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We have recently reported that cyclic 3’,5-adenosine monophosphate
(cyclic 3/,5"-AMP) stimulates the production of pB-galactosidase and tryp-
tophanase in Escherichia coli.! Investigation of the effect of cyclic 3’,5'-AMP on
B-galactosidase synthesis revealed that the nucleotide acts at the level of tran-
scription to increase the synthesis of 8-galactosidase messenger RNA (mRNA).2
This effect of cyclic 3',5’-AMP is distinct from the well-characterized repressor-
operator control of the lac operon,? since cyclic 3,5-AMP is active in mutants of
both the repressor and the operator loci. Further, eyclic 3/,5’-AMP overcomes
the transient repression of S-galactosidase synthesis produced by the addition of
glucose to glycerol-grown E. coli.? We have now studied the regulation of 8-
galactosidase synthesis in mutants of the lac promotor region. These mutants
have recently been isolated and described by Scaife and Beckwith.4 They re-
spond to inducers of the lac operon, but when fully induced make only about 5
per cent as much of the lac enzymes as does their parent strain, E. coli K12 3000.
We find that cyclic 3’,5-AMP does not stimulate g-galactosidase synthesis in one
of these promotor mutants, strain L8. In addition, while glucose produces a
normal permanent repression of g-galactosidase synthesis in this mutant, it does
not produce a transient repression of g-galactosidase synthesis when added to
glycerol-grown cells. The studies with strain L8, reported in this paper, suggest
that the site at which cyclic 3’,5’-AMP acts to stimulate 8-galactosidase synthe-
sis is the lac promotor, and that transient repression of the lac operon is mediated
by changes in the concentration of cyclic 3’,5-AMP.

Materials and M ethods.—The following strains of E. coli K12 were used: 3000 (the
parent strain, lac t*pto*tz*ty*ta*); L8 and L29, two promotor mutants that make about
5% as much g-galactosidase as does 3000;* ¢ 64, a revertant of L8 that makes normal
amounts of g-galactosidase and that is genetically indistinguishable from 3000;¢ 82 and
N27, two other revertants of L8 that contain a second mutation within the promotor
locus, and that make, respectively, 15-209, and 50-709, as much B-galactosidase as
does the parent strain;® o;; and o0,,, two operator-constitutive mutants;* and %529, a con-
stitutive ¢-gene mutant.® Strain 3000 was a gift from Dr. E. Steers; all other strains
were given to us by Dr. J. Beckwith.

Bacteria were grown aerobically at 37°C in medium A, a minimal medium,’ supple-
mented with thiamine. Glucose (0.5%) or glycerol (0.5%) served as carbon sources.
Growth was measured turbidimetrically at 560 nm in a Coleman Jr. spectrophotometer.
All strains grew with doubling times of 50-60 min on glucose and 70-80 min on glycerol;
cyclic 3’,5’-AMP had no significant effect on their growth rates. B-Galactosidase was
induced by the addition of 102 M isopropyl-1-thio-g-D-galactoside (IPTG) and was
assayed in toluene-treated cells by the method of Pardee, Jacob, and Monod.? Tryp-
tophanase was induced by the addition of 2.5 X 107* M tryptophan and was assayed in
toluene-treated cells by the method of Bilezikian et al.® Other materials and methods
have been described previously.!” 2
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Results.—Transient repression: When glucose is added to cultures of E. cok
growing on another carbon source (such as glycerol), a transient, severe repres-
sion of B-galactosidase synthesis ensues.!® During the period of transient repres-
sion, which lasts for about half a generation, almost no g-galactosidase is made.
Following this period, B-galactosidase synthesis resumes at the rate characteristic
of glucose-grown cultures. The effects of glucose on B-galactosidase synthesis in
a glycerol-grown culture of strain 3000 are illustrated in Figure 1. In this ex-
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Fia. 1.—Effects of glucose and £
cyclic 3’, 5'-AMP on g-galactosid- 3
ase synthesis in strain 3000. Cells
* growing on glycerol were incubated £
with 10=3 M IPTG. Ten minutes 2
later, the culture was divided into £ 'S[”
three parts, which received the fol- 3
lowing additions: (O), none; (A), 2

