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In previous papers a model (Cohn, 1956,
1958; Cohn and Horibata, 1959a, b) was de-
scribed which completely rationalized the kinetics
of the induction by galactosides and the inhibition
by glucose in terms of the properties of the galac-
toside-permease. However, little information was
provided on the mechanism by which glucose acts
as an inhibitor of induction. It is known (Cohn
and Horibata, 1959a, b; Herzenberg, 1958) that
glucose inhibits induced 3-galactosidase synthesis
in mutants which lack permease, and, conversely,
induced permease synthesis is inhibited in
mutants which lack 3-galactosidase. Therefore, it
is clear that the inhibiting action of glucose is not
at the level of the activity of either permease or
galactosidase but at some other point in the
series of reactions leading to the synthesis of
either component.

The experiments described here are best under-
stood in terms of the hypothesis that induced
enzymes are those whose synthesis can be
repressed (Neidhardt and Magasanik, 1956a, b;
1957; Vogel, 1957) by some derivative of the
carbon source. The inducer relieves the repression.
Certain very inhibitory carbohydrates, such as
glucose or mannitol, are metabolized to yield
high internal levels of repressor, whereas less
inhibitory substances such as succinate and
lactate give lower levels of repressor. The repres-
sor-hypothesis with some qualifications will be
used as the basis for the description of the data.
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However, in the specific case of the glucose-
inhibition, this simple hypothesis must be quali-
fied somewhat to analyze the data quantitatively.
As a result this system appears to be quite com-
plex. In an attempt at simplification, we have
decided to divide this paper into two parts; in the
first half we will present the general behavior of
populations with respect to induction and inhi-
bition under various conditions, and in the second
half we will discuss the proposed theories of the
mechanism.

MATERIALS AND METHODS

Most of the pertinent techniques have been
discussed previously (Cohn and Horibata, 1959a,
b; Rickenberg et al., 1956). The details of the
experiments are to be found with the figures.

Strains of bacteria. In addition to those pre-
viously described, three strains of Escherichia
colt which produce B-galactosidase or permease
constitutively were used.

Growth on
Strain )4 z lactose
ML308 + + +
ML3088 + - —
ML35 - + -

Y refers to the galactoside-permease and Z to the
B-galactosidase itself.

Measurement of enzyme synthests. The differen-
tial rate of synthesis, i. e., enzyme activity
expressed as a function of bacterial growth, has
been discussed in several papers (Cohn, 1957;
Monod et al., 1952).

EXPERIMENTAL RESULTS

Several parameters of the system. (1) Specificity
of the inhibition:—In this section we will present
the kinetics of formation of 3-galactosidase in the
presence of various carbon sources, metabolizable
and nonmetabolizable. The kinetics of the
response of an E. colt (Y+ Z+) to induction
appears to depend upon (a) the rate of metabo-
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lism of the carbon source to yield the actual
inhibitor, (b) the state of adaptation of the cells
to both the inhibitory carbon source and the
inducer, and (¢) the degree of inhibitory action of
the carbohydrate without further metabolism
(direct action).

Almost any sugar and several amino acids at a
high enough concentration (10! to 10~ M)
inhibit the induced appearance of 3-galactosidase
in E. colt strain ML30 (Y + Z+). However, at
concentrations (10~ M) where the inhibition by
glucose and mannitol are still maximal, the other
substances have no effect. Certain sugars (gluco-
nate, ribose, xylose, mannose, and fructose) at
low levels block B-galactosidase synthesis for
short periods up to a maximum of one division, at
which time the organisms escape the inhibition
(figure 1). Since a concentration of 103 M sugar
would support a growth of at least 40 ug bacterial
N per ml, this escape is not due to the disappear-
ance of the sugar by metabolism. E. colt strain
ML30 will grow on all of the substances listed in
figure 1 except methyl a-p-glucoside and sucrose.

Under the above conditions, the later decrease
in the inhibition of the formation of enzyme in
the presence of any one sugar may be interpreted
in terms of the appearance of heterogeneity in the
population (Cohn and Horibata, 1959a; Novick
and Weiner, 1957). The heterogeneous response
of a population to induction has been shown to
be due to the permease (Cohn and Horibata,
1959a, b; Novick and Weiner, 1957). If the
findings with glucose are extrapolated to other
carbohydrate inhibitors, then the accelerating
response of the culture to induction in the
presence of inhibiting carbohydrates (figure 1)
reflects this heterogeneity. In addition to the
galactoside-permease, the heterogeneous response
may be favored by a second factor. If some
metabolic derivative of the carbon source is the
principal inhibitory substance (repressor), then
the chief variable affecting the kinetics of inhibi-
tion will be the level of repressor. This level will
depend in part upon the rate of conversion of
externally added carbohydrate to internal
repressor. In the case of an inhibitory substance
which is used adaptively, this rate goes from
zero to maximum in the time it takes for the
necessary enzymes to appear. Carbohydrates,
e. g., glucose, which are metabolized by con-
stitutive enzyme systems, are converted virtually
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Figure 1. The effect of various substances at
concentration of 1073 M on the induction of g-
galactosidase in Escherichia coli strain ML30 by
107 M methyl B-p-thiogalactoside (TMG). The
inducer TMG and the various inhibitors were
added simultaneously to the culture growing on
succinate.

