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In Escherichia coli K-12, components of the phosphoenolpyruvate-dependent phosphotransferase systems
(PTSs) represent a signal transduction system involved in the global control of carbon catabolism through
inducer exclusion mediated by phosphoenolpyruvate-dependent protein kinase enzyme IIACrr (EIIACrr) (� EIIAGlc)
and catabolite repression mediated by the global regulator cyclic AMP (cAMP)-cAMP receptor protein (CRP).
We measured in a systematic way the relation between cellular growth rates and the key parameters of
catabolite repression, i.e., the phosphorylated EIIACrr (EIIACrr�P) level and the cAMP level, using in vitro and
in vivo assays. Different growth rates were obtained by using either various carbon sources or by growing the
cells with limited concentrations of glucose, sucrose, and mannitol in continuous bioreactor experiments. The
ratio of EIIACrr to EIIACrr�P and the intracellular cAMP concentrations, deduced from the activity of a
cAMP-CRP-dependent promoter, correlated well with specific growth rates between 0.3 h�1 and 0.7 h�1,
corresponding to generation times of about 138 and 60 min, respectively. Below and above this range, these
parameters were increasingly uncoupled from the growth rate, which perhaps indicates an increasing role
executed by other global control systems, in particular the stringent-relaxed response system.

In Escherichia coli, the phosphoenolpyruvate (PEP)-depen-
dent phosphotransferase systems (PTSs) represent important
uptake systems for a number of carbohydrates which mediate
transport and concomitant phosphorylation of their respective
substrates (10, 44). In addition to their transport function, all
components of the various PTSs of a cell form an important
signal transduction system. The signal transduction properties
of the PTS depend on the phosphorylation state of its proteins
(26, 49). The PTSs usually consist of two general proteins, i.e.,
the PEP-dependent protein kinase enzyme I (EI), and the
histidine-containing protein (HPr), and up to 20 different, sub-
strate-specific enzymes II (EII). EII usually comprise two sol-
uble domains EIIA and EIIB involved in phosphotransfer and
the membrane-bound transporter domain EIIC (44). The ma-
jor regulatory output signal of the PTS depends on the phos-
phorylation level of EIIACrr (according to its genetic nomen-
clature), also designated EIIAGlc due to its function as the
EIIA domain for the glucose-specific PTS (9, 23, 52). EIIACrr

inhibits the activity of a number of non-PTS transporters and
enzymes (8, 32, 33, 35, 36), a process referred to as inducer
exclusion. Furthermore, the phosphorylated form of EIIACrr

(EIIACrr�P) activates adenylate cyclase (1, 13, 41, 57), which
in turn synthesizes cyclic AMP (cAMP) (59). The indicator
molecule or alarmone cAMP is the coactivator of the impor-
tant global transcription factor CRP (cAMP receptor protein).
Together, they regulate in a process called cAMP-CRP-depen-
dent catabolite repression efficient transcription of different

genes involved in the synthesis of a large number of catabolic
enzymes (4, 39, 43). The central role of EIIACrr�P in the
activation of adenylate cyclase is largely based on mutant anal-
ysis (13, 23, 33).

The phosphorylation state of the PTS and hence the intra-
cellular cAMP concentrations are postulated to depend largely
on two major factors: (i) the uptake rate of any PTS substrate
which determines the dephosphorylation rate of EI (this kinase
autophosphorylates in a reversible process with PEP to gener-
ate pyruvate [49]) and (ii) the ratio of PEP to pyruvate, two
central intermediate metabolites in glycolysis and gluconeo-
genesis which directly influence the EI autophosphorylation
reaction. This ratio, however, is especially difficult to measure
in vivo, and there is little corresponding data available for cells
growing under different conditions (18, 27). In one thorough
study, starved cells were used (16, 17). The results indicated a
correlation between the EIIACrr phosphorylation level and the
PEP-to-pyruvate ratio, but it is not clear how these results
reflected the conditions in growing cells. Furthermore, recent
in vitro reconstitution experiments indicated the putative exis-
tence of additional factors which might also modulate adenyl-
ate cyclase activity (38, 41, 42, 47). Therefore, the determina-
tion of the phosphorylation level of EIIACrr was considered an
alternative test for the intracellular PEP-to-pyruvate ratio dur-
ing steady-state conditions. Metabolic reactions are very fast,
and hence, the PTS phosphorylation levels as well as the PEP,
pyruvate, and also intracellular cAMP concentrations should
quickly reach a quasi-steady-state level during growth with
nonlimiting concentrations of carbohydrates.

