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Cyclic adenosine 5′-phosphate (cAMP) is a global regulator of gene expression in Escherichia coli. Despite decades of
intensive study, the quantitative effect and regulatory function of cAMP remain the subjects of considerable debate. Here,
we analyse the data in the literature to show that: (a) In carbon-limited cultures (including cultures limited by glucose),
cAMP is at near-saturation levels with respect to expression of several catabolic promoters (including lac, ara and gal).
It follows that cAMP-mediated regulation cannot account for the strong repression of these operons in the presence of
glucose. (b) The cAMP levels in carbon-excess cultures are substantially lower than those observed in carbon-limited
cultures. Under these conditions, the expression of catabolic promoters is very sensitive to variation of cAMP levels. (c)
cAMP · CRP invariably activates the expression of catabolic promoters, but it appears to inhibit the expression of anabolic
promoters. (d) These results suggest that the physiological function of cAMP is to maintain homeostatic energy levels.
In carbon-limited cultures, growth is limited by the supply of energy; the cAMP levels therefore increase to enhance
energy accumulation by activating the catabolic promoters and inhibiting the anabolic promoters. Conversely, in carbonexcess cultures, characterized by the availability of excess energy, the cAMP levels decrease in order to depress energy
accumulation by inhibiting the catabolic promoters and activating the anabolic promoters.
[Narang A 2009 Quantitative effect and regulatory function of cyclic adenosine 5′-phosphate in Escherichia coli; J. Biosci. 34 445–463]

1.

Introduction

Cyclic adenosine 5′-monophosphate (cAMP) regulates the
expression of several genes in Escherichia coli. As a global
regulator of gene expression, it has been the subject of
numerous studies and review articles (Pastan and Perlman
1970; Pastan and Adhya 1976; Botsford 1981; Ullmann and
Danchin 1983; Neidhardt and Magasanik 1987; Botsford and
Harman 1992; Saier and Reitzer 1996; Ullmann 1996). Yet,
despite more than four decades of research, the quantitative
effect and physiological role of cAMP remain the subjects of
considerable debate.
Initial studies of cAMP regulation were motivated by
the phenomenon of diauxic growth, which is exempliﬁed

by the glucose–lactose diauxie in Escherichia coli. It turns
out that the enzymes catalysing the transport and hydrolysis
of lactose, namely, lactose permease and β-galactosidase,
are synthesized or induced only if lactose is present in the
medium. Although the presence of lactose is necessary for
induction of these enzymes, it is not sufﬁcient. When E. coli
is grown in the presence of lactose and glucose, synthesis of
the lactose enzymes, and hence consumption of lactose, is
strongly inhibited or repressed (ﬁgure 1a). The consumption
of lactose begins upon exhaustion of glucose, but only after
a certain lag during which the lactose enzymes are built
up to sufﬁciently high levels. Thus, the cells exhibit two
exponential growth phases separated by an intermediate lag
(ﬁgure 1b), a phenomenon to which Monod gave the name
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diauxie or ‘double growth’ (Monod 1942). Diauxic growth
is observed with many pairs of substrates such as glucose +
galactose, glucose + maltose, and glucose + xylose.
The seminal work of Jacob and Monod revealed the
molecular mechanism for induction of the lactose enzymes
(Jacob and Monod 1961). They showed that in the absence
of lactose, the lac operon is not transcribed because the Lac
repressor is bound to a speciﬁc site on the lac operon called
the operator, which overlaps the promoter, the binding site
for RNA polymerase (ﬁgure 2, bottom). This prevents RNA
polymerase from attaching to the operon and initiating
transcription. In the presence of lactose, lac transcription
is triggered because allolactose, the product of a reaction
catalysed by β-galactosidase, binds to the repressor, and
drastically reduces its afﬁnity for the operator (ﬁgure 2,
middle).
The Jacob–Monod model provided the mechanism for
the induction of lactose enzymes in the presence of pure
lactose, but it did not explain their repression in the presence
of lactose and glucose. By the late 1950s, it was known that
the activity of the ﬁrst enzyme in a biosynthetic pathway
is often inhibited by the ultimate product of the pathway,
and this feedback inhibition serves to maintain biosynthetic
precursors at homeostatic levels (Pardee and Yates 1956;
Umbarger 1956). Inspired by this phenomenon, Magasanik
proposed the catabolite repression model to explain glucosemediated repression (Magasanik 1961). To this end, he

observed that the targets of glucose-mediated repression are
invariably catabolic enzymes. By analogy with the feedback
inhibition of biosynthetic pathways, he postulated that:
1.

Expression of catabolic enzymes is repressed by their
ultimate product, namely, one or more catabolite.
2. This catabolite repression serves to maintain homeostatic catabolite levels.
The model was supported by the following two facts. The
repression of several catabolic enzymes decreased if the
production of catabolites from glucose was suppressed by
restricting the glucose uptake rate; conversely, the repression
of these enzymes increased if the consumption of catabolites
for biosynthesis was curtailed by restricting the growth
rate. Diauxic growth was explained by arguing that since
catabolites are produced more rapidly from glucose than
other carbon sources (Neidhardt and Magasanik 1956), their
rapid accumulation in the presence of glucose somehow
inhibits the synthesis of catabolic enzymes associated with
other carbon sources.
The catabolite repression model explained many
experimental observations, but it was phenomenological
inasmuch as it did not specify the chemical identity of the
catabolite(s) mediating the repression. The discovery of
cAMP provided a speciﬁc compound that was biochemically
different from, but functionally similar to, Magasanik’s
catabolite. Indeed, unlike Magasanik’s catabolite, cAMP

Figure 1. Glucose-mediated repression of lactose enzyme synthesis in E. coli. (a) The β-galactosidase activity (in Miller units) during
exponential growth on lactose + glucose is 600-fold lower than its activity during exponential growth on lactose (Inada et al. 1996, ﬁgure
4). To ensure accurate measurement of the low β-galactosidase activity during growth on glucose, lactose + glucose, and glycerol, the
cells were incubated for 800 min (T Inada, personal communication). (b) Due to the strong glucose-mediated repression, β-galactosidase
synthesis is almost completely inhibited until the exhaustion of glucose. This results in the manifestation of two exponential growth phases
separated by an intermediate lag phase during which the lactose enzyme levels are built up to sufﬁciently high levels (Epstein et al. 1966,
ﬁgure 1).
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stimulated, rather than inhibited, lac expression (Perlman and
Pastan 1968b; Ullmann and Monod 1968). However, since
the cAMP level increased dramatically upon exhaustion of
glucose (Makman and Sutherland 1965), cAMP functioned
like Magasanik’s catabolite insofar as it served to maintain
homeostatic catabolite levels. In particular, the increase
of cAMP level upon exhaustion of glucose enhanced
catabolite levels by stimulating the expression of catabolic
operons.
Subsequent genetic studies, culminating in the
demonstration of lac expression in a cell-free system, led
to the cAMP model, which explained glucose-mediated lac
repression as follows. The recruitment of RNA polymerase
to the lac promoter is inefﬁcient unless a protein called
catabolite activator protein (CAP) or cAMP receptor protein
(CRP) is bound to a speciﬁc site on the promoter, referred to
as CAP site in ﬁgure 2.1 Furthermore, CRP has a low afﬁnity
for the CRP site, but when bound to cAMP, its afﬁnity
increases dramatically. In the presence of pure lactose (i.e.
no glucose), the cAMP level is high. Hence, CRP becomes
cAMP-bound, attaches to the CRP site, and promotes
transcription by recruiting RNA polymerase (ﬁgure 2,
middle). When glucose is added to the culture, the cAMP
level somehow decreases. Consequently, CRP, being cAMPfree, fails to bind to the CRP site, and lac transcription is
abolished (ﬁgure 2, top).
The cAMP model postulated that a similar mechanism
causes the glucose-mediated repression of other operons.
Thus, it provided a molecular mechanism for the
phenomenological theory of catabolite repression.
The model received considerable impetus when Epstein
et al. showed that the β-galactosidase activity increased
10-fold with the intracellular cAMP level (Epstein et al.
1975). However, subsequent data contradicted the cAMP
model. Wanner et al. found that the addition of cAMP to
the medium increased the β-galactosidase activity no more
than 2-fold (Wanner et al. 1978). Ullmann and coworkers
showed that catabolite repression persists in mutants lacking
CRP (Guidi-Rontani et al. 1980), and the glucose–galactose
diauxie occurs even in the presence of exogenous cAMP
(Joseph et al. 1981). More recently, Aiba and coworkers
showed that glucose-mediated lac repression persists
in cAMP-independent mutants, and disappears in lacconstitutive mutants or wild-type cells exposed to isopropylβ-D-thiogalactopyranoside (IPTG) (Inada et al. 1996). They
concluded that ‘the repression of β-galactosidase expression
by glucose is not due to the reduction of cAMP·CRP
1