instantaneously to maximal levels of repressor.
The consequences of these considerations can be
illustrated with ribose which E. coli strain
ML30 utilizes adaptively, but which E. coli
strain B does not metabolize under any circum-
stances. Although the methyl 8-p-thiogalactoside
(TMG)-induced synthesis of B-galactosidase is
blocked by glucose in noninduced E. coli strain
B, ribose has no effect. On the other hand, the
nature of the inhibition by ribose with E. colt
strain ML30 depends upon whether or not the
culture is preinduced with ribose or with TMG.
If the culture is preinduced with ribose and
then TMG is added, induced B-galactosidase
synthesis is blocked much as in the case of an
inhibitor such as glucose (figure 2). Conversely,
if TMG is added first and the culture
is preinduced for the galactoside-permease
and the B-galactosidase, then ribose has no
effect (figure 2). If both ribose and TMG are
added simultaneously to a noninduced culture
there is a race between two inducible systems,
the one which handles the inhibitor and the one
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Figure 2. The ribose-methyl-8-p-thiogalactoside
(TMG) interaction in strain ML30. To samples of
a noninduced culture growing on succinate,
(@ —@®) at arrow 1, ribose (2 X 1073 M) was
added, then at arrow 2, TMG (2 X 107 M) was
added; (O——O) at arrow 2, TMG (2 X 107* M)
alone was added; and (X——X) at arrow 2, TMG
(2 X 107¢ M) and ribose (2 X 1073 M) were added
simultaneously.

To samples of a preinduced culture prepared by
at least 3 divisions of growth in the presence of
TMG, subsequently washed and put into ex-
ponential growth on succinate, (A—A) TMG
(2 X 107* M) was added and (O—0O) TMG
(2 X 104 M) + ribose (2 X 1073 M) were added.

which handles the inducer. Such a situation
favors a heterogeneous response to induction
since each cell might be expected to resolve this
competition independently and differently. The
resultant acceleration phase of the induction in
the presence of ribose (as well as other carbo-
hydrates, figures 1 and 2) can be simply inter-
preted in these terms.

The above discussion applies largely to me-
tabolizable carbohydrates which are presumably
converted as is glucose to a single inhibitor which
interacts with the [B-galactosidase system.
Certain of these carbohydrates, either by virtue
of their similarity in structure to galactosides or
by any other means, might also have an inhibitory
effect without being metabolized. This brings us
to the third complication, that of direct action,
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which is illustrated by methyl «-p-glucoside
(Wainwright, 1953) which enters the cell via a
constitutive permease (Cohen and Monod, 1957)
and is not metabolized as a carbon and energy
source. This carbohydrate is not as good an
inhibitor as glucose or mannitol since the culture
relatively rapidly escapes inhibition at a con-
centration of 103 M, and at 3 X 10~* M or below
methyl a-p-glucoside is without effect. Preinduc-
tion with TMG (Cohn and Horibata, 19595) not
only renders the cells resistant to the inhibitory
action of methyl a-p-glucoside (figure 3) but to
all the substances listed in figure 1.

The action of methyl a-p-glucoside is not
clear, nor is it certain that this derivative should
be included in the description of diauxie-inhibi-
tors. On the other hand, as we will discuss in
detail later, the inhibition by glucose is only
partially reversed by preinduction or by high
inducer concentration. This leads to the qualifi-
cation of the repressor hypothesis mentioned in
the introduction, namely, that glucose is acting
via two pathways: (a) indirectly as a metabolic
inhibitory derivative (repressor), and (b) directly
as unchanged glucose. Methyl a-p-glucoside
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Figure 3. Methyl a-p-glucoside as an inhibitor
of induction in strain ML30. To a noninduced
culture growing on succinate was added,
(@ ®) methyl B-p-thiogalactoside (TMG)
(10¢ M) and (O——Q) methyl a-p-glucoside
(1073 M); after 2 hr of growth the culture was
diluted into methyl «-p-glucoside (10~3 M) -+
TMG (107* m).

To a preinduced culture growing on succinate
wasadded, (O——0) TMG (1074 M) and (X X)
TMG (10~* M) 4 methyl a-p-glucoside (1073 m).
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Figure 4. The effect of 2-deoxy glucose on induced B-galactosidase synthesis. To a portion of an
Escherichia coli ML30 culture growing exponentially in succinate inorganic salts medium was added
methyl 8-p thiogalactoside (TMG) 10~ M and to another portion was added 2-deoxy glucose, 1072 M. (a)
The time-activity curve with an insert of the growth curve. Growth rate = u = divisions/hr. (b) The
growth-activity curve (differential rate of synthesis).

looked at as a nonmetabolizable glucose analogue,
might be reflecting the inhibitory action of
glucose as such. We will return later to this
question when the concentration relationships
between inducer and inhibitor are considered.

In addition to methyl a-p-glucoside, there are
sugar derivatives, such as 2-deoxyglucose, which
markedly inhibit growth of E. colt on succinate
but do not affect the differential rate of synthesis
(figure 4).