0.025 M glucose; (A), 0.025 M glu-
cose + 10~3 M cyclic 3’, 5'-AMP.
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periment, S-galactosidase synthesis was induced for ten minutes before the addi-
tion of glucose alone or of glucose plus cyclic 3’,5'-AMP (arrow). Following the
addition of glucose, there is an abrupt cessation of B-galactosidase synthesis.
After a lag period of about half a generation (20-30 min), 8-galactosidase synthe-
sis resumes at a decreased rate, reflecting the permanent form of glucose repres-
sion (see below). Cyclic 3’,5'-AMP completely abolishes the transient repres-
sion and has a small effect on the permanent repression. Similar results are
obtained when glucose and cyclic 3/,5-AMP are added at the same time as the
inducer.? However, the degree of permanent repression is quite variable from
experiment to experiment, depending, presumably, on how well adapted the cells
are to growth on glycerol. Indeed, in cultures that grow as rapidly on glycerol as
on glucose, the addition of glucose still produces transient repression but causes
little or no permanent repression.?

Figure 2 shows the effects of glucose on S-galactosidase synthesis in a glycerol-
grown culture of a promotor mutant, strain L8. In this strain, glucose does not
cause a transient repression of enzyme synthesis. Instead, following the addition
of glucose, the rate of B-galactosidase synthesis rapidly decreases to the perma-
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Fi1a. 2.—Effects of glucose and cyclic 3'5'-
AMP on g-galactosidase synthesis in strain
18. Experimental procedure and symbols
are the same as in Fig. 1.

BIOCHEMISTRY: PASTAN AND PERLMAN

Proc. N. A. S.

20—

B-GALACTOSIDASE (UNITS/mi)

.040 .050 060G

00560

Fia. 3.—Effects of glucose and cyclic 3',5'-
AMP on g-galactosidase synthesis in strain 64.
Experimental procedure and symbols are the
same as in Fig. 1, except that glucose and
cyclic 3/,5'-AMP were added at the time of
the inducer, rather than 10 min later.

nently repressed rate. Further, cyclic 3’/,5'-AMP has little or no effect on 8-
galactosidase synthesis in this strain. In Figure 2, the rates were plotted for
only half a generation, but were linear for two generations.

Strain L8 is a mutant of strain 3000, and is thought to contain only a single
mutation in the lac operon.* It is unlikely that strain L8 carries an additional
mutation affecting the uptake or metabolism of cyclic 3’,5'-AMP. To investi-
gate this possibility, however, we examined the effect of the nucleotide on tryp-
tophanase synthesis in strain L8. In the experiment shown in Table 1, cells
treated with tris(hydroxymethyl)aminomethane (Tris) and ethylenediamine-
tetraacetate (EDTA) were used.! The nucleotide stimulates tryptophanase
production in both the mutant and the parent strain. Strain L8, therefore, does
not contain a mutation affecting its responsiveness to cyclic 3/,5'-AMP in general.
Rather, it contains a specific defect in the response of its lac operon to the nucleo-
tide.

Further evidence that the mutation in the promotor locus was responsible for
the lack of transient repression and cyclic 3’,5-AMP stimulation of 8-galactosid-
ase synthesis in strain L8 was obtained from studies with strain 64, a revertant
of strain L8 that makes normal amounts of 8-galactosidase. As shown in Figure
3, glucose produces a normal transient repression of g-galactosidase synthesis in

Stimulation of tryptophanase production by cyclic 3',6'-adenosine phosphate.
~———Tryptophanase Formed (U/ml/min)——

TasLE 1.

Cells Control Cyeclic 3’,5'-AMP
L8 0.027 0.055
3000 0.028 0.083

Cells were treated with EDTA (103 M) as previously described, and induced with tryptophan
(2.5 X 10— M) for 20 min in the presence of glucose (2.5 X 102 M) with or without cyclic AMP
(10-% M). Rates of enzyme synthesis are calculated from assays 10 and 20 min after induction.
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this strain, and cyclic 3’,5-AMP overcomes this repression. The fact that rever-
sion at the promotor locus is associated with a resumption of normal responsive-
ness to glucose and cyclic 3’,5’-AMP strongly suggests that a single gene controls
all these functions.