In this paper we systematically tested the correlation be-
tween growth rates, EIIACrr phosphorylation levels (meaning
in this case the ratio of EIIACrr to EIIACrr�P), extracellular
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cAMP concentrations, and the activity of a cAMP-CRP-depen-
dent promoter in E. coli K-12 grown on different carbohydrates
and with various carbohydrate concentrations but only for
growth rates (�) between 0.3 h�1 to 0.7 h�1. Above and below
these growth rates, the correlation was less clear, which sup-
ports the idea that additional regulatory elements become rel-
evant under these conditions.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. The two strains used in this
study were LJ110, an Fnr� derivative of the E. coli K-12 mutant W3110 (22), and
its genetically engineered derivative LJ210, which carries the scr genes for PTS-
dependent transport and metabolism of sucrose integrated within its chromo-
some (2, 54).

Strains were grown in phosphate-buffered minimal medium (MM) as de-
scribed by Tanaka et al. (58). For some bioreactor experiments, the ammonium
concentration of the medium was increased to 90 mM to enable growth to higher
cell densities. Carbohydrates were sterilized by filtration. If not indicated other-
wise, they were added to 2 g/liter for experiments in shake flasks and to 5 g/liter
for batch experiments in bioreactors. For the reporter gene assays, kanamycin
was added to the cultures to 25 mg/liter. Biomass concentrations were deter-
mined by measuring the absorbance at 420 nm or at 560 nm in an Ultrospec3000
(Amersham Biosciences).

Strains were pregrown overnight in MM supplied with the same carbohydrate
to be used in the experimental culture. The cultures were washed in fresh MM
without the addition of carbohydrates. For experiments in shake flasks, the
volumes in the flasks exceeding the culture volume at least five times, the washed
cells were inoculated to 2.5 � 107 cells/ml. The cultures were incubated at 37°C
under vigorous shaking (250 rpm) if not indicated otherwise. Growth was mon-
itored by measurement of the absorbance at 420 nm. For batch experiments in
bioreactors, preculture conditions were the same as for experiments in shake
flasks. The cells were added to approximately 1 � 108 to 2 � 108 cells/ml. The
cultures were continuously stirred under aerobic conditions (partial O2 pressure
of �20% of saturation). For experiments with various carbohydrate concentra-
tions, the reactor was set up with 3 liters of MM supplied with 0.1 g/liter of the
respective carbohydrate. Cells were added to approximately 4 � 108 cells/ml, and
1 liter/h of MM supplied with 0.8 g/liter of the respective carbohydrate was
continuously fed into the bioreactor while the same volume was withdrawn.
Carbohydrate and extracellular cAMP concentrations were monitored by either
directly taking supernatant from the reactor with the help of a filtration module
in the reactor or by taking culture samples and removing cells quickly by cen-
trifugation at low temperatures (4°C).

Measurements of metabolite concentrations and enzyme activities. Measure-
ments of extracellular carbohydrate concentrations were performed either enzy-
matically with the test kits from r-Biopharm GmbH (Germany) or on a Dionex
DX-600 system (Dionex Corp.) equipped with an electrochemical detector and a
Carbopac PA-100 column. Extracellular cAMP concentrations were measured
with the cAMP enzyme immunoassay system (GE Healthcare) as recommended
by the manufacturer. For these tests, the cells were precultured in the same
medium and carbon source as used during the test. Cells washed free of cAMP
as described above were inoculated to 5 � 107 cells per ml, the changes in cAMP
concentrations were determined throughout a complete growth curve, and the
cAMP concentration for a cell density of 5 � 108 cells per ml was obtained after
interpolation. The �-galactosidase activities were determined essentially by the
method of Pardee and Prestidge (37) and modified by Miller (31) and expressed
in micromoles per milligram of protein and per minute. Determination of intra-
cellular PEP and pyruvate concentrations were performed as described previ-
ously (53).

Analysis of the EIIACrr phosphorylation state. The EIIACrr phosphorylation
state was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and Western blotting essentially as described previously (57). Deviating from the
protocol, protein precipitation was carried out at �80°C overnight. Detection
was performed with polyclonal EIIACrr antiserum from a rabbit. As secondary
antibodies, goat anti-rabbit antibodies conjugated to horseradish peroxidase
were used, and detection was performed with the SuperSignal West Femto
Maximum sensitivity substrate (Pierce) and a cooled charge-coupled-device cam-
era (INTAS, Germany). The sum of the EIIACrr-specific bands was set at 100%.

Reporter gene studies. To analyze the activity of the cAMP-dependent scrYp
and cAMP-independent scrKp promoters, fragments covering the promoter re-
gions of both genes and approximately 200 bp upstream and downstream of the

start codon including the known cAMP-CRP binding site of scrYp (55), were
amplified by PCR, and each promoter fragment was cloned separately in front of
the luxCDABE genes into pCS26 (3). The plasmids were transformed into E. coli
LJ110, and the cells were grown in MM supplied with different carbohydrates. At
various time points throughout a growth curve, samples were taken. The biomass
concentrations of these samples were determined by measurement of the absor-
bance at 420 nm, and the relative luminescence units of a 100-�l sample was
measured in a luminescence reader (Mithras; Berthold Technologies) (measure-
ment time of 0.1 s). For analysis, the relative luminescence per 5 � 108 cells and
the growth rates of the cultures were calculated. Average values for a specific
experiment were taken from at least three measurements during the exponential
phase of a culture.