(2) Anaerobic shock:—If one places an
aerobically growing, glucose-inhibited culture
(ML30) under anaerobic conditions, there is a
lag in growth and at the resumption of growth,
enzyme synthesis also begins despite the presence
of glucose. This can be seen from the experiment
described in figure 5. With succinate as sole
carbon source, the switch to anaerobiosis causes
a cessation of growth and of enzyme synthesis.

Anaerobic conditions alone are insufficient to
establish enzyme formation in the presence of
glucose. If a culture is first adapted to and
growing exponentially on glucose under anaerobic
conditions, the addition of inducer does not lead
to enzyme formation (figure 6). It is the switch

to anaerobic conditions which is effective. In
terms of the preinduction effect described pre-
viously (Cohn and Horibata, 1959b; Monod,
1956; Novick and Weiner, 1957), one might
hypothesize that during the conversion of me-
tabolism from aerobiosis to anaerobiosis, there
is a sufficient synthesis of Y so that the subse-
quent expected glucose-inhibition, either aerobic
or anaerobic, is in large measure eliminated. This
hypothesis is supported by the experiment
(figure 7) showing that maintenance cannot be
induced in ML3, the Y~ Z* cryptic strain. Upon
making the cells anaerobic, there is a short
burst of B-galactosidase synthesis which ceases
as exponential anaerobic growth on glucose
begins.

Since it is known (Cohn and Horibata, 1959a,
b) that preinduction of the culture by aerobic
growth on succinate in the presence of inducer
leads to resistance to the inhibitory action of
glucose and to a steady state of enzyme synthesis
(maintenance), it might be asked whether
preinduction under conditions of anaerobic shock
leads to maintenance upon return to aerobiosis.
Figure 8 illustrates the experiment showing that
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Figure 6. The effect of the change to anaerobic conditions upon the inhibition by glucose of g-galac-
tosidase synthesis in Escherichia coli strain ML 30. Left, the growth curves for the cultures described
below. Right, the differential rates of synthesis for above cultures. A noninduced aerobically growing
culture is diluted into succinate medium 56 containing methyl 8-p-thiogalactoside (TMG) (10~ M) and,
(X——X) no additions, aerobic, then anaerobic, curve 1; (O——O) glucose (1073 M), aerobic, curve 2;
(O——~0) glucose (1073 M), anaerobic, curve 3; and, (@——@) glucose (1073 M), aerobic, then anaerobic,
curve 4. At the times indicated by arrows the cultures represented by curves 1 and 4 were made anaerobic
by bubbling through the culture 95 per cent N,-5 per cent CO,. These strains will not grow anaerobically
on glucose unless CO; is added. Control experiments in which CO, was added to aerobically growing
glucose inhibited cultures had no effect on the inhibition.

an anaerobic preinduction does lead to mainte-
nance in aerobiosis and that this state is stable
since it lasts through at least 27 generations
(table 1).

Anaerobic shock permits enzyme induction
not only in the presence of glucose, but also in
the presence of other carbohydrate inhibitors
such as gluconate and mannitol (figure 9). The
anaerobic growth rate of the culture during this
experiment is constantly increasing, yet the
formation of enzyme as a function of bacterial
mass becomes maximal and constant immed-
iately.

Mechanism of glucose inhibition. We will be
concerned here with the level at which the inter-
action of inducer and inhibitor takes place. The
pathway of the induced synthesis of enzymes
will be considered as consisting of two steps:

(a) the inducer pathway whereby the externally
added inducer reaches its site of action at the
enzyme-forming system, and (b) the protein-
synthesizing reaction involving the intermediates
between amino acids and finished enzyme. In its
simplest form (Cohn and Monod, 1953) one
might represent the induction of a protein as
shown in schema 1.

External inducer
Inducer-
v thway
Enzyme-forming system pa .
Amino acids nzyme-or LM Protein

Protein-synthesizing reaction
Schema 1
The first proposals, made some 10 years ago,

as to the mechanism of the glucose effect, i. e.,
the interaction hypothesis (reviewed by Spiegel-
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Figure 6. The effect of preadaptation to anae-
robic conditions on the inhibition by glucose
of methyl g-p-thiogalactoside (TMG) induction
in Escherichia coli strain ML30 (Y*Z*). A sample
of strain ML30 exponentially growing aerobically
on succinate was placed (1) into glucose (10™% M)
and made anaerobic immediately by gassing with
a 95 per cent N.-5 per cent CO., mixture. When
growth resumed, TMG (107¢ M) was added
(V——V) (note that at the end of growth due to
exhaustion of glucose some induction of Z occurs);
(2) into TMG (10~ M) and maintained aerobic
o 0); and (3) into glucose (1073 M) and TMG
(10~* M) maintained aerobic (O O). At the
moment indicated, a sample was switched to
anaerobiosis (@——@).

man, 1950), placed the action at the level of the
protein-synthesizing reaction. More recently, the
hypotheses (Cohn and Monod, 1953; Neidhardt
and Magasanik, 1956a, b; 1957) have been that
glucose acts at an early stage, i. e., on a step
in the pathway between external inducer and
its action in the enzyme-forming system.