Botsford and Harman discourage the use of the term catabolite
activator protein since it implies that the protein is always an activator, whereas the data show that it also inhibits the expression of
certain genes (Botsford and Harman 1992). We shall discuss some
of these data later on.
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Figure 2. Molecular mechanism for induction and cAMPmediated repression of the lac operon in E. coli (Ptashne and Gann
2002). Bottom: In the absence of lactose, the Lac repressor, denoted
rep, is bound to the operator. This prevents RNA polymerase from
binding to the promoter, and initiating transcription. Middle: In
the presence of lactose, the allolactose derived from lactose binds
to the repressor, which frees up the operator because allolactosebound repressor cannot bind to the operator. Furthermore, since the
concentration of cAMP, and hence cAMP CRP, is high, the latter,
denoted CAP, binds to the CAP site and recruits RNA polymerase
to the promoter. Top: In the presence of lactose and glucose, the
concentration of cAMP, and hence cAMP·CRP, becomes so low
that cAMP·CRP fails to bind to the CAP site and recruit RNA
polymerase. We show below that this cAMP-mediated mechanism
is not consistent with the data. During growth on glucose, the
cAMP level is near-saturating with respect to lac expression; in
fact, it is comparable to the cAMP level during growth on lactose.

level but due to an inducer exclusion mechanism which
is mediated by the phosphoenolpyruvate-dependent sugar
phosphotransferase system’. In what follows, we shall
analyse the data in these papers. Here, it sufﬁces to observe
that the debate continues to this day because the contradiction
between the data in Epstein et al. and subsequent papers
has never been resolved. A recent review article stating
that ‘inducer exclusion [not cAMP·CRP mediated
repression] is the decisive factor for the glucose–lactose
diauxie’ (Görke and Stülke 2008) provoked a response
arguing that ‘transcriptional regulation [i.e. cAMP·CRP
mediated repression] cannot be ruled out as a mechanism that
J. Biosci. 34(3), September 2009
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supports diauxic growth in E. coli’ (Crasnier-Mednansky
2008).
In this paper, we re-examine the data underlying the
cAMP model, and resolve the contradiction in the literature.
Speciﬁcally, we show that:
1. The 10-fold change in the β-galactosidase activity
observed by Epstein et al. is almost entirely due
to β-galactosidase dilution rather than cAMPmediated regulation of lac expression. In fact, the
lac expression rate is essentially the same in cultures
limited by many different carbon sources, resulting
in a fairly wide range of intracellular cAMP levels.
This resolves the apparent contradiction between
the data in Epstein et al. and the subsequent papers
described above.
2. The above result obtains because in carbon-limited
cultures, cAMP is at near-saturating levels with
respect to lac expression: The addition of exogenous
cAMP to carbon-limited cultures improves the lac
expression rate less than 2-fold. It follows that
the cAMP model cannot account for the 600-fold
repression of lac in the presence of glucose.
3. In carbon-limited cultures, cAMP is also at nearsaturating levels with respect to several other
catabolic operons.
4. The cAMP levels in carbon-excess cultures, which
are substantially lower than those observed in
carbon-limited cultures, are subsaturating with
respect to expression of several catabolic operons.
5. Although CRP–cAMP activates catabolic promoters,
it inhibits anabolic promoters.
These results, which are depicted graphically in ﬁgure
15a, imply that even though cAMP regulation cannot
explain diauxic growth, it does serve to maintain energy
homeostasis. In carbon-limited cultures, which suffer from a
deﬁciency of energy, the high cAMP levels enhance the rate
of energy accumulation by activating the catabolic promoters
and inhibiting the anabolic promoters. Conversely, in
carbon-excess cultures, which enjoy a surplus of energy,
the low cAMP levels decrease the energy accumulation
rate by inhibiting the catabolic promoters and activating the
anabolic promoters.
2.

Methods

Throughout this paper, we shall be concerned with enzyme
synthesis rates under a wide variety of conditions. These
rates are calculated from measurements of the cell density
and enzyme activity over a sufﬁciently large time interval.
It is useful to derive the appropriate formulas for these
calculations, since they are crucial for resolving the
contradictions in the literature.
J. Biosci. 34(3), September 2009

2.1

Quantities based on the volume of the culture

In the experiments, the measured variables are based on the
culture volume. These include the enzyme activity (units
ml–1) and the cell density (mgdw ml–1), which we denote
by ê and c, respectively. Throughout this paper, 1 unit of
β-galactosidase will refer to μmol of ortho-nitrophenyl-βgalactosidase (ONPG) hydrolysed per min.
The experiments are typically performed with growing
cultures. Under these conditions, enzyme degradation is
negligibly small (Mandelstam 1958), so that ê and c evolve
in accordance with the relations
deˆ
dc
= rˆe ,
= rˆg ,
dt
dt

(1)

where r̂ e denotes the rate of β-galactosidase synthesis (in
units min–1 ml–1), and r̂ g denotes the growth rate (in mgdw
min–1 ml–1).
2.2

Quantities based on the dry weight of the culture

Since enzyme synthesis and growth occur within the cells
rather than the entire culture volume, it makes more sense
to express the activity and rates on the basis of the total
volume, or equivalently, the total dry weight, of the cells.
One is therefore led to deﬁne the quantities
eˆ ⎛ units ⎞⎟
e ≡ ⎜⎜
⎟,
c ⎜⎝ mgdw ⎟⎠
re ≡

rg ≡

⎞⎟
rˆe ⎜⎛
units
⎟,
⎜
c ⎜⎝ min − mgdw ⎟⎠
rˆg
c

=

1 dc ⎛ 1 ⎞⎟
⎜
⎟.
c dt ⎜⎝ min ⎠

(2)

(3)

(4)

We shall use the preﬁx speciﬁc to distinguish these quantities
from those based on the culture volume. Thus, e, re, and rg will
be referred to as speciﬁc enzyme activity, speciﬁc enzyme
synthesis rate, and speciﬁc growth rate, respectively.
The speciﬁc enzyme activity is often expressed in
alternative units. Since the speciﬁc protein concentration
(mg of protein per mgdw) is approximately constant over
the range of speciﬁc growth rates typically observed in
experiments, some authors express the speciﬁc enzyme
activity in units per mg of protein (units mgp–1). In the
particular case of β-galactosidase, the speciﬁc enzyme
activity is often expressed in Miller units (MU), which
exploits the fact that the enzyme activity and cell density
are proportional to the absorbances at 420 nm and 600 nm,
respectively. Evidently, all these units are proportional to
each other.