RESULTS

Analysis of EIIACrr phosphorylation levels and of extracel-
lular cAMP concentrations during growth on different carbo-
hydrates. To analyze the influence of growth rates on the
EIIACrr phosphorylation level and on extracellular cAMP con-
centrations, growth was tested first in shake flasks. Various
hexoses, pentoses, and organic acids, which feed into different
parts of central metabolism, were used as single carbon
sources, among them PTS and non-PTS substrates. Strain
LJ110 or its sucrose-positive relative LJ210 were grown in
standard minimal medium supplied with saturating amounts (2
g/liter) of the carbohydrate. Additionally, the EIIACrr phos-
phorylation levels were determined from experiments in bio-
reactors. As expected, the growth rates varied with different
carbohydrates, but identically for both strains. Furthermore,
no significant differences in growth rate and EIIACrr phosphor-
ylation could be observed between both types of experiments.
Consequently, they were summarized and presented together.

If, as hypothesized initially (13, 33), adenylate cyclase was
activated only by EIIACrr�P, then EIIACrr phosphorylation
levels and cAMP concentrations should correlate closely. Ac-
cording to the data in Table 1 and Fig. 1, high growth rates
seemed to correspond to low cAMP and low EIIACrr phos-
phorylation levels, and low growth rates seemed to correspond
to high cAMP and high EIIACrr phosphorylation levels.

Considering EIIACrr phosphorylation levels, for relatively
high growth rates, no clear distinction between PTS substrates
and non-PTS substrates could be seen. Thus, about 20% of
EIIACrr remained phosphorylated during growth on the PTS
substrates N-acetylglucosamine and mannitol and a similar
percentage during fast growth on the non-PTS substrates lac-
tose, L-arabinose, and gluconate.

Furthermore, a closer analysis revealed that the close cor-
relation between growth rates, EIIACrr phosphorylation levels,
and cAMP concentrations was valid only for cells growing with
specific growth rates (�) between 0.3 h�1 and 0.7 h�1 (corre-
sponding to about 140- to 60-min generation time). This was in
contrast to cells growing very slowly (� � 0.3 h�1), in partic-
ular those growing on acetate, D-mannose, and D-glucosamine.
One major difference with these slow-growing cells was not
only the EIIACrr phosphorylation levels but also the extracel-
lular cAMP concentrations deviated strongly from experiment
to experiment, although both were sampled from the same
cultures, and the deviations in growth rates were minor (see
the error bars in Fig. 1 and Table 1). It is not clear whether this
represents a systematic behavior of starved cells or whether
this high variability was caused by experimental procedures,
though these were highly standardized as described in Mate-

6892 BETTENBROCK ET AL. J. BACTERIOL.



rials and Methods. Poor correlation could perhaps indicate
that under these growth conditions, extracellular cAMP con-
centrations do not correspond directly to intracellular cAMP
concentrations, e.g., because additional factors modulate
cAMP excretion from the cell and subsequent uptake into the
cell, degradation of cAMP, or cAMP production, respectively
(4, 12).

Deviations of another type could be seen during growth on

D-fructose, D-glucitol, and D-glucose-6-phosphate. (i) On fruc-
tose and on glucitol, the phosphorylation levels of EIIACrr�P
(24%) were too low, and the extracellular cAMP level during
growth on fructose was too high compared to those of other
carbohydrates in cells growing at similar growth rates. Growth
on fructose, and in particular 	ptsH mutants in which fructose-
specific protein (FPr) replaces the missing histidine-containing
protein (HPr), have already been reported to cause enhanced