(1) Interaction hypothesis:—This conception
stemmed from an inquiry into the nature of the
percursor of enzyme. It was proposed (Monod,
1941; Spiegelman, 1950) that different enzyme-
forming systems competed for common building
blocks. Under this interaction hypothesis, in the
presence of glucose, the enzyme-forming systems
which synthesized the glucose-induced enzymes
used up the precursors which served also for
other inducible systems. The result was an inhibi-
tion of synthesis of the latter enzymes.
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There are several findings not satisfactorily
explained by this hypothesis.

(a) Mutants which produce the B-galactoside-
enzyme system constitutively are relatively
resistant to the inhibitory action of glucose
(figure 10). Even at concentrations as high as
10~ M glucose, the constitutive synthesis of Y
and Z is inhibited only 50 per cent, whereas the
induced synthesis would be completely blocked
at 10~* M glucose. Formally speaking, the con-
stitutive E. cols strains differ from the inducible
strains in that constitutives in the absence of
external inducer are not utilizing the inducer
pathway. Since the inducible and constitutive
enzymes are indistinguishable (Monod and Cohn,
1952), the above representation assumes that
the protein-synthesizing pathway for the two
strains are identical. If glucose acted at this latter
level, constitutive synthesis should be blocked.
This argument is applicable to each of the com-
ponents of the B-galactoside system individually,
for not only is constitutive Z synthesis by the
Y™ mutant, ML35, resistant to the inhibition
by glucose (figure 11a) but also constitutive Y
synthesis by the Z~ mutant, ML3088 (figure 11b).
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Figure 7. The effect of preadaptation to anae-
robic conditions on the inhibition by glucose of
methyl B8-p-thiogalactoside (TMG) induction in
Escherichia coli strain ML3 (Y-Z*). A sample of
strain ML3 exponentially growing aerobically on
succinate was placed (1) into TMG (8 X 10™* M),
maintained aerobic (6 ——@®) and (2) into TMG
(8 X 1074 M) + glucose (2 X 1072 M), maintained
aerobic (W——V). At the moment indicated, a
sample was switched to anaerobiosis (V—V).
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Figure 8. The establishment of maintenance in
Escherichia coli strain ML30 as a result of anaer-
obic treatment. An aerobically growing culture
is diluted into succinate medium 56 containing
methyl 8-p-thiogalactoside (TMG) (10~¢ M) and,
(V——V) no additions, aerobic, culture 1;
(O——0) glucose (1073 M), anaerobic, culture 2;
(X——X) glucose (1073 M), aerobic, culture 3; and
(@——@®@) glucose (1073 ), aerobic, culture 4.

At times indicated by arrows, the cultures 1
and 3 were made anaerobic as described in figure
5. After 30 min anaerobic induction, the culture
described by curve 3 was made aerobic.

(b) The addition to the medium of amino
acids, peptones, yeast extract, nucleosides, purine
and pyrimidine bases, vitamins, or CO, did not
reverse the glucose inhibition of B-galactosidase
synthesis. If anything, these additions increase
the inhibitory power of glucose. This finding
confirms that of Neidhardt and Magasanik (1957)
with the histidinase system of Aerobacter aero-
genes. If there were a sudden depletion by glucose
of common intermediates in protein synthesis,
the above additions might be expected to relieve
the shortage and allow B-galactosidase formation,
particularly since they increase the growth rate
significantly.

(¢) The interaction hypothesis does not
predict maintenance which would be specifically
dependent on the presence of the Y system
(Cohn and Horibata, 1959b; Novick and Weiner,
1957), unless it be assumed that the permease
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itself is the intermediate which is common to
the synthesis both of the (3-galactosidase and of
the glucose-induced enzymes, and which is com-
peted for by the two systems. This is known to
be incorrect since there are mutants (ML3) which
grow on glucose as sole carbon source and which,
lacking galactoside-permease, make B-galactosi-
dase. The induced synthesis of 3-galactosidase is
inhibited by glucose in these cryptic strains
(Herzenberg, 1958).

(2) Interference by glucose with inducer ac-
tion:—As the interaction hypothesis became less
tenable, the second class of hypotheses suggested
(Cohn and Monod, 1953; Neidhardt and Maga-
sanik, 1956a, b; 1957) was that glucose acted at
the level of inducer action, that is on the pathway
between external inducer and the internal com-
plex between the inducer or its derivative and the
enzyme-forming system. The first of the hy-
potheses in this category was that glucose or a
metabolic derivative of it blocked the penetra-
tion of the inducer into the cell. This hypothesis
was proved wrong by Neidhardt and Magasanik

TABLE 1
Maintenance induced by anaerobic shock
Differential Rate
No. of of Synthesis
Conditions Divi-
sions
Y z
Noninduced

TMG (methyl-3-p-thio-

galactoside).......... 27 0.61 | 82
TMG + glucose,

aerobic............... 27 (<0.02 0.07
TMG + glucose,

anaerobic............. 27 0.28 | 51
TMG + glucose, ana-

erobic, 2 hr, then

aerobic............. .. 27 0.33 | 43

Preinduced

TMG + glucose,

aerobic............... 27 0.39 | 52

A noninduced and preinduced culture of ML30
were diluted to the level of 1 organism per ml into
succinate medium at 37C and treated as indicated
above. 24 to 29 hr later, when the cultures had
reached a density between 1 X 108 and 3 X 108
bacteria per ml, they were analyzed. The concen-
tration of TMG was 1074 M and of glucose was
2 X 1073 M. See figure 2 for technique of aerobic
preinduction.