Quantitative effect and regulatory function of cAMP in E. coli
The evolution of the speciﬁc enzyme activity, e≡ê/c, is
complicated by the fact that both ê and c change during
the experiment. We can derive the equation describing the
evolution of e by appealing to Eqs. (1)–(4). Indeed:
de
d ⎛eˆ⎞ 1 deˆ ⎛ 1 dc ⎞⎟
+ ⎜−
= ⎜⎜ ⎟⎟⎟ =
⎟eˆ,
dt
dt ⎝c ⎠ c dt ⎜⎝ c 2 dt ⎟⎠
rˆ ⎛ 1 dc ⎞⎟ eˆ
= e − ⎜⎜
⎟ ,
c ⎝c dt ⎟⎠ c
= re − rge,

(5)

where the second term, referred to as the enzyme dilution
rate, reﬂects the rate at which the enzyme is diluted by cell
growth.
Equation (5) implies that the steady-state speciﬁc enzyme
activity, denoted e~, is given by the ratio
e =

re
,
rg

(6)

where r~e and r~g denote the steady-state speciﬁc enzyme
synthesis and growth rates, respectively. In particular, r~e is
proportional to e~ if and only if r~g is constant. If r~g changes,
as is the case in some of the experiments described below,
the speciﬁc activity is not proportional to the speciﬁc
enzyme synthesis rate. This result is crucial for resolving the
discrepancies in the literature.
In continuous cultures, enzyme degradation is negligible
at sufﬁciently high dilution rates. It turns out that under these
conditions, Eq. (6) is also valid in continuous cultures. Since
r~g equals the dilution rate, D, we obtain the relation
e =

re
.
D

We shall appeal to Eqs. (6) and (7) below.

(7)

2.3
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The differential rate of enzyme synthesis

In some of the experiments described below, we shall be
concerned with the differential rate of enzyme synthesis. This
empirically deﬁned quantity is obtained by measuring the
enzyme activity, ê (units ml–1) and cell density, c (mgdw ml–1)
at various times after the exposure of a culture to possible
regulators such as cAMP, glucose and gratuitous inducers
(ﬁgure 3a). The differential rate of enzyme synthesis refers
to the slope of the ê(t) vs c(t) curve (ﬁgure 3b).
At steady state, the differential rate of enzyme synthesis
is identical to the speciﬁc enzyme activity. To see this,
observe that Eqs. (1), (3) and (4) yield
deˆ rˆe
r
= = e.
dc
rˆg
rg

Thus, the differential rate at any given time is the ratio of
the speciﬁc enzyme synthesis and growth rates at that time.
After a sufﬁciently long time, both these rates approach their
steady-state values, r~e, r~g, and the differential rate approaches
the ratio, r~e, r~g. It follows from Eq. (6) that that this ratio is
identical to the steady-state speciﬁc enzyme activity, e~.
It is worth reiterating that the steady-state differential rate
is not a rate – it is the steady state concentration (speciﬁc
activity) of the enzyme, which is not proportional to the
speciﬁc enzyme synthesis rate unless the speciﬁc growth
rate is constant. This condition is not satisﬁed in some of the
experiments described below.
3.

Results

Before attempting to resolve the contradictions in the
literature, it is useful to examine the early studies that led
to the cAMP model. Interest in cAMP as a regulator of gene
expression began when it was discovered that in glucoselimited batch cultures of E. coli, the intracellular cAMP
level increased dramatically upon exhaustion of glucose

Figure 3. Determination of the differential rate of β-galactosidase synthesis (Hogness 1959, ﬁgure 2). (a) When IPTG is added to a culture
of E. coli ML3 growing on glucose, the β-galactosidase activity increases within a few minutes. (b) The differential rate refers to the slope
of the curve obtained when the β-galactosidase activity, ê (units ml–1) is plotted against the cell density (mgdw ml–1). It is constant during
balanced (steady) growth of cells.
J. Biosci. 34(3), September 2009
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(Makman and Sutherland 1965). This experiment gave birth
to the cAMP model, which postulated that cAMP somehow
activates lac expression.
Two groups performed similar experiments to test the
hypothesis that cAMP stimulates lac expression (Perlman and
Pastan 1968a, b; Ullmann and Monod 1968). Ullmann and
Monod measured the effect of high extracellular cAMP levels
on the speciﬁc β-galactosidase activity of E. coli exposed to
various carbon sources and excess IPTG (ﬁgure 4a). Excess
IPTG was used to eliminate inducer exclusion, an alternative
mechanism of lac repression that acts by reducing the
intracellular concentration of the inducer rather than cAMP.
They found that if 5 mM cAMP was added to cells growing
exponentially on 0.5 mM IPTG and glucose, the speciﬁc
activity increased 2.5-fold. However, the same addition
produced little or no change in the speciﬁc activity if the cells
were growing exponentially on 0.5 mM IPTG and glycerol
or succinate. These results imply that cAMP stimulates lac
expression, and the intracellular cAMP level during growth
on glucose is lower than the level during growth on glycerol
or succinate. However, they do not prove the validity of the
cAMP model for the glucose–lactose diauxie. Indeed:
1.

Excess cAMP produces only a 2.5-fold increase in
the speciﬁc β-galactosidase activity of cells growing
on glucose. However, the speciﬁc β-galactosidase
activity during the second exponential growth phase
of the glucose–lactose diauxie is 600 times the
speciﬁc activity during the ﬁrst exponential growth
phase (ﬁgure 1a).
2. The cAMP model requires that the cAMP level
during growth on glucose be signiﬁcantly lower than
the cAMP level during growth on lactose. However,

the data in ﬁgure 4a provide no information about the
cAMP level during growth on lactose.
These gaps in the model were overlooked probably because
the diauxic lag phase, a signature of the strong lac repression
exerted in the presence of glucose, was abolished upon
addition of cAMP to cultures growing on glucose plus
lactose, xylose or maltose (ﬁgure 4b). Moreover, molecular
genetics provided deﬁnitive evidence that cAMP and its
binding partner, CRP, were necessary for lac induction
(summarized on p. 528 of Pastan and Adhya 1976).
The cAMP model received considerable impetus when
Epstein et al. showed that the speciﬁc β-galactosidase
synthesis rate increased with the intracellular cAMP level
(Epstein et al. 1975). To this end, they measured the variation
of the steady-state differential rate of β-galactosidase
synthesis with the extracellular cAMP level in a cya– and
lac-constitutive strain (ﬁgure 5a). Their data imply that the
differential rate increases with the intracellular cAMP level,
provided one assumes that the intracellular cAMP level
increases with the extracellular cAMP level. To establish
a direct correlation (without any assumptions), they also
measured the intracellular cAMP level and differential rate
of β-galactosidase synthesis during exponential growth of a
lac-constitutive strain on various carbon sources (ﬁgure 5b).
The lac-constitutive strain was used to eliminate inducer
exclusion, and diverse carbon sources were used to vary the
intracellular cAMP levels (in general, the lower the speciﬁc
growth rate on a carbon source, the higher the intracellular
cAMP level). Since the differential rate of β-galactosidase
synthesis increased 10-fold over the intracellular cAMP
levels found in various carbon sources, the authors
concluded that ‘there is a good relation between the cAMP