Experiments with two partial revertants of strain L8, strains 82 and N27,
support, the hypothesis of a relationship between the promotor locus, transient
repression, and cyclic 3/,5’-AMP stimulation of g-galactosidase synthesis. Both
of these revertants have regained glucose repression and cyclic 3’,5-AMP
stimulation of g-galactosidase production (Table 2). In growth experiments not
shown, the glucose repression was found to be transient.

We have studied one other promotor mutant, L29, whose mutation maps at a
site distinct from L8. In contrast to L8, however, this strain displays both tran-
sient repression and cyclic 3/,5'-AMP stimulation of g-galactosidase synthesis
(Fig. 4, Table 2). The explanation of this difference may be that the promotor
locus may have two distinct functions, the control of lac operon expression and
the response to glucose and cyclic 3',6’-AMP. Some promotor mutations might
interfere with one of these functions, and others might interfere with both. It
should be noted that, while it is possible to quantitate the promotor function
of the promotor locus (by measuring the maximal rate of 8-galactosidase synthe-
sis), it is not possible to quantitate either transient repression or cyclic 3/,5’-AMP
stimulation of B-galactosidase synthesis. We have only been able to describe
these latter functions qualitatively as either present or absent. Studies on other
promotor mutants will be necessary to clarify these aspects of promotor func-
tion.

We have reported previously that cyclic 3/,56’-AMP overcomes the transient
glucose repression of B-galactosidase synthesis in an operator mutant, og7,
and in an 7-gene mutant, 3300.2 We have now studied two more operator
mutations, o5 and 0s;, and one other i-gene mutant, #. In each of these
strains, glucose represses $-galactosidase synthesis, and this repression is over-
come by cyclic 3’,5-AMP (Table 2). Experiments with these mutants pro-
vide further evidence that the effect of cyclic 3’-5'-AMP is distinct from the re-
pressor-operator control of the lac operon.

TasLe 2. Effect of glucose and cyclic 3',6’-adenosine phosphate on S-galactosidase synthesis
in vartous mutants of E. colt 3000.
8-Galactosidase (U/ml/10® Cells)

Units Made in 30-Min Induction:
Glucose and cyeclic

Cells Initial Control Glucose 3’,5'-AMP
3000 0.0 2.4 0.7 2.0
L8 0.0 0.08 0.02 0.02
64 0.0 2.8 0.8 2.1
N27 0.0 1.1 0.24 0.77
82 0.0 0.8 0.07 0.19
129 0.0 0.15 0.04 0.18
05 6.22 1.1 0.15 1.5
0307 4.65 0.5 0.0 1.1
U522 13. 2.4 0. 2.

Log-phase cells (1-4 X 108 cells/ml) were induced with IPTG (103 M) with or without glucose
(0.025 M) and cyeclic 3’,6’-AMP (10-3 M). IPTG was not added to constitutive strains (o:g7, %s2).
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rar o Permanent repression: When cultures
of either strain 3000 or strain L8 are
grown for many generations on either

§ ok glucose or glycerol and then induced
= with IPTG, the differential rate of 8-
E o8l galactosidase synthesis in the glucose-
H grown cells is very much less than that
8 osl- in the glycerol-grown cells. This is the
3 a phenomenon of permanent repression.!!
& o4r As mentioned before, the absolute

amount of this repression is variable;

t in the experiments shown in Figures 5
0 o5  and 6, the glucose-grown cells of both
0.0.560 strains made only about 25 per cent as

Fig. 4.—Effects of glucose and cyclic much § -galactos1dase. as did the glyc-
3'5-AMP on g-galactosidase synthesis in erol-grown cells. Evidently, strain L8
strain L29. Experimen!:al Procedure and displays normal permanent repression.
symbols are the same as in Fig. 1. Cyeclic 3’,5’-AMP increased the rate of
B-galactosidase synthesis in glucose-grown cultures of strain 3000 by about 10
per cent, but did not restore this rate to that in the glycerol-grown cultures. -
Cyeclic 3’,5’-AMP had very little effect on g-galactosidase synthesis in glucose-
grown cultures of strain L8 or in glycerol-grown cultures of either strain. Ap-
parently, cyclic 3’,5’-AMP plays only a small role in the permanent repression of
B-galactosidase synthesis by glucose.