TABLE 1. EIIACrr phosphorylation levels and extracellular cAMP concentrationsa

Carbon source No. in
figuresb � (h�1) EIIACrr�P

level (%)
Extracellular cAMP

concn (nM) PEP-to-pyruvate ratio

D-Glucose-6-phosphate 1 0.74 
 0.09 20 
 4 55 
 25 0.21 
 0.29
D-Glucose 2 0.68 
 0.03 5 
 2 142 
 24 0.15 
 0.01
Sucrose 3 0.65 
 0.02 10 
 7 148 
 18 0.45 
 0.29
Lactose 4 0.60 
 0.04 17 
 7 137 
 48 0.12 
 ND
N-Acetyl-D-glucosamine 5 0.57 
 0.03 17 
 10 114 
 19 ND
D-Mannitol 6 0.58 
 0.06 14 
 6 137 
 23 0.22 
 ND
L-Arabinose 7 0.51 
 0.04 25 
 2 111 
 78 ND
D-Gluconate 8 0.50 
 0.03 30 
 9 99 
 31 0.04 
 0.06
Maltose 9 0.48 
 0.07 41 
 10 395 
 140 0.27 
 ND
sn-Glycerol 10 0.43 
 0.02 47 
 4 374 
 125 ND
D-Fructose 11 0.41 
 0.05 24 
 3 400 
 450 0.40 
 0.29
Succinate 12 0.35 
 0.05 65 
 16 271 
 133 1.07 
 ND
D-Glucitol 13 0.32 
 0.02 26 
 10 ND ND
D-Galactose 14 0.28 
 0.06 59 
 9 473 
 96 ND
Acetate 15 0.17 
 0.02 41 
 24 1342 
 1350 6.68 
 1.95
D-Mannose 16 0.15 
 0.03 48 
 22 1447 
 1142 1.4 
 1.03
D-Glucosamine 17 0.12 
 0.01 64 
 9 ND ND

a The growth and test conditions from batch experiments with various carbon sources were as described in Materials and Methods using strains LJ110 and LJ210.
Growth rates and phosphorylated EIIACrr�P and extracellular cAMP concentrations measured at 5 � 108 cells per ml represent means 
 standard deviations from
at least two independent experiments. ND, not determined.

b Numbers in the symbols in Fig. 1 and 2.

FIG. 1. Correlation of EIIACrr phosphorylation state and growth rate during growth of E. coli LJ110 and LJ210 with various carbon sources.
EIIACrr phosphorylation levels were determined by Western blotting as described in Materials and Methods. The data represent mean values from
at least two independent cultures and from at least four samples taken during exponential growth of one culture. The numbers in the symbols refer
to the carbon sources as indicated in Table 1 with error bars indicating standard deviations. Circles correspond to non-PTS substrates, while squares
represent PTS substrates. The gray line connecting the data points for PTS substrates represents a trend line considering all PTS data points. The
dashed gray line represents a trend line considering all non-PTS substrates with exceptions glucose-6-phosphate and acetate. The trend lines show
almost linear correlations between EIIACrr phosphorylation levels and growth rate. The obtained R2s were 0.93 for the PTS and 0.86 for the
non-PTS trend line. The gray dots at � � 0.25 h�1 are drawn to point out the two areas mentioned in the Discussion.
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cAMP production (6, 26). Moreover, in contrast to other PTS
substrates, e.g., N-acetylglucosamine and mannitol, which al-
low high growth rates, growth on fructose and on glucitol
is slow and the influence of the transport reactions on the
EIIACrr phosphorylation state might become visible. Different
characteristic curves of the correlation of growth rate and the
level of EIIACrr�P have also been predicted by a mathemat-
ical model that we have set up (2). This model predicts that the
difference in both curves becomes more pronounced at lower
growth rates (A. Kremling, unpublished results). These pre-
dictions are supported by the data presented in Fig. 1. (ii)
Dephosphorylation was at its maximum (90 to 95%) during
growth on sucrose (� � 0.65 h�1) and, in particular, on glucose
(� � 0.68 h�1), but not on glucose-6-phosphate (� � 0.74 h�1;
80% dephosphorylation), the fastest growth substrate tested
here. Glucose-6-phosphate, the only phosphorylated carbon
source tested here, stimulates a EIICBAGlc-dependent glu-
cose/glucose-6-phosphate exchange (51). When present at high
intracellular concentrations, it causes back phosphorylation of
EIICBGlc by glucose-6-phosphate, which would consequently
result in an elevated level of EIIACrr�P.

Determination of the activity of a cAMP-CRP-dependent
promoter compared to a cAMP-CRP-independent promoter.
Accurate and fast measurements of intracellular cAMP con-
centrations are difficult and further complicated by the high
extracellular cAMP concentrations which amount to 95% of
the total cAMP (12, 40). Intracellular cAMP determinations
always require extensive washing. Such methods are impossible
to validate, as no standards for intracellular cAMP exist and
the influences of washing on cAMP levels are poorly under-
stood. To minimize the problems, “in vivo” measurements
were performed by using the cAMP-dependent scrYp promoter
and the cAMP-independent scrKp promoter of the scr regulon
from pUR400 (54). Both promoters were fused independently
and in the absence of the specific repressor gene scrR and
independently, to the luxCDABE genes of the low-copy-num-
ber vector pCS26, as described in Materials and Methods. The
usage of the lux reporter genes, either behind a cAMP-depen-
dent or cAMP-independent promoter, should allow accurate
measurements of the activity of the cAMP-CRP complex. This
in turn should closely correlate with the active intracellular
cAMP concentrations. Consequently, constitutive expression
of the scrKp promoter represents the overall capacity of the
transcriptional and translational machinery of the cells. On the
other hand, transcription from scrYp is very low in the absence
of cAMP, and transcription should increase strictly correlated
to increasing intracellular cAMP levels (54). Also, because
both promoter activities were measured with the same reporter
genes, from the same vectors, and in the same host strain,
changes in the activity of the cAMP-independent promoter
scrKp can be used to correct for changes in scrYp activity due
to altered growth rates and to changes in plasmid copy num-
bers.