Figure 4. Effect of cAMP on the speciﬁc β-galactosidase activity and the diauxic lag (Ullmann and Monod 1968, ﬁgure 1 and table 1).
(a) When 5 mM cAMP is added to a culture of E. coli 3000 growing exponentially on 0.5 mM IPTG and glucose, the speciﬁc activity of
β-galactosidase increases 2.5-fold. The same addition to cultures growing on 0.5 mM IPTG and glycerol or succinate produces little or no
change in the speciﬁc activity. (b) During diauxic growth of E. coli 3000 on glucose + maltose, there is diauxic growth (Δ), but the diauxic
lag disappears if 8 mM cAMP is added to the culture (▲). This cAMP-mediated disappearance of the diauxic lag is also observed during
growth of E. coli 3000 on glucose + lactose and glucose + xylose. Note that the addition of cAMP to the medium causes the speciﬁc growth
rate to decrease slightly. As discussed later, this is probably because cAMP·CRP inhibits the expression of certain biosynthetic promoters.
J. Biosci. 34(3), September 2009
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Figure 5. Early evidence of cAMP activation (Epstein et al. 1975, ﬁgures 1 and 2). (a) Variation of the differential rate of β-galactosidase
synthesis with the extracellular cAMP level during exponential growth of the cya– and lac-constitutive strain, E. coli LU124, on glucose. (b)
Variation of the differential rate with the intracellular cAMP level during exponential growth of the lac-constitutive strain, E. coli X2950,
on various carbon sources. The abbreviations Glu, Gal and CA denote glucose, galactose, and casamino acids, respectively.

and the rates of β-galactosidase synthesis for almost all of
the carbon sources.’
3.1

In ﬁgure 5b, the speciﬁc activity changes due to
dilution, not cAMP activation

The data in ﬁgure 5b show that the steady-state differential
rate of β-galactosidase synthesis increases with the
intracellular cAMP level. However, this does not imply that
the steady-state speciﬁc rate of β-galactosidase synthesis
increases with the intracellular cAMP level. Indeed, as
we have shown above, the steady-state differential rate
is identical to the steady-state speciﬁc enzyme activity,
which in turn equals the ratio of the steady-state speciﬁc
induction and growth rates (see Eq. [6]). Since the substrates
that yield high intracellular cAMP levels also support low
speciﬁc growth rates, it is conceivable that ﬁgure 5b reﬂects
the variation of the speciﬁc growth rate, r~g, rather than the
steady-state speciﬁc enzyme synthesis rate, r~e.
Unfortunately, we cannot check the foregoing possibility,
since Epstein et al. (1975) did not report the speciﬁc growth
rates on the carbon sources. However, these data were obtained
subsequently by two other groups – they measured the speciﬁc
β-galactosidase activity, e~, and speciﬁc growth rate, r~g, during
exponential growth of lac-constitutive E. coli on various carbon
sources (ﬁgures 6a,b). In both cases, e~ is inversely proportional
to r~g, which implies that the speciﬁc β-galactosidase synthesis
rate, r~e = r~g e~, is constant regardless of the carbon source in
the medium. Stated differently, when the cells are exposed to
various carbon sources, the speciﬁc β-galactosidase activity,
e~ = r~e/r~g, changes, but this change is due to dilution (variation
of r~g) rather than regulation of lac expression by cAMP
(variation of r~e). We conclude that the 10-fold increase of the
β-galactosidase activity observed by Epstein et al. (1975) is
most probably due to dilution, not cAMP activation.

3.2 In carbon-limited cultures, cAMP is at nearsaturating levels with respect to lac expression
Since r~e remains approximately constant despite a 10-fold
change in the intracellular cAMP level with the growthlimiting carbon source (ﬁgure 5b), it is essentially independent
of the cAMP level in carbon-limited cultures. This must be due
to near-saturating levels of cAMP because addition of 5 mM
cAMP to carbon-limited cultures improves the speciﬁc βgalactosidase activity less than 2-fold (ﬁgure 6a).2
The data from continuous cultures also imply that r~e is
independent of the cAMP level in carbon-limited cultures.
Indeed, experiments performed with lac-constitutive mutants
show that at sufﬁciently large dilution rates, the speciﬁc βgalactosidase activity is inversely proportional to D (ﬁgures
6c,d).3 It follows from Eq. (7) that r~e= De~ is essentially
constant at all sufﬁciently large D. Since the intracellular
cAMP level varies signiﬁcantly under these conditions
(dashed curve in ﬁgure 6d), r~e must be independent of the
cAMP level. Direct evidence shows that this is due to nearsaturating levels of cAMP (rows 1–3 of table 1). During
steady growth of E. coli in a glucose-limited chemostat at
2

Since addition of 8 mM cAMP to the medium does not change
the speciﬁc growth rate substantially (ﬁgure 4b), the fold-change
of the speciﬁc activity, e~ that occurs upon addition of 5 mM cAMP
reﬂects the fold-change of the speciﬁc synthesis rate, r~e. The data in
ﬁgure 6a therefore imply that addition of 5 mM cAMP to carbonlimited cultures improves the speciﬁc β-galactosidase synthesis
rate, r~e, less than 2-fold.
3

At small D, the enzyme activity is signiﬁcantly lower than that
predicted by Eq. (7). Evidently, this discrepancy cannot be due to
cAMP activation. Detailed studies of the ptsG operon suggest that
the discrepancy is due to enhanced expression of the starvation sigma
factor, RpoS, at low dilution rates (Seeto et al. 2004, ﬁgure 3).
J. Biosci. 34(3), September 2009
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Figure 6. Variation of the steady-state β-galactosidase activity with the speciﬁc growth rate in carbon-limited cultures. Upper panel:
During exponential growth of (a) E. coli NC3 (Wanner et al. 1978, ﬁgure 1) and (b) E. coli MC4100 λCPT100 (Kuo et al. 2003, ﬁgure 2)
on various carbon sources, the speciﬁc β-galactosidase activity is inversely proportional to the speciﬁc growth rate. The curves show the ﬁts
to Eq. (6). The data in (a) show that addition of 5 mM cAMP to the medium increases the speciﬁc activity less than 2-fold. Lower panel:
During steady growth of the lac-constitutive strains, (c) E. coli B6b2 (Silver and Mateles 1969, ﬁgure 1) and (d) E. coli MC4100 λCPT100
(Kuo et al. 2003, ﬁgure 3) in lactose- and glucose-limited chemostats, respectively, the speciﬁc activity of β-galactosidase is inversely
proportional to the dilution rate at sufﬁciently large dilution rates. The full curves show the ﬁts to Eq. (7).
Table 1. Induction of β-galactosidase in glucose- and
ammonia-limited cultures of E. coli K12 1100 at D = 0.2 h–1
(Wright et al. 1979, table 1). The + and – signs indicate whether
cAMP (2 mM) and IPTG (1 mM) were present in the feed. The
speciﬁc β-galactosidase activity, expressed in units mgdw–1, was
measured 4 h after the addition of cAMP or/and IPTG.
Growth
limitation
Glucose

cAMP

IPTG

Speciﬁc
β-gal. activity

–

–

<0.03

Glucose

–

+

8.1

Glucose

+

+

8.2

Ammonia

–

–

<0.03

Ammonia

–

+

0.133

Ammonia

+

+

2.2

D = 0.2 h–1, the speciﬁc β-galactosidase activity is <0.03
units mgdw–1. The addition of 1 mM IPTG to the feed
increases the speciﬁc β-galactosidase activity to 8.1 units
mgdw–1. However, further addition of 2 mM cAMP to the
feed does not improve the speciﬁc activity.
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3.3