1959]

7 E 20 < Manritol
g e Gluconate
200} E 15

g /

& 10 /
—- Z 0.9 /
- [oX-]

pul [
IS 207}t /
o 3
2 0.6 i
= : = zmmbu:}b/
=] 5 O5f1, 8-+

a L N L L
bt 04— 2 3 & 5
> HOURS
Sioof
S 1
o x
-
<
=
I X
4 made
w anoerobic
4
W
— 1 1 1
o 2 4 6 8

BACTERIAL NITROGEN(gg/mi)

Figure 9. The effect of anaerobic shock on the
inhibition by mannitol and gluconate. Escherichia
coli strain ML30 growing aerobically in succinate-
salt medium was placed into (X——X) methyl
B-p-thiogalactoside (TMG) (10™* M), culture 1.
(O——0) TMG (10™* M) + mannitol (2 X 1073 m)
anaerobic, culture 2; (A—A) TMG (107 M) +
mannitol (2 X 1073 M) aerobic, culture3; (@ o)
TMG (10~* M) + gluconate (2 X 1073 M) anaerobic,
culture 4; and (A——A) TMG (10™¢ M) + glu-
conate (2 X 1073 M) aerobic, culture 5. Culture 1
after induction had progressed was made anaer-
obic. The insert illustrates the anaerobic growth
of the cultures on mannitol and gluconate.

(1957) for the histidinase system, and for the
B-galactoside system by showing that lactose is
metabolized by induced cells in the presence of
glucose, and by direct measurements of inducer
penetration (Cohn and Horibata, 1959b). There-
fore, if glucose interferes with the metabolism
of the inducer, it must be at a stage after the
action of the Y system. This point is again
supported by the observation that cryptic strains,
in which the inducer metabolism can be made to
by-pass the Y system, are glucose-inhibited
(Herzenberg, 1958).

These considerations lead to the repressor
hypothesis, namely, that glucose is converted by
inducible cells to a specific repressor which inter-
acts with the enzyme-forming system of the
galactosidase and the permease. The most obvious
kind of repressor which can be postulated is a
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galactoside which would be an analogue of the
inducer, TMG. One model for the behavior of
such a substance would be phenyl 3-p-thiogalacto-
side (TPG) which has been shown (Cohn and
Monod, 1953) to be a competitive inhibitor of the
induction by TMG, the interaction presumably
taking place at the level of the enzyme-forming
system (Herzenberg, 1958). This simple inducer-
analogue hypothesis predicts that any procedure
which increases the internal inducer concentra-
tion should diminish the extent of the glucose
inhibition. One such way is preinduction and
as has been shown (Cohn and Horibata, 1959b),
concomitant with the appearance of the permease,
the induced synthesis of Y and Z becomes
resistant to glucose. However, a more critical
test would be the demonstration of a competitive
relationship between inducer and glucose. The
effect of concentration of TMG and glucose on
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Figure 10. The effect of glucose on the consti-
tutive formation of Y and Z by the mutant ML
308 (Y* Z*) growing on succinate. (X X)
= no additions; (V——V) = glucose (1072 Mm);
(@——@®@) = glucose (3 X 1073 M); and (O 0)
= glucose (1072 m).
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Figure 11. Inhibition by glucose of the consti-
tutive synthesis of Z in the absence of Y (upper
graph) and Y in the absence of Z (lower graph).
Strain ML35 (Y=Z*): (X——X) = no additions;
(O——0) = glucose (1073 m); and (@ ——@) =
glucose (1072 M). Strain ML3088 (Y*Z™): (X——X)
= no additions; (O——0O) = glucose (1073 M);
(@——@®@) = glucose (3 X 107% m); and (V——V)
= glucose (1072 M).

the differential rate of synthesis by noninduced
E. coli strain ML30 has been studied previously
(Cohn and Horibata, 1959b) with the finding
that at a given glucose concentration (103 M)
increasing the TMG concentration led to a more
rapid induction, but that the response of the
population was heterogeneous. The previous paper
(Cohn and Horibata, 1959b) also pointed out
that with the preinduced cells there was a
residual inhibition by glucose at 10— M which
was not reversed by preinduction and continued
growth in the presence of TMG at 104 M. No
effect on the residual inhibition is observed by
increasing the concentration of TMG even at
low glucose concentration (10~* M) (table 2).
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The interaction of TMG and glucose is essentially
noncompetitive in the preinduced culture. Since
the glucose could have two actions (via a deriva-
tive and directly), and since the concentration
of inducer in the cell (approximately 10-! ar)
depends primarily on the level of permease and
not on external inducer concentration above the
saturating concentration of 3 X 10~* M, these
results are not a contradiction of the analogue
hypotheses.