Cells of strain LJ110 carrying either of both constructs were
grown in parallel on minimal medium with different carbohy-
drates. The relative luminescence units were determined
throughout batch experiments in shake flasks, and all measure-
ments were carried out in parallel to limit further day-to-day
variations. Analysis of the units measured during the exponen-
tial growth phase revealed activity variations with changing

growth rates, but the changes differed in a characteristic way
for the two promoters, being more pronounced for scrYp than
for scrKp (Fig. 2). In addition, while the scrKp promoter
showed considerable activity at all growth rates, the scrYp ac-
tivity was only marginal at high growth rates.

In growing cells, proteins are diluted constantly because of
the increase in cell volume followed by cell division. Therefore,
to correct for higher dilution rates of proteins in faster growing
cultures, the activities of both promoters were expressed in
relative luminescence units multiplied with the corresponding
growth rate. Analysis of these corrected units revealed a rather
constant basal activity of about 4,000 corrected units for the
cAMP-independent promoter scrKp on all carbon sources, ex-
cept for acetate (1,570 units) with its exceedingly slow growth
rate (Fig. 2C). This indicated that the overall capacity of tran-
scription and translation correlated with growth rate, except
for very slow growth rates. In contrast, the corrected activities
of the cAMP-dependent promoter varied drastically (�100-
fold [Fig. 2D]). As before, two distinct ranges could be de-
tected in the experiments. For growth rates higher than 0.6
h�1, low intracellular cAMP concentrations were indicated by
marginal activities of the cAMP-dependent scrYp promoter.
This was expected in view of the low extracellular cAMP con-
centrations measured for these growth rates (Table 1). In con-
trast, decreasing growth rates correlated with higher scrYp ac-
tivities, and intracellular cAMP concentrations peaked around
0.3 h�1 or 140-min generation time. At very slow growth rates
(�0.3 h�1), scrYp still showed significant activities, but here no
clear correlation between growth rate and cAMP could be
seen. The plot representing the corrected scrYp activity, i.e.,
intracellular cAMP (Fig. 2D), resembled the ratio of the
EIIACrr phosphorylation level to growth rate (Fig. 1). Al-
though the slope of the two curves differed for growth rates
between �0.3 h�1 to � 0.7 h�1, the plot showed the same
ranges. This indicated that EIIACrr phosphorylation levels cor-
related, but not directly, with the intracellular cAMP concen-
trations.

Extracellular cAMP concentrations (Table 1) correlated less
well, perhaps due to variable excretion or metabolism of
cAMP. In addition, the reporter gene assays determined the
activation of a promoter by the cAMP-CRP complex. This
activation does not exclusively depend on the intracellular
cAMP but also on the CRP concentrations (reference 10 and
references therein). Data based solely on extracellular cAMP
measurements thus do not necessarily mirror the true intracel-
lular cAMP concentrations and must be considered with great
caution.

Bioreactor experiments with various carbohydrate concen-
trations. Up to now, we investigated the correlation of growth
rate, EIIACrr phosphorylation level, and cAMP concentration
when the growth rate of the cells was limited by the quality of
the carbon source. An alternative method to vary the growth
rate is to grow the cells under different or limiting concentra-
tions of a specific substrate. Using batch cultures as well as a
chemostat-like construction by means of dialysis bags, Notley-
McRobb et al. (34) reported drastic changes in intra- and
extracellular cAMP concentrations at external glucose concen-
trations around 300 �M for E. coli. According to the Km value
of 3 to 10 �M for the Glc-PTS transport activity in whole cells
(7, 23), a change in the phosphorylation state of EIIACrr at this
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high glucose concentration seemed unlikely. Unfortunately,
the EIIACrr phosphorylation state was not determined in these
experiments.