cAMP plays a limited role in the glucose–lactose
diauxie

The above data show that in carbon-limited cultures, addition
of exogenous cAMP activates lactose enzyme synthesis less
than 2-fold. It is difﬁcult to reconcile this result with the
notion that addition of exogenous cAMP overcomes the
600-fold glucose-mediated lac repression, as suggested
by the data in ﬁgure 4b. This discrepancy was resolved by
Inada et al., who repeated this experiment with E. coli K12
W3110. They found that the diauxic lag does disappear in
the presence of 5 mM cAMP, but β-galactosidase synthesis
remains strongly repressed during the ﬁrst exponential
growth phase (ﬁgure 7a). Thus, cAMP stimulates lac
expression, but this activation does not overcome the strong
repression during the ﬁrst exponential growth phase.
To further conﬁrm the limited role of cAMP in the
glucose–lactose diauxie, Aiba and coworkers constructed
two recombinant strains in which lac expression was
independent of the cAMP level. In the ﬁrst strain, crp, the
gene encoding CRP was replaced by crp*, which codes for
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a mutant CRP that binds to the lac promoter even in the
absence of cAMP. This recombinant strain exhibits diauxic
growth, even though lac expression is independent of the
cAMP level (ﬁgure 7b). In the second strain, the native lac
promoter was replaced by the consensus promoter, which
recruits RNAP even if the CRP site contains no cAMP·CRP.
This cAMP-independent strain also exhibits diauxic growth
(Kimata et al. 1997).
The persistence of diauxic growth in cAMP-independent
mutants provides strong evidence that cAMP plays a very
limited role in the glucose–lactose diauxie. This conclusion
is also consistent with the evidence at the molecular level.
To see this, observe that even though CRP can bind 4 cAMP
molecules, functionally active CRP contains only 1 cAMP
equivalent (Tutar 2008). Now, the intracellular cAMP levels
in carbon-limited cultures are of the order of 1 μM (ﬁgure
5b). In vitro measurements show that Kd, the half-saturation
constant for cAMP·CRP binding, is 1–10 μM depending on
the method of CRP puriﬁcation (ﬁgure 8). It follows that
an increase in the cAMP level can stimulate lac expression
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by a factor of at most 2–20. This is at least one order of
magnitude smaller than the 600-fold increase of the lac
expression that occurs as the cells evolve from the ﬁrst to
the second exponential growth phase of the glucose–lactose
diauxie.
3.4

The cAMP level does not increase during growth on
lactose

The cAMP activation model for the glucose–lactose diauxie
rests upon two hypotheses: (a) cAMP activates lac expression,
and (b) the intracellular cAMP level during growth on
glucose is lower than the corresponding level during growth
on lactose. We have shown above that the ﬁrst hypothesis
is supported by the data, but the 2-fold activation cannot
account for the 600-fold repression of lac. It turns out that the
second hypothesis is untenable. Indeed, the total cAMP level
(in the cells and the medium) is virtually identical during
exponential growth on lactose, glucose, and glucose + lactose

cAMP bound/mole of protein

Figure 7. cAMP plays a limited role in the glucose–lactose diauxie (Inada et al. 1996, ﬁgures 4 and 5). (a) The addition of 5 mM cAMP
to the medium abolishes the diauxic lag, but fails to prevent the repression of β-galactosidase synthesis during the ﬁrst exponential growth
phase. (b) During growth of E. coli Δcya crp* on glucose + lactose, diauxic growth persists even though the lac transcription rate is
independent of the intracellular cAMP level.

Figure 8. Equilibrium for cAMP–CRP binding. The saturation constant for cAMP–CRP binding is (a) 1 μM if CRP is puriﬁed by
ammonium sulphate precipitation (from Emmer et al. 1970; Harman and Dobrogosz 1983) and (b) 10 μM if it is puriﬁed by equilibrium
dialysis (°), non-equilibrium dialysis (Δ), and ultraﬁltration (□) (Heyduk and Lee 1989, ﬁgure 7).
J. Biosci. 34(3), September 2009
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(ﬁgure 9a). The evidence against the cAMP activation model
is even more compelling if one measures the intracellular
cAMP concentration throughout the course of diauxic growth
(ﬁgure 9b). The concentration increases sharply near the end
of the ﬁrst exponential growth phase, but subsides before the
beginning of the second exponential growth phase. During
the second exponential growth phase, the intracellular cAMP
level is slightly lower than the corresponding level during the
ﬁrst exponential growth phase.
3.5 In carbon-limited cultures, cAMP is at nearsaturating levels with respect to expression of other
catabolic operons
Other catabolic operons have not been studied as intensively
as the lac operon, but the data suggest that the cAMP model
cannot account for the glucose-mediated repression of these
operons.
The intracellular cAMP levels of glucose-grown cells
are only 3–4 times smaller than the intracellular cAMP
levels of cells grown on other carbon sources (ﬁgure 5b).4
Such a small change cannot account for the strong glucosemediated repression of the catabolic operons associated with

these carbon sources, unless they are much more sensitive to
the cAMP level than the lac operon. This does not appear to
be the case for the araBAD (ﬁgure 10a) and tna (Piovant and
Lazdunski 1975, ﬁgure 2) operons.
More direct evidence has been obtained from experiments
showing that addition of exogenous cAMP does not
overcome the glucose-mediated repression of the gal, ara
and mel operons.
When galR– mutants of E. coli are exposed to 5 mM cAMP,
the speciﬁc activity of galactose kinase increases no more
than 3-fold, and the activity of galactose epimerase remains
the same (Joseph et al. 1981, tables 2 and 3). The mechanism
for this uncoupling of enzyme synthesis will be discussed
later. Here it sufﬁces to observe that cAMP exerts a relatively
modest effect on the expression rate of the galETKM operon.
The galP and mglBAC operons, encoding the low- and highafﬁnity transporters for galactose, have CRP-binding sites, but
cAMP·CRP must have a weak effect on these operons because
the glucose–galactose diauxie is completely unaffected by the
addition of 5 mM cAMP to the medium (ﬁgure 10b).
The addition of excess cAMP to the medium abolishes the
lag phase of the glucose–arabinose (Joseph et al. 1981, ﬁgure
1A) and glucose–melibiose diauxie (ﬁgure 10c,d). However,

Figure 9. Comparison of the intracellular cAMP levels during growth of E. coli K12 W3110 on glucose and lactose. (a) The total cAMP
level is the same during exponential growth on glucose, lactose, and lactose + glucose. The data for growth on glycerol is shown for
comparison. (b) During diauxic growth on glucose + lactose, the speciﬁc β-galactosidase activity is repressed during the ﬁrst exponential
growth phase. However, the intracellular cAMP level (in 10 μM) during this growth phase is lower than the level during the second
exponential growth phase (Inada et al. 1996, ﬁgure 3B).

4

It has been argued that direct measurement of intracellular cAMP
levels is prone to error due to the high extracellular cAMP levels
(Matin and Matin 1982). However, indirect measurement of
intracellular cAMP levels with a reporter plasmid, constructed by
fusing lux genes to a cAMP-dependent promoter, yields results that
are qualitatively similar to the data in ﬁgure 5b (Bettenbrock et
al. 2007, ﬁgure 2D). The intracellular cAMP levels are essentially
identical during growth on a wide variety of sugars (including
glucose and lactose), and increase signiﬁcantly during growth on
succinate, glycerol and glucosamine.
J. Biosci. 34(3), September 2009

it fails to relieve the strong glucose-mediated repression of
the ara and mel regulons. Indeed, the addition of 8 mM
cAMP to cells growing on arabinose + glucose + casamino
acids increases the activity of araBAD, araE and araFGH no
more than 2-fold (Kolodrubetz and Schleif 1981). Likewise,
the addition of 5 mM cAMP to a culture growing on glucose
+ melibiose increases the α-galactosidase activity less than
5-fold (ﬁgure 10d).
The above data imply that in glucose-limited cultures,
cAMP is at near-saturating levels with respect to expression
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Figure 10. Dependence of gal, ara and mel expression on cAMP. (a) Variation of β-galactosidase and arabinose isomerase activities with
extracellular cAMP upon exposure of permeabilized cya– cells of E. coli to 0.5 mM IPTG, 27 mM arabinose and various concentrations of
extracellular cAMP (Lis and Schleif 1973, ﬁgure 3). (b) The diauxic lag persists even if 5 mM cAMP is added to a culture of E. coli 3000
growing on a mixture of glucose and galactose (Joseph et al. 1981, ﬁgure 1B). (c) The growth of E. coli W3133-2 on a mixture of glucose
and melibiose is diauxic, with glucose as the preferred substrate (Okada et al. 1981, ﬁgure 3). (d) The addition of 5 mM cAMP abolishes the
diauxic lag of the glucose–melibiose diauxie, but glucose remains the preferred substrate, since the α-galactosidase activity increases less
than 5-fold (Okada et al. 1981, ﬁgure 4). The open and closed symbols show the data obtained in the absence and presence of cAMP.