Herzenberg (1958) has carried out a careful
analysis of the kinetics of the glucose-inducer
interaction using cryptic E. colt strains and has
found a distinctly noncompetitive relationship
between inducer and glucose. Since his work was
carried out with strains of E. colt which had been
selected on maltose through many generations,
and since the carbon source during the experi-
ments was maltose (which is metabolized to
glucose), it was decided to repeat this work under
the present conditions.

For the reanalysis of this question (table 3)
the more efficient inducer isopropyl B-p-thio-
galactoside (IPTG), studied by Herzenberg, was
employed instead of TMG. Furthermore, this
experiment (performed some 2 years after all
the others described here) was carried out using
strains which had undergone such a prolonged
selection on succinate that the induction of
B-galactosidase synthesis was only weakly in-
hibited by glucose, unless a passage through
glucose was carried out. Even then these strains
were more resistant than the previously described
organisms.

TABLE 2

Effect of methyl B-p-thiogalactoside (TM@)/glucose
ratios on preinduced Escherichia coli
strain ML30

Glucose Conc (m):

TMG Conc

1073 [ 5X107¢ 10+ 0
M

10— 27 29 38 60
103 27 42 64
10—¢ 27 24 38 60
3 X 103 24 33 55

A maximally induced culture was diluted into
succinate medium 56 containing the above mix-
tures of TMG + glucose. The figures are the
differential rate of synthesis, expressed as units of
enzyme per ug bacterial nitrogen.
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TABLE 3
Effect of inducer concentration on the inhibition by glucose by noninduced Escherichia coli
Glucose ()
IPTG* 0 10¢ 107 1072
§ ML3 ML30 ML3 ML30 ML3 ML30 ML3
—
1072 | 70| 58 |76 (<1%)| 52 (11%) 14 (80%) 19 (67%) <0.1 (>99%)| 2.9 (95%)
1073 | 73| 47 (62 (15%) | 36 (24%) | 3.6 (94%) 8.9 (81%) <0.1 (>99%)| <0.1 (>99%)
10~ | 68| 9.3|15 (78%) (2.9 (69%) [<0.1 (>99%) |<0.1 (>99%) | <0.1 (>99%)| <0.1 (>99%)

E. coli strains ML30 (Y*+ Z*) and ML3 (Y~ Z*) growing in succinate were placed into the above indi-
cated concentrations of glucose and IPTG. After 15 min the cultures were analyzed and the differential
rate of synthesis calculated. The figures in parentheses are the percentage inhibition calculated with
respect to the corresponding control with no glucose added.

* Isopropyl B-p-thiogalactoside.

At a low glucose concentration (10~ M) the
increasing inducer level leads to restoration of
maximum activity. However, at 103 M glucose
and above, there appears to be a residual inhibi-
tion quite resistant to increased inducer con-
centration. This apparent noncompetitive aspect
of glucose action is not a formal argument con-
tradicting the analogue hypothesis, since it can
be accounted for by any one or combination of
the following assumptions: (a) that the con-
centration of the inhibitor derived from the
glucose has a very high affinity for the enzyme-
forming system, (b) that glucose has two distinct
inhibitory effects on this system, one competitive
via a derived inhibition metabolite, and the
other noncompetitive and direct (see discussion
of figure 3), or (c) that the glucose-derived
inhibitor has a specific but in part noncompetitive
effect on induction.

DISCUSSION

Ever since Monod’s (1941) study of diauxie, it
has been clear that a large number of struc-
turally unrelated substances could each inhibit
the induced synthesis of an equally large number
of apparently unrelated enzymes (for bibliography
see Cohn and Horibata, 1959b). These findings
are conveniently interpreted as meaning that
(a) for a given induced enzyme the various
diauxic inhibitors are metabolized to a common
identical repressor which has direct action, and
(b) for a given diauxic inhibitor the various
induced enzymes are each repressed by a dif-
ferent specific repressor derived via the inter-

mediate metabolism of the diauxic inhibitor.
This “feed-back” model of glucose action was
proposed by Magasanik (1957) and Neidhardt
and Magasanik (1956a, b; 1957) to account for
their interesting findings with the histidinase sys-
tem. Were it not for the complication due to the
noncompetitive aspect of the glucose inhibition,
all of the findings could be understood in terms of
the repressor hypothesis with the further specifi-
cation that the repressor is a galactose analogue
(of high or low molecular weight). To account for
the noncompetitive aspect, the inhibitory be-
havior of glucose in the 3-galactoside system is as-
sumed to be complex, comprising two actions: a
weak direct one, shown at high concentrations
and noncompetitive in nature; and a strong in-
direct one, caused by a metabolic derivative, ap-
parently competitive in nature and shown at low
glucose concentrations. The argument that glu-
cose itself is metabolized to a repressor is sup-
ported by the observation that nonmetabolizable
derivatives of glucose, e.g., 2-deoxy glucose, 3-
methyl glucose, methyl a- or [-p-glucoside,
sucrose, cellobiose, phenyl 8-p-thioglucoside, have
little effect compared to glucose on induced
B-galactosidase synthesis. Whatever action these
analogues do have is attributable to an inhibition
by the unchanged substance.