Discussion.—We have previously reported that in E. coli 3000 the transient
repression of 8-galactosidase synthesis produced by glucose is overcome by cyclic
3’,5'-AMP.2  Since glucose lowers the cyelic 3',5'-AMP concentration in E.
coli,” we proposed that transient repression is due to a fall in cyelic 3/,5’-AMP con-
centration. We have now found that in strain L8, a mutant of the lac promotor,
glucose does not produce a transient repression of g-galactosidase synthesis, and
cyclic 3'5'-AMP does not stimulate B-galactosidase production. Further, we
have found that return of the promotor function toward normal, in three rever-
tants of strain LS8, is associated with a restoration both of transient repression
and of eyelic 3’,5'-AMP stimulation of B-galactosidase synthesis. We propose
that transient repression of the lac operon is mediated by the lac promotor and
that the promotor is the site at which cyclic 3’,5’-AMP acts, directly or indirectly,
to stimulate g-galactosidase synthesis. We have previously shown that the nu-
cleotide has little effect on glucose oxidation in E. coli, and that stimulation of
B-galactosidase mRNA formation by cyclic 3',5'-AMP does not require protein
synthesis.?

Our finding that the nucleotide increases the synthesis of B-galactosidase
mRNA is in agreement with the hypothesis of Ippen et al.,® that is, that the pro-
motor controls the rate of transcription, rather than the rate of translation, of the
lac operon. These authors have proposed that the promotor controls the maxi-
mal rate of lac operon expression, and that it is the site of attachment of RNA

0.2~
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(Left) Fig. 5.—Permanent repression of g-galactosidase synthesis in strain 3000. Cells
growing on glycerol (circles) or glucose ({riangles) were incubated with 10—3 M IPTG, in the
presence (®, A) and absence (O,A) of 1073 M cyclic 3/,5-AMP. B-Galactosidase assays were
begun 10 min after the addition of IPTG, by which time the rates of B-galactosidase synthesis
have become constant.

(Right) F1g. 6.—Permanent repression of g-galactosidase synthesis in strain L8. Experi-
mental procedure and symbols are the same as in Fig. 5.

polymerase to the lac operon DNA. Our results suggest that cyelic 3’,5’-AMP
is also required for the maximal rate of lac operon expression.

Summary.—pB-Galactosidase synthesis in a mutant of the lac promotor, strain
L8, is not subject to transient repression by glucose and is not stimulated by
cyclic 3’,56’'-AMP. In both the parent organism and in revertants of this strain,
cyclic 3’,5'-AMP overcomes the transient repression, but not the permanent
repression, of g-galactosidase synthesis. We propose that transient repression of
the lac operon by glucose is mediated by the lac promotor, and that the promotor
is the site at which eyeclic 3',5'-AMP acts, directly or indirectly, to stimulate
B-galactosidase synthesis.

The authors thank Dr. Jonathan Beckwith for his generous gift of the mutant strains
employed and for information about their genetic character. They also thank Mr.
Thomas Chester for his technical assistance. :

1 Perlman, R., and 1. Pastan, Biochem. Biophys. Res. Commun., 30, 656 (1968).

2 Perlman, R., and 1. Pastan, J. Biol. Chem., 243, 5420 (1968).

3 Beckwith, J. R., Science, 156, 597 (1967).

4 Scaife, J., and J. R. Beckwith, in Cold Spring Harbor Symposia on Quantitative Biology,
vol. 31 (1966), p. 403.

5 Ippen, K., J. H. Miller, J. Scaife, and J. R. Beckwith, Nature, 217, 825 (1968).

¢ Arditti, R. R., J. Scaife, and J. R. Beckwith, submitted for publication to J. Mol. Biol.



1342 BIOCHEMISTRY: PASTAN AND PERLMAN Proc. N. A. 8.

7 Makman, R. S., and E. W. Sutherland, J. Biol. Chem., 240, 1309 (1965).

8 Pardee, A. B., F. Jacob, and J. Monod, J. Mol. Biol., 1, 165 (1959).
¢ Bilezikian, J. P., R. O. R. Kaempfer, and B. Magasanik, J. Mol. Biol., 27, 495 (1967).

10 Tyler, B., W. F. Loomis, Jr., and B. Magasanik, J. Bacteriol., 94, 2001 (1967).
11 Magasanik, B., in Cold Spring Harbor Symposia on Quaniitative Biology, vol. 26 (1961),

p. 193.