of several catabolic operons. Since the intracellular cAMP
levels are among the lowest during growth on glucose (as
opposed to other carbon sources), cAMP must be at nearsaturating levels with respect to expression of these operons
in all carbon-limited cultures.
3.6 In carbon-excess cultures, cAMP is at subsaturating
levels with respect to expression of catabolic operons
Addition of cAMP has a modest effect on the expression of
catabolic operons in carbon-limited cultures. However, as
we show below, it increases their expression dramatically in
carbon-excess cultures, and this is probably because cAMP
is at subsaturating levels with respect to expression of the
catabolic operons.
The β-galactosidase synthesis rate decreases drastically
in nitrogen-limited cultures (Mandelstam 1962). During
exponential growth of a lac-constitutive strain in a glucoselimited culture, the speciﬁc growth rate and β-galactosidase
activity are 0.87 h–1 and 2.5 units mgdw–1, respectively. If this
culture is used to inoculate a nitrogen-limited chemostat at

D = 0.25 h–1, the speciﬁc β-galactosidase activity decreases
to the new steady-state value of 0.25 units mgdw–1 after
4.5 h (ﬁgure 11a). Now if re was constant (i.e. the speciﬁc
activity was completely determined by dilution, as was
the case in carbon-limited cultures), one would expect
the new steady-state speciﬁc activity to be 0.87/0.25 = 35
times its initial value. Instead, the speciﬁc activity decreases
10-fold. It follows that when the cells are exposed to
nitrogen-limited cultures, re is not constant – it decreases
35-fold.
The dramatic decrease of the β-galactosidase synthesis
rate in nitrogen-limited cultures is probably driven by a
decline in the cAMP levels. Indeed, although carbon-limited
cultures (containing ammonia as the nitrogen source) are
relatively insensitive to the addition of 5 mM cAMP, the
same addition produces a 40–50 fold increase in the speciﬁc
activity of the nitrogen-limited cultures containing the ‘poor’
nitrogen sources, His-Glu or Gly-Glu (ﬁgure 11b). These
results are consistent with a picture in which the intracellular
cAMP level of carbon-limited cultures is close to, or above,
the half-saturation constant, Kd, for CRP–cAMP binding,
J. Biosci. 34(3), September 2009
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Figure 11. The lac expression rate in nitrogen-limited cultures. (a) When a culture of E. coli ML308 growing exponentially on glucose is
introduced into a nitrogen-limited chemostat (D = 0.25 h–1), the speciﬁc activity decreases monotonically until it reaches steady state at 4.5 h
(Mandelstam1962, ﬁgure 1). When D is shifted up to 0.82 h–1 at the point represented by the arrow, the activity increases >10-fold within 3 h.
(b) During exponential growth of E. coli 3000 on glucose, 0.5 mM IPTG and ammonia, His-Glu, or Gly-Glu, the speciﬁc β-galactosidase
activities are 4.4, 0.06 and 0.052 units mgdw–1, respectively. Upon addition of 5 mM cAMP to the medium, these activities increase to 10.5,
2.34 and 2.7 units mgdw–1, respectively (Ullmann and Monod 1968, table 1).

and the intracellular cAMP level of nitrogen-limited cultures
is much smaller than Kd.
The foregoing conclusion is corroborated by experiments
with continuous cultures. In a nitrogen-limited culture of E.
coli maintained at D = 0.2 h–1 and supplied with 1 mM IPTG,
the intracellular cAMP level is 0.3 M, which is ~1/15-th of the
level observed in a glucose-limited chemostat operating at the
same conditions (Wright et al. 1979, table 1). The addition of
2 mM cAMP to the feed provokes a ~15-fold increase in the
steady-state β-galactosidase activity of the nitrogen-limited
culture, and almost no change in the corresponding activity
of the glucose-limited culture (table 1).
Wright et al. showed strong cAMP activation at only one
of the dilution rates. However, the cAMP level of nitrogenlimited cultures is signiﬁcantly lower than the cAMP level
of carbon-limited cultures at all but the highest dilution rates
(ﬁgure 12a). It is therefore likely that at such dilution rates,
cAMP is a strong activator of lac.
The data suggest that cAMP is also a strong activator of
lac in phosphate-, sulphate- and magnesium-limited cultures.
The speciﬁc β-galactosidase activity in such cultures is
much lower than that observed in carbon-limited cultures
(McFall and Magasanik 1962; McFall and Mandelstam
1963; Clark and Marr 1964). Moreover, the total cAMP
level in phosphate-limited cultures is an order of magnitude
smaller than that observed in glucose- and lactose-limited
cultures (ﬁgure 12b).
Finally, it appears that in carbon-excess cultures,
cAMP is a strong regulator of other catabolic operons:
the activities of tryptophanase and D-serine deaminase in
nitrogen- and magnesium-limited cultures are much lower
than those observed in carbon-limited cultures (McFall and
Mandelstam 1963).
J. Biosci. 34(3), September 2009

Taken together, the above results suggest that in carbonlimited cultures, the cAMP level is at near-saturating
levels with respect to expression of catabolic operons, and
it decreases to subsaturating levels in carbon-excess
cultures.
3.7

cAMP serves to maintain energy homeostasis

The most striking difference between carbon-limited and
carbon-excess cultures is the supply of energy. In carbonlimited cultures, energy supply is limiting as evidenced
by the manifestation of high biomass yields, low speciﬁc
respiration rates, and the absence of glycogen storage and
metabolite excretion;5 in contrast, carbon-excess cultures
are characterized by the supply of excess energy, a fact
supported by the manifestation of low biomass yields, high
respiration rates, and pronounced storage or/and excretion
(Neijssel and Tempest 1976).
The profound difference between the cAMP levels of
carbon-limited (i.e. energy-limited) and carbon-excess (i.e.
energy-excess) cultures suggests that the physiological role
of cAMP signalling is to maintain homeostasis of energy
levels. Speciﬁcally, in carbon-limited cultures, the cAMP
level increases in order to enhance energy production by
activating the expression of catabolic enzymes; in carbonexcess cultures, the cAMP level decreases, thus reducing
energy production by inhibiting the expression of catabolic
5

For direct evidence of energy limitation in carbon-limited cultures,
see table 4 of Andersen and von Meyenburg (1980), which shows
that the speciﬁc growth rate on various carbon sources, including
‘good’ carbon sources such as glucose, is tightly coupled to the
speciﬁc ATP synthesis rate.
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Figure 12. Comparison of the cAMP level in carbon- and nitrogen- or phosphate-limited cultures of E. coli. (a) At all but the highest
dilution rates, the intracellular cAMP levels in ammonia-limited cultures of E. coli MC4100 are signiﬁcantly lower than the corresponding
levels in glucose-limited cultures (Notley-McRobb et al. 1997, ﬁgure 8). The cAMP levels of ammonia-limited cultures are approximate
values since the concentrations are too low to be measured accurately (T Ferenci, personal communication). (b) The total cAMP level in
phosphate-limited cultures (□) of E. coli K12 is also signiﬁcantly lower than that observed in glucose-limited (Δ) and lactose-limited (◊)
chemostats (Matin and Matin 1982, ﬁgure 1). The total cAMP values are calculated for a steady-state biomass equivalent to 1 mg of cell
protein per ml of culture.