The indirect action implies that the difference
between glucose or mannitol, which are excellent
inhibitors, and ribose or fructose, which are
not as effective, is that for the strains of E. cols
used here the steady state concentration of the
metabolically derived repressor in the cell is
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higher for the former than for the latter sub-
stances. The rate of metabolism of a diauxic
inhibitor to a repressor is also clearly dependent
on the strain, for by repeated selection on
succinate one can isolate strains which are
increasingly resistant to the inhibition by glucose.
These organisms grow well on glucose although
they metabolizeitaerobically at one half the rate
of glucose-maintained strains, the implication
being that resistance to inhibition and reduced
metabolism of glucose are related. Thus, on the
one hand, carbon sources differ quantitatively as
inhibitors of induction for a given organism and,
on the other hand, various organisms respond dif-
ferently to given inhibitors of induction depend-
ing upon their rates of metabolism.

At the extreme end of this spectrum are
succinate, lactate, glycerol, malate, acetate, which
for E. colv strains ML, B, and K12 are apparently
noninhibitory in our experiments. However, under
other conditions (Mandelstam, 1957) an ap-
parently noninhibitory substance such as succi-
nate becomes as inhibitory as glucose to induction.
The suggestion derived from this picture is that
all the carbon sources are metabolized to re-
pressors and that the induced enzyme is simply
in a repressed state. Inhibitory carbon sources
are those which are converted to such a surplus
of repressor that induction by substances added
to the medium is decreased.

The above speculation raises the question as
to why glucose does not have an inhibitory
effect on constitutive B-galactosidase synthesis
comparable to its effect on induced synthesis?
The answer to this depends upon which hypothesis
concerning constitutivity is accepted, ‘“the gen-
eralized induction hypothesis” (Cohn and Monod,
1953) or the “generalized repression hypothesis”
(Hogness, 1959; Pardee et al., 1958; Vogel, 1957).

Since present evidence favors the interpreta-
tion that inducible enzymes are those which are
repressed in synthesis (Pardee et al., 1958) we will
discuss this point of view further. The resistance
of constitutive synthesis to the inhibition by
glucose implies under the repression hypothesis
that there is a block in the specific pathway of
metabolism from glucose to the repressor or of
the synthesis of the 8-galactoside-enzyme system.

In general our findings are more simply in-
terpreted in terms of a repression hypothesis
because no special assumptions as to the path-
ways of metabolism have to be made to account
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for the difference between apparently nonin-
hibitory and inhibitory carbon sources. The
difference is purely quantitative with noninhibi-
tion being the basal inhibitory level.

It is interesting that according to the repression
hypothesis the resistance of a preinduced cell
and of a constitutive cell to the glucose inhibition
are caused by two distinct mechanisms, high
internal inducer concentration in the preinduced
cell and lack of repression in the constitutive cell.

Like glucose, TPG (Cohn and Monod, 1953)
is a very poor inhibitor of constitutive synthesis.
These two substances have a marked inhibitory
effect on induced synthesis even in cryptic
organisms lacking the galactoside permease
(Herzenberg, 1958). Under the repression hy-
pothesis, if it is the metabolism of glucose to a
galactoside-analogue repressor which is blocked,
then TPG, which under the simplest hypothesis
is like the repressor end product of glucose
metabolism, should inhibit. Since it does not,
the attractive hypothesis that the repressor
actually is a galactoside analogue has little
experimental support.

One point deserves comment; there are con-
ditions under which the differential rate of
synthesis increases sharply (figures 5 to 9). This
curious observation, which was first made by
Rickenberg and Lester (1955), and termed by
them preferential synthesis, erops up repeatedly
whenever a culture, in the presence of inducer,
begins to starve on a carbon source either because
it is limiting or because it becomes unavailable
metabolically, e. g., succinate during conversion
to anaerobiosis.

In terms of the repression hypothesis, the
concentration of inhibitor derived from succinate
or glucose would become so low that the TMG-
inducer would exert an explosive inductive effect.

This interesting phenomenon of preferential
synthesis deserves a detailed experimental anal-
ysis.

SUMMARY

The complex kinetics of 8-galactosidase synthe-
sis resulting from the interaction of carbohydrate
inhibitors and inducers has been analyzed in
terms of the hypothesis that the different carbon
sources are all metabolized to one given inhibitor
which competes with inducer at the level of the
enzyme forming system.

The data discussed include: (a) the effect of
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metabolizable and nonmetabolizable sugars on
both induced and constitutive synthesis; (b) the
concentration relationships between glucose and
inducer, and (c) the role of aerobiosis.

REFERENCES

ConeNn, G. N. axp Monob, J. 1957 Bacterial
permease. Bacteriol. Revs., 21, 169-194.
Conn, M. 1956 On the inhibition of glucose of
the induced synthesis of B-galactosidase in
Escherichia coli. Henry Ford Hospital Inter-
national Symposium, Enzymes: units of bio-
logical structure and function, pp. 41-48.