During the starting phase of continuous bioreactor experi-
ments, the carbohydrate concentration drops until it becomes
limiting, i.e., growth rates are mostly determined by the de-
creasing external carbon source concentrations. This decrease
is much slower than it is in batch experiments, allowing for a
better resolution of data in the low carbohydrate concentration
ranges, in particular those related to changing growth rates,
cAMP concentrations, and EIIACrr phosphorylation levels.
Therefore, such an experiment was performed with glucose as
the carbon source, and a typical time course is shown in Fig. 3.
During the first 3 hours and with high glucose concentrations,
the EIIACrr phosphorylation level remained low. The slow rise
in phosphorylation level probably reflects adaptation to stron-
ger aeration within the bioreactor. At about 2.7 h, when the
extracellular glucose concentration had dropped to about 40
�M, the phosphorylation level changed within minutes from
about 10 to 70%, finally reaching more than 90%. At about the
same time, the extracellular cAMP concentrations began to
increase considerably faster than before, which we interpret as
due to higher cAMP production rates. Thus, the changes in the

EIIACrr phosphorylation level and in the extracellular cAMP
concentration occurred simultaneously, again indicating a cor-
relation between both parameters. Growth rates could not be
calculated precisely from the data because, due to the high
dilution rate, changes in biomass were very small within the
relevant time window. However, growth rates as calculated
from the dilution rate were estimated to vary between 0.6 h�1

for growth under nonlimiting glucose concentrations and
about 0.33 h�1 for growth under limiting glucose concentra-
tions.

A set of continuous bioreactor experiments similar to the
one shown in Fig. 3 was performed with glucose, sucrose, and
mannitol (Fig. 4). These three PTS carbohydrates have similar
Km values as determined in transport assays, i.e., 5 to 12 �M
for glucose and the Glc-PTS (7, 23), 10 �M for sucrose and the
Scr-PTS (55), and 2 to 11 �M for mannitol and the Mtl-PTS
(15, 19, 25, 48), respectively. Therefore, they could be expected
to give similar results. For each substrate, the phosphorylation
levels of EIIACrr and the measured extracellular cAMP con-
centrations (data not shown) correspondingly and drastically
began to increase when the external carbohydrate concentra-
tions reached a level of 10 to 50 �M. As before, growth rates
could be calculated only when based on dilution rates and

FIG. 2. Correlation of the activities of the cAMP-independent scrKp and cAMP-dependent scrYp promoters to growth rates resulting from
growth on different substrates. (A and B) Relative luminescence activities (in relative light units [RLU]) of E. coli LJ110 carrying either the
constitutive and cAMP-independent scrKp promoter (A) or the constitutive and cAMP-dependent scrYp promoter (B) fused to luxCDABE genes
of pCS26 during batch cultures with various carbon sources. (C and D) scrK and scrYp activities, respectively, after multiplication of the RLUs with
the corresponding growth rate. This standardization is done to account for differences in dilution rate of the proteins that vary with growth rate.
(D)Activity of the scrYp promoter after multiplication of the RLUs with growth rate. By using an exponential fit, we were able to obtain a R2 of
0.95, showing good correlation. The trend line was added to this plot as a dotted gray line. Values represent mean values from at least three
independent experiments, and the error bars indicate standard deviations. The numbers in symbols correspond to carbon sources as in Table 1.
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decreasing carbohydrate concentrations. They were estimated
to change from about 0.55 h�1 to 0.33 h�1 within the relevant
time interval.

In summary, these data show a correlation between EIIACrr

phosphorylation levels, cAMP production rates, and the extra-
cellular carbohydrate concentrations which determine the
growth rates. Using a mathematical model for the glucose-PTS
which was able to reproduce the experiments (2), we calculated
that an apparent Km value of 12 �M extracellular carbohydrate
corresponds to a level of 50% phosphorylated EIIACrr. This
was in general agreement with the known kinetics of the three
PTSs. Although at a first glance the experimental setup of

Notley-McRobb et al. (34) seems to allow growth experiments
equivalent to our experiments in a continuous bioreactor, de-
viations in the experimental setup may account for the differ-
ent results. Thus, at least for their dialysis cultures, it is not
clear whether glucose and oxygen diffusion within the dialysis
bag was sufficient. Furthermore, due to the known problems in
the measurement of extracellular cAMP concentrations, it is
also not clear how accurate cAMP concentrations could be
determined under their experimental conditions. Comparing
phosphorylation assays performed with cell extracts to growth
and transport assays with whole cells, high deviations (10-fold)
in the Km values have been measured for the glucose-PTS (50)

FIG. 3. Time course of an experiment with various glucose concentrations. Show are the measurements from a continuous bioreactor
experiment with E. coli LJ110 with glucose as the carbon source. Bioreactor setup and measurements were as described in Materials and Methods.
cAMP samples were taken by taken samples from the bioreactor and by rapid centrifugation of these samples at 4°C. Open circles indicating the
glucose concentration (in micromolar) are given on the leftmost y axis as well as extracellular cAMP concentrations given in nanomolar and
represented by open triangles. The EIIACrr phosphorylation level represented by filled squares is plotted on the rightmost y axis.