enzymes. Evidently, our hypothesis regarding the role of
cAMP is similar to Magasanik’s postulate regarding the
role of catabolite repression, the only difference being that
it is the level of the energy, rather than catabolites, which is
maintained at homeostatic levels.
We postulated the foregoing hypothesis to explain the
different cAMP levels observed in steady-state carbonlimited and carbon-excess cultures. We show below that this
hypothesis also explains the transient variation of the cAMP
levels.
It has been known for many years that when glucose is
added to a culture of E. coli growing exponentially on a nongalactosidic carbon source (such as glycerol) and excess
IPTG, the differential rate of β-galactosidase synthesis
decreases 80% for about 20 min, but recovers over the next
40 min to the steady-state differential rate observed during
exponential growth on pure glucose (ﬁgure 13a). The sharp
initial inhibition, referred to as transient repression (Tyler et
al. 1967), is driven by the decline in the intracellular cAMP
level.6 Indeed, immediately after the addition of glucose,
the intracellular cAMP level declines 10-fold (ﬁgure 13b);
moreover, transient repression is abolished if glucose and
5 mM cAMP are added to the culture (ﬁgure 13c). The
decline in the cAMP level is due to inhibition of adenylate
6
We have shown above that the subsequent mild inhibition at steady
state, often called weak permanent repression (Tyler et al. 1967),
is determined almost entirely by dilution (ﬁgure 6). The so-called
severe permanent repression observed when a non-galactosidic
carbon source and certain concentrations of TMG or IPTG are
added to non-induced cultures (Tyler et al. 1967), is known to be
driven primarily by positive feedback (Cohn 1956; Novick and
Weiner 1957; Ozbudak et al. 2004).

cyclase rather than the activation of cAMP efﬂux and
degradation (Epstein et al. 1975).
Importantly, transient repression and adenylate cyclase
inhibition occur if any carbon source is added to the culture,
provided the peripheral enzymes for the carbon source are
sufﬁciently induced (Tyler and Magasanik 1970). Soon after
the addition of a carbon source, there must be a transient
increase in the energy levels because the catabolism of the
carbon source increases energy production almost instantly,
but protein synthesis, a key consumer of the energy,
increases only after a few minutes. The sharp initial decline
of the cAMP level is therefore consistent with the above
hypothesis insofar as it signals the availability of surplus
energy. However, it is important to note a caveat. Transient
repression occurs even if non-metabolizable substrates are
added to a culture growing on glycerol (ﬁgure 13d). This
suggests that adenylate cyclase is inhibited by a feedforward,
rather than feedback, mechanism. In other words, cAMP
synthesis is inhibited not because there is an actual increase
of the energy level that is ‘fed back’ to adenylate cyclase.
Instead, the cells anticipate an increase in the energy level
well before such an increase occurs, and even if there is no
increase at all. The exact mechanism of this anticipatory
control remains unknown. It occurs either because uptake
of glucose or its non-metabolizable analogues reduces
the concentration of phosphorylated IIAglc, an activator of
adenylate cyclase (Saier 1989). Alternatively, entry of the
metabolizable or non-metabolizable substrate somehow
alters the transmembrane proton motive force, which in turn
inhibits adenylate cyclase (Peterkofsky and Gazdar 1979).
The hypothesis of energy homeostasis also provides a
rationale for transient activation, the sharp transient increase
of the adenylate cyclase activity and intracellular cAMP
J. Biosci. 34(3), September 2009
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Figure 13. Transient repression. (a) Upon addition of glucose to a culture of E. coli K12 3.000 growing exponentially on glycerol (4 g l–1)
and IPTG (1 mM), there is a strong initial transient repression of β-galactosidase synthesis, which is partially relieved subsequently (Tyler
et al. 1967, ﬁgure 1a). (b) The cAMP level decreases 10-fold within 3 min of the addition of glucose to a culture of E. coli AB257 growing
on glycerol (Epstein et al. 1975, ﬁgure 4). (c) Transient repression is eliminated if glucose and 1 mM cAMP are added to a culture of E.
coli 3000 growing on glycerol (Perlman and Pastan 1968b, ﬁgure 3). (d) Transient repression occurs even if non-metabolizable substrates
such as α-methylglucoside (α-MG) or 2-deoxyglucose (dGLU) are added to a culture of E. coli K12 3.000 growing on glycerol (Tyler et
al. 1967, ﬁgure 7b).

level that precedes the exhaustion of glucose in cultures
growing on glucose + lactose (ﬁgure 9b) or pure glucose
(ﬁgure 14). In both cases, the energy level must decrease
abruptly because the glucose uptake rate declines rapidly,
whereas protein synthesis persists for a few more minutes
(Magasanik et al. 1958).
3.8

cAMP inhibits the expression of biosynthetic
promoters

Interestingly, the synthesis of certain biosynthetic promoters is inhibited by cAMP·CRP. This can reinforce the
homeostatic effect exerted by catabolic promoters, since
the net energy production is enhanced by inhibiting the
expression of biosynthetic promoters (ﬁgure 15a).
The glnALG operon, which encodes the genes for
glutamine synthetase (GS) and the σ54-dependent activators
NtrB, NtrC, is expressed from multiple promoters. The
J. Biosci. 34(3), September 2009

promoter P2, which is strongly expressed during nitrogenlimited growth, serves to produce high levels of GS, NtrB
and NtrC. Importantly, expression of P2 is repressed during
carbon-limited growth, since it is inhibited by cAMP·CRP
(ﬁgure 15b). Under carbon-limited conditions, basal levels
of GS, NtrB and NtrC are produced due to expression of P1,
which is activated by cAMP·CRP. This reciprocal regulation
is consistent with the picture shown in ﬁgure 15a.
A similar pattern of regulation occurs in the amphibolic
galETKM operon, which also contains multiple promoters
(Adhya 2003). The promoter P1, which is activated by
cAMP·CRP, is expressed during (carbon-limited) growth on
galactose, and results in the coordinate transcription of all
4 cistrons. In contrast, the promoter P2, which is inhibited
by cAMP·CRP, is expressed at low cAMP levels, resulting
in the transcription of only the promoter-proximal cistrons,
galE and galT. These cistrons encode enzymes that must be
produced even in the presence of excess energy, since they
yield metabolites that fulﬁl biosynthetic needs. Interestingly,
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it has been observed that the expression of galE is completely
independent of the cAMP level (Ullmann et al. 1979, table
3). It seems likely that this is due to the reciprocal effect of
cAMP on P1 and P2.7
At present, it is not known if cAMP·CRP-mediated
inhibition of biosynthetic promoters is a general pattern of
regulation. If this turns out to be the case, it would provide
an important afﬁrmation of the hypothesis that cAMP serves
to maintain energy homeostasis.
4.

Discussion

It is clear from the existing data that:
•
•

cAMP levels are high in carbon-limited cultures and
low in carbon-excess cultures.
cAMP·CRP activates catabolic promoters and inhibits
anabolic promoters.