Academic Press, Inc., New York.

Conn, M. 1957 Contributions of studies on the
B-galactosidase of Escherichia colt to our
understanding of enzyme synthesis. Bac-
teriol. Revs., 21, 140-168.

Coun, M. 1958 On the differentiation of a
population of Escherichia coli with respect to
B-galactosidase formation. In The chemical
basis of development, pp. 458-468. Edited by
W. D. McElroy and B. Glass. Johns Hopkins
Press, Baltimore.

Conn, M. anp HoriBaTa, K. 1959¢ Inhibition
by glucose of the induced synthesis of the
B-galactosidase-enzyme system of Escherichia
coli. Analysis of maintenance. J. Bacteriol.
78, 601-612.

Coun, M. anp HoriBaTa, K. 19590 Analysis of
the differentiation and of the heterogeneity
within a population of Escherichia coli under-
going induced B-galactosidase synthesis. J.
Bacteriol., 78, 613-623.

Conn, M. anp Monop, J. 1953 Specific inhi-
bition and induction of enzyme biosynthesis.
In Adaptation in microorganisms, pp. 132-149.
Edited by R. Davies and E. F. Gale. Cam-
bridge University Press, Cambridge, England.

HERZENBERG, L. 1958 Studies on the induction
of B-galactosidase in a ecryptic strain of
Escherichia coli. Biochim. et Biophys. Acta,
31, 525-538. k

HognEess,D.S. 1959 Induced enzyme synthesis.
Rev. Modern Physics, 31, 256-268.

MacasaNIk, B. 1957 Nutrition of bacteria and
fungi. Ann. Rev. Microbiol., 11, 221-252.

MaNDELSTAM, J. 1957 Turn-over of protein in
starved bacteria and its relationship to the
induced synthesis of enzyme. Nature, 179,
1179-1181.

Monop, J. 1941 Recherches sur la croissance
des cultures bactériennes. Thesis at Sorbonne
University, Paris. Hermann et Cie., Editors.

Monop, J. 1956 Remarks on the mechanism of
enzyme induction. In Enzymes: Units of

INHIBITION OF 8-GALACTOSIDASE BY GLUCOSE

635

biological structure and function, pp. 7-28.
Edited by O. H. Gaebler. Academic Press,
Inc., New York.

Moxob, J. anDp CouN, M. 1952 La biosyntheses
induite des enzymes (adaptation enzymati-
que). Advances in Enzymol., 13, 67-119.

Mox~op, J., PapPENHEIMER, A. M., JR., AND
CoHEN-Bazirg, G. 1952 La cinétique de la
biosynthese de la 8-galactosidase chez Escheri-
chia coli considérée comme fonction de la
croissance. Biochim. et Biophys. Acta, 9,
648-660.

NEemHARDT, F. C. AND MaGasaNIk, B. 1956a
The effect of glucose on the induced biosyn-
thesis of bacterial enzymes in the presence
and absence of inducing agents. Biochim.
et Biophys. Acta, 21, 324-334.

NEIpHARDT, G. C. aAND MacGasaNik, B. 1956b
Inhibitory effect of glucose on enzyme for-
mation. Nature, 178, 801-802.

NEempHARDT, F. C. AND Macasanik, B. 1957
Effect of mixtures of substrates on the bio-
synthesis of inducible enzymes in Aerobacter
aerogenes. J. Bacteriol., 73, 260-263.

Novick, A. aNp WEINER, M. 1957 Enzyme

induction, an all or none phenomenon. Proe.
Natl. Acad. Sci. U. S., 43, 553-566.
ParDEE, A. B., Jacos, F. aAnp Monop, J. 1958

Sur Dl’expression et le réle des alleles “‘in-
ductible” et ‘“‘constitutif’”’ dans la syntheése
de la B-galactosidase chez des zygotes d’-
Escherichia coli. Compt. rend., 246, 3125-
3128.

RickEnBERG, H. V., ConeN, G. N., Burriy, G.,
AND Monop, J. 1956 La galactoside-per-
mease d’Escherichia coli. Ann. inst. Pasteur,
91, 829-857.

RICKENBERG, H. V. AND LESTER, G. 1955 Pref-

erential synthesis of p-galactosidase in
Escherichia coli. J. Gen. Microbiol., 13,
279-284.

SpPIEGELMAN, S. 1950 Modern aspects of enzy-
matic adaptation. In The enzymes, Vol. 1,
Pt. 1, pp. 267-306. Edited by J. B. Sumner
and K. Mpyrbick. Academic Press, Inc.,
New York.

Voger, H. J. 1957 Repression and induction as
control mechanisms of enzyme biogenesis:
The “adaptive’” formation of acetylorni-
thinase. In Chemical basis of heredity, pp.
276-290. Edited by W. D. McElroy and B.
Glass. Johns Hopkins Press, Baltimore.

WainwrigHT, S. D. 1953 The role of a-methyl
glucoside as an inhibitor of induced enzyme
biosynthesis (enzymatic adaptation). Arch.
Biochem. Biophys. 47, 445-454.