FIG. 4. Growth experiments with changing carbohydrate concentrations. The figure shows measurements from continuous bioreactor exper-
iments with strain LJ110 or LJ210 and with glucose, sucrose, or mannitol as the carbon source. The experimental setup and measurements were
as described in Materials and Methods. The EIIACrr phosphorylation level is plotted semilogarithmically against the carbohydrate concentrations.
Symbols: f, E, and F, experiments with glucose as the carbon source; ‚ and Œ, experiments with sucrose as the carbon source; �, experiment with
mannitol as the carbon source.
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and the three hexitol-PTSs (25). Yet it is difficult to envision,
how these observations could explain the 30- to 90-fold devi-
ation between the measured apparent Km value for the glu-
cose-PTS and the onset of extracellular cAMP increase as
observed by Notley-McRobb et al. Besides this discrepancy,
both sets of results indicated a similar correlation between
growth rates, the ratio of EIIACrr to EIIACrr�P, and cAMP
concentrations.

DISCUSSION

The data presented within this study demonstrate, to our
knowledge for the first time, why the PTS is suited as a sensor
system for the physiological state of the cell. The data show a
strict correlation of growth rate, determined by the quality of
the carbon source, and the EIIACrr phosphorylation state, at
least for medium to high growth rates. We hypothesize that if
growth is limited solely by the quality of the carbon source, i.e.,
by the cell’s capacity to take up and metabolize the carbon
source, then the PEP-to-pyruvate ratio in the cell is a direct
measure of this growth rate. This PEP-to-pyruvate ratio is
reflected by the phosphorylation state of EIIACrr, making this
molecule an ideal candidate for sensing the physiological state
of the cell. This information is subsequently transduced by the
modulation of enzymatic activities, most importantly the activ-
ity of adenylate cyclase. In contrast to previous assumptions,
we could show that the EIIACrr phosphorylation state not only
represents a measure for the presence or absence of a PTS
substrate but that the phosphotransferase system represents a
universal sensor for the physiological state of the cell with
respect to the carbohydrate metabolism. This is possible be-
cause the PTS phosphorylation state is directly linked to the
PEP-to-pyruvate ratio and hence to the central metabolism.

In enteric bacteria, carbon and energy metabolism are con-
trolled largely by two global regulatory mechanisms called
cAMP-CRP-dependent catabolite repression and inducer ex-
clusion. The combined phosphotransferase systems of a cell
together constitute an expedient signal transduction system
that senses intracellular changes in carbon catabolism and en-
ergy metabolism as changes in the phosphorylation levels of its
components. All phosphoryl-transfer reactions within the PTS
are reversible. Therefore, the major key parameters which
determine the phosphorylation level of its components are the
PEP-to-pyruvate ratio during growth on any carbon source,
even a non-PTS carbon source, together with the uptake ac-
tivity of the various PTSs during growth on PTS substrates.
Furthermore, the EIIACrr phosphorylation level should reflect
directly the PEP-to-pyruvate ratio in the cell regardless of the
carbon source used for growth (49). Unfortunately, determi-
nations of the true intracellular PEP and pyruvate concentra-
tions are difficult to perform in growing cells. A network of
reactions is coupled to the so-called pyruvate node, and the
control of activity or of synthesis of the corresponding genes
and enzymes has not yet been elucidated in detail. For an
estimation of the true intracellular concentrations of PEP and
pyruvate that may change in the millisecond range (28), a
careful determination of all fluxes would be needed. At
present, such an analysis can be performed only by using mu-
tants (reference 20 and references therein) and mathematical
models (18). We used measurement of the EIIACrr phosphor-

ylation level as an alternative method. This measurement is
based on the strict coupling of the PTS to the PEP-to-pyruvate
ratio in the cell (49).

Correlation between growth rates and EIIACrr phosphory-
lation levels. Our data show a good correlation of growth rates,
as determined by the quality or quantity of the carbon source,
and the EIIACrr phosphorylation states, at least for medium to
high growth rates. Different growth rates were obtained first by
using various carbohydrates. In such cells, growth was limited
by the affinity and capacity of the uptake systems, as well as by
the capacity of the first metabolic reactions. High growth rates
clearly correlated with lower EIIACrr phosphorylation levels,
indicating a lower PEP-to-pyruvate ratio, and vice versa, but
only for cells grown with generation times of about 140 to 60
min, i.e., specific growth rates between 0.3 h�1 and 0.7 h�1.

Three apparent exceptions among the carbon sources were
D-fructose, D-glucitol, and D-glucose-6-phosphate (substrates
11, 13, and 1, respectively, in Fig. 1). During growth on fruc-
tose, phosphorylation of EIIACrr was too low (�20% deter-
mined versus �50% estimated) and extracellular cAMP levels
were too high, compared to other carbon sources allowing
similar growth rates. The low phosphorylation level of EIIACrr

might be related to the involvement of the HPr-like protein
FPr in the fructose-PTS. Thus, 	ptsH mutants, in which FPr
replaces the missing HPr, also show enhanced cAMP produc-
tion (6, 26). Furthermore, the repressor protein FruR (alter-
natively Cra) of the fru operon is involved as an activator in the
regulation of the pps gene, encoding PEP synthase (14; our
unpublished results), and of some other glycolytic and glu-
coneogenic genes in E. coli and Salmonella enterica serovar
Typhimurium (5, 45, 46). Another possibility is that the low
phosphorylation level of EIIACrr during growth on fructose
simply results from dephosphorylation of the PTS during fruc-
tose transport. This is corroborated by the fact that with glu-
citol, the other PTS substrate, which allows medium growth
rates, the same deviation was observed. Hence we postulate a
distinction between PTS substrates and non-PTS carbon
sources. This distinction was very weak for substrates allowing
fast growth but became more pronounced for substrates re-
sulting in medium growth rates. This is corroborated by mod-
eling studies which predict that at high growth rates, the PTS
phosphorylation activity should have a low impact on the phos-
phorylation level of EIIACrr, while at low growth rates this
impact increases considerably (22). Although the comparison
to glucitol and the analysis with the help of the model provide
an explanation for the low phosphorylation state of EIIACrr

during growth on fructose, they cannot explain the high levels
of extracellular cAMP during growth on fructose that we and
others have observed.

The third substrate that displayed a deviating behavior was
glucose-6-phosphate. During fast growth on glucose-6-phos-
phate, the phosphorylation level of EIIACrr was higher than
expected. It had already been reported that glucose-6-phos-
phate did not elicit catabolite repression, although cAMP lev-
els were very low during growth with glucose-6-phosphate (11).
It is tempting to speculate that glucose-6-phosphate interferes
with the PTS phosphorylation level. Glucose-6-phosphate is
the product of PTS-mediated glucose uptake. High intracellu-
lar levels of glucose-6-phosphate have been reported to inhibit
PTS-mediated glucose uptake (21, 24). In addition, EIICBGlc/
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EIIACrr-mediated cross phosphorylation of glucose by glucose-
6-phosphate has been reported (51). During growth on glu-
cose-6-phosphate, high intracellular glucose-6-phosphate levels
apparently allow rephosphorylation of the PTS, explaining the
elevated phosphorylation levels of EIIACrr.

Compared to the batch experiments, the continuous biore-
actor experiments allow a better resolution of data within the
transition phase from fast growth on high substrate concentra-
tions to lower growth rates caused by decreasing external sub-
strate concentrations. We used three PTS substrates, i.e., D-
glucose, sucrose, and D-mannitol, with similar transport Km

values, of which the former two PTSs use EIIACrr as their
phosphate donor. The corresponding results did show the
same general trend as the previous experiments, i.e., higher
growth rates correlated closely with decreased phosphorylation
of EIIACrr. In particular, they did not show a significant in-
crease in the EIIACrr phosphorylation level before the sub-
strate concentrations decreased to concentrations in the range
of the Km values (Fig. 3 and 4). Obviously, cells coordinate
EIIACrr phosphorylation and cAMP levels with growth rates in
a similar way, whether cell growth was limited because of the
nature or amount of the carbon source used.

Correlation between growth rates and intracellular cAMP
levels. A second key parameter besides the PEP-to-pyruvate
ratio in the control of carbon catabolism is the alarmone
cAMP. This coactivator of the global transcription factor CRP
is essential in controlling the synthesis of several hundred
genes and catabolic enzymes. In a 	cyaA mutant of E. coli,
increasing growth rates on glucose could be obtained by adding
increasing amounts of cAMP to such cells. Furthermore, dif-
ferent cAMP concentrations corresponded to the growth rate
on diverse carbon sources (12). Unfortunately, we and others
have been unable until now to test intracellular cAMP concen-
trations in growing cells directly, rapidly, and in a reliable way
(30, 40). As shown in Table 1, extracellular cAMP concentra-
tions have no simple relation to the intracellular, i.e., biologi-
cally active, cAMP amounts. Attempts to correlate intracellu-
lar cAMP levels with �-galactosidase activities transcribed
from a constitutively expressed lacZp promoter (12) have not
sufficiently taken into consideration indicator protein dilution,
thus presenting an incomplete picture of the cell’s physiology
under various growth conditions. In an extension of such in
vivo studies, we compared the activities from a cAMP-depen-
dent promoter and a cAMP-independent promoter of the scr
regulon. These constructs allowed correction for changes in
promoter activities due to altered growth rates and concomi-
tant protein dilution rates and to plasmid copy number effects.
In agreement with the EIIACrr phosphorylation tests