The data also suggest that carbon-limited and carbon-excess
cultures are characterized by energy deﬁciency and excess,
respectively. Given these facts, it is likely that cAMPmediated regulation serves to maintain homeostasis of the
energy levels (ﬁgure 15a). However, it cannot explain the
strong glucose-mediated repression of catabolic promoters
because the cAMP levels during growth on glucose are
at near-saturating levels with respect to the expression of
catabolic promoters. Moreover, they are comparable to
the cAMP levels observed during growth on other ‘less
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preferred’ sugars such as lactose, arabinose and maltose.
The strong repression must therefore be attributed to some
other mechanism.
The most widely accepted alternative to the cAMP
model is inducer exclusion (ﬁgure 16a). This mechanism
seems to account for the glucose-mediated repression of
the galactose operon, but it cannot explain lac repression
since glucose inhibits the permease activity less than 2-fold
(Adhya and Echols 1966). Now it is conceivable that lac is
repressed by an as yet undiscovered molecular mechanism.
However, we have argued that lac repression might be due
to positive feedback, a mechanism that is already inherent
in the induction of transport enzymes (ﬁgure 16b). Positive
feedback can massively amplify the small effects of
catabolite repression, inducer exclusion and even dilution.
For instance, upon addition of glucose, the synthesis
of lactose enzymes decreases slightly due to catabolite
repression, inducer exclusion or dilution caused by faster
growth. This decreases the permease activity, and hence the
ability of the cells to accumulate inducer, which depresses
the enzyme synthesis rate even further. The repetition of this
cycle of reactions can drive the enzyme and inducer levels to
vanishingly low levels.
A review of the literature also reveals gaps in the kinetic
data. Most of the data have been obtained for various
catabolic operons in carbon-limited cultures. There are little
data on expression of catabolic operons in carbon-excess
cultures (with the notable exception of the lac operon), and
there are very limited data for expression of the biosynthetic

Figure 14. Transient activation. (a) During growth of E. coli MC4100 on glucose, the intracellular cAMP level increases sharply before
the glucose concentration decreases to 0.3 mM (Notley-McRobb et al. 1997, ﬁgure 2a). (b) The activity of adenylate cyclase increases
transiently some time before the exhaustion of glucose (Peterkofsky and Gazdar 1974, ﬁgure 1a).

7

The same regulatory pattern also occurs in the lac operon,
which contains two promoters, namely, P1, which is activated
by cAMP·CRP and P2, which is inhibited by cAMP·CRP (Malan
and McClure 1984). Moreover, at low levels of cAMP·CRP,
which favours initiation from P2, the expression of lacZ remains
unchanged, but the expression of lacA decreases signiﬁcantly
(Ullmann et al. 1979). However, the physiological signiﬁcance of
this discoordinate regulation is not known.

promoters in carbon-limited or carbon-excess cultures. The
above conclusions must therefore be viewed as working
hypotheses. Conﬁrmation of these hypotheses requires
additional kinetic data on biosynthetic promoters and
catabolic operons other than the lac operon.
A key point discussed in the paper is that the kinetic
data must be analysed by taking due account of dilution.
Speciﬁcally, the steady-state speciﬁc enzyme activity or
J. Biosci. 34(3), September 2009
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Figure 15. (a) The activity of catabolic promoters increases with the intracellular cAMP level, and saturates when growth is carbon- or
energy-limited. The activity of anabolic promoters decreases with the intracellular cAMP level, and becomes small during carbon- or
energy-limited growth. This reciprocal mode of regulation serves to maintain energy at homeostatic levels. (b) The activity of glnALGp2
decreases sharply with the intracellular cAMP level (Tian et al. 2001, ﬁgure 3). The data were obtained by transfecting wild-type and
cya–cells with a plasmid that reports on the activity of glnALGp2. When the cya– cells are exposed to 2 mM cAMP, the glnALGp2 activity
decreases more than 20-fold. Subsequent studies show that this decline is mediated by the binding of cAMP·CRP to a site 51.5 bp upstream
of glnALGp2 (Mao et al. 2007).

Figure 16. Alternative models of repression. (a) Inducer exclusion (Hogema et al. 1998, ﬁgure 1). The entry of substrates such as glucose
that are transported by the phosphotransferase system (PTS) results in the formation of dephosphorylated enzyme IIAglc, which binds to
lactose permease and other non-PTS transport enzymes, thus inhibiting entry of the inducer into the cell. (b) Positive feedback (Narang
1998; Narang and Pilyugin 2007; Noel and Narang 2009; ﬁgure 1). Induction of the transport enzyme for each substrate, Si, is subject to
positive feedback because the transport enzyme, Ei, catalyses the accumulation of the inducer, Xi which, in turn, stimulates the synthesis of
even Ei. This positive feedback can cause complete repression of enzyme synthesis by amplifying the weak inhibitory effect of catabolite
repression, inducer exclusion and dilution.

differential rate is not proportional to the speciﬁc enzyme
synthesis rate, unless the speciﬁc growth rate is constant.
Since this condition is not satisﬁed in many experiments,
J. Biosci. 34(3), September 2009

the speciﬁc enzyme synthesis rate should be determined
by taking due account of the dilution effect stemming from
changes in the speciﬁc growth rate. Failure to do so can lead
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to spurious conclusions. For instance, the data in ﬁgures
6a,b show that the speciﬁc β-galactosidase activity varies
substantially with the carbon source. However, this does not
imply that the speciﬁc β-galactosidase synthesis rate varies
with the carbon source because the speciﬁc growth rate is
also changing. Analysis of the data by taking due account
of the resultant dilution effect shows that the speciﬁc βgalactosidase activity varies almost entirely due to dilution,
and the speciﬁc β-galactosidase synthesis rate is essentially
independent of the carbon source.
Despite the admittedly limited data, it is clear that cAMP
has pleiotropic effects – it inﬂuences the expression of both
catabolic and biosynthetic promoters. Kinetic data must
therefore be obtained without excessive perturbation of the
system. Experiments such as those shown in ﬁgures 6a,b
offer the best prospects for unambiguous kinetic data, since
the only genetic perturbation is lac constitutivity, which has
a localized effect on the lac operon (as opposed to cya/crp
mutations or addition of exogenous cAMP which can affect
the expression of hundreds of genes).
It is crucial to resolve the problem of cAMP regulation.
The molecular mechanisms of diauxic growth, especially
the glucose–lactose diauxie, have strongly inﬂuenced the
formulation of models in both development and evolution
(Ptashne and Gann 2002, Chapter 1). Detailed and careful
examination of the kinetics of cAMP regulation may lead to
a fundamental change in the standard paradigm, and suggest
fresh approaches for determining the elusive mechanism
controlling adenylate cyclase activity.
5.
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4. The addition of cAMP to carbon-excess cultures
dramatically increases the lac expression rate
(ﬁgure 11). This is consistent with the fact that
the cAMP levels of carbon-excess cultures
are signiﬁcantly smaller than those observed in
carbon-limited cultures (ﬁgure 12). The limited
data available suggest that addition of cAMP to
carbon-excess cultures also activates other catabolic
operons.
5. Cyclic AMP appears to have opposite effects on
catabolic and biosynthetic promoters – it activates
catabolic promoters and inhibits biosynthetic
promoters (ﬁgure 15b).
6. This reciprocal regulation implies that cAMP serves
to maintain homeostatic energy levels (ﬁgure 15a).
In carbon/energy-limited cultures, cAMP levels
increase, which increases the net energy production
rate by stimulating the expression of catabolic
promoters, and inhibiting the expression of anabolic
promoters. In carbon/energy-excess cultures, cAMP
levels decrease, which decreases the net energy
production rate by inhibiting the expression of
catabolic promoters and activating the expression of
anabolic promoters.
These conclusions are working hypotheses based on the
existing data, which are detailed and extensive with respect
to the lac operon, but sparse insofar as other regulons are
concerned. Experiments aimed at falsifying these working
hypotheses are likely to yield a deeper understanding of the
regulatory function of cAMP.
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