres-
sion of catabolite repression.

In agreement with the observations of McFall
and Mandelstam (17), galactose was found to
give rise to repression of ,3-galactosidase in a
galactokinase-negative mutant, A-263 (Table 8;
Fig. 1). However, repression of fl-galactosidase
by galactose was also observed in a CR7 deriva-
tive of the galactokinase-negative mutant, A-263-1
(Table 8; Fig. 1). Thus, the repression of f-
galactosidase elicited in these mutants, unable to
metabolize galactose, appears to be independent
of the gene which determines catabolite sensitivity
specific to the lac operon.

Galactose appears to repress p-galactosidase
in growing cultures of a galactose-negative strain
but not in growing cultures of a wild-type strain.
It has been shown that the internal concentration
of galactose is much higher in galactokinase-neg-
ative cells than in wild-type cells (7). The re-

TABLE 8. Repression by galactose

Rate of
,B-galactosidase

Pertinent genotype synthesis in
galactose-
containing

Strain medium

lac gal
+

3.000..... i+z+y+CR+ + 100 1
LA-12G.. i+z+y+CR- + 100 106
A-263... i+z+y+CR+ - 58
A-263-1... i+z+y+CR - 56 -
A-413.. F'i-z+y+1/iz+y+ - 100 -

CR+

a The values are the differential rate of enzyme
synthesis in minimal medium containing 0.1%
Casamino Acids, 0.4% glycerol, 2 X 10-2 M galac-
tose, and 5 X 104 M IPTG. The differential rate of
synthesis in the absence of galactose is taken as
100, and was similar in all strains. The rate was
determined over a period of 90 min. The galactose-
negative strains lack galactokinase activity.
bThe values are the differential rate of enzyme

synthesis in minimal medium minus NH4+, con-
taining 2 X 10-2 M galactose and 10-3 M IPTG.
The differential rate in the absence of a carbon
source is taken as 100 and was similar in both
strains. The rate was determined over a 90-min
period.

7.
Uf)

z0
2400

w

0
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< 200
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FIG. 1. Repression by galactose in CR+ and CR-
galactose-negative strains. A culture of cells in the ex-
ponential phase of growth in glycerol minimal medium
was induced with 5 X JO4-M IPTG. The culture was
immediately divided and IO-2M galactose was added to
one half. Samples were taken for determination of /3-
galactosidase activity. The optical density at 530 mA
was observed on a Klett-Summerson photoelectric
colorimeter. (a) Strain A-263 lac+ (i+z+y+ CR+)
galactokinase-; (b) strain A-263-1 lac+ (i+z+y+ CR-)
galactokinase-.

pression of f3-galactosidase in galactokinase nega-
tive strains growing in the presence of galactose
may result from this increased internal galactose,
per se.
When glucose is added to fully induced lac+

cells growing on carbon sources other than glu-
cose, 3-galactosidase synthesis is strongly re-
pressed for about 40 min. After this period of
growth in the presence of glucose, #3-galactosidase
is synthesized at the rate determined by catabolite
repression in the particular strain. The repression
by galactose in galactokinase-negative mutants
does not appear to be a case of this transient re-
pression, since the repression was relatively weak
and appeared constant during 80 min of growth
in the presence of galactose (Fig. 1).
Glucose is also able to repress severely ,B-

galactosidase synthesis in glucose-grown cells
when induced by low levels of inducers. This
severe repression can be overcome in ,B-galacto-
side permease-positive cells by a short period of
preinduction of the lac operon (Loomis and
Magasanik, in press). It appears that the presence
of glucose in the medium reduces the internal
concentration of inducer so that only partial
induction of the lac operon can occur. The ability
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to concentrate inducer in the cells, i.e., permease
activity, overcomes this effect of glucose (9;
Loomis and Magasanik, in press). The repression
by galactose of ,B-galactosidase in galactokinase-
negative mutants is not relieved even after 1 hr of
induction of the lac operon. Since ,B-galacto-
sidase activity and, presumably, permease activity
increased markedly during this period, it appears
that increased permease activity does not relieve
the repression by galactose in these galactose-
negative mutants. It has been shown that galac-
tose inhibits the entry of galactosides into
induced permease-positive cells (11). Thus, galac-
tose may give rise to repression of f3-galactosidase
in induced cells of a galactokinase-negative
strain by competing with inducer for entry into
the cells. Therefore, f-galactosidase synthesis in
a galactokinase-negative strain constitutive for
f3-galactosidase might not be repressed by galac-
tose, since the rate of ,B-galactosidase synthesis
is independent of internal concentration of in-
ducer in such a strain. When the differential rate
of,-galactosidase synthesis was determined in
strain A-413 (F i-zy+/i-z4y+, gal-), it was
found that the presence of galactose in the me-
dium did not repress the enzyme in this lac con-
stitutive strain (Table 8). Thus, it appears that
galactose gives rise to repression of 3-galac-
tosidase in galactokinase-negative mutants by an
inhibition of induction and not by catabolite
repression of the operon.

DISCUSSION
When anabolism of wild-type E. coli is reduced

by nitrogen starvation, the presence of any carbon
source in the medium reduces the differential rate
of f3-galactosidase synthesis by a factor of more
than 10 (19). It is thought that the concentration
of one or more catabolites in the cells determines
the degree of repression of a specific operon (18).
Our results with the hexose phosphate isom-

erase-negative mutant indicate that catabolite
repression of the lac operon does not require
glucose, galactose, gluconate, or their direct
derivatives, since these compounds cannot be
formed by any known pathway from fructose,
lactate, xylose, or succinate in an isomerase-
negative strain, and yet a strong repression of
,B-galactosidase by these compounds can be ob-
served when anabolism is reduced. Likewise, the
compounds related to the Krebs cycle do not
appear to be required for catabolite repression of
the lac operon, since glucose gives rise to strong
repression in a mutant under conditions where
the formation of Krebs cycle compounds is
severely restricted.
McFall and Mandelstam (17) reported re-

pression of f-galactosidase by galactose in mu-
tant strains unable to grow on galactose. They
suggested that the degree of catabolite repression
of the lac operon is determined by the concentra-
tion of galactose compounds. We have presented
evidence that the repression by galactose observed
in galactokinase-negative strains is the result of
an inhibition of induction which is independent
of the gene, CR, which determines catabolite
repression specific to the lac operon. Thus, galac-
tose does not appear to be involved in catabolite
repression of f-galactosidase.

If catabolite repression of the lac operon is
effected by a single compound, we suggest that
the compound is related to the pentoses and
trioses of intermediary metabolism.
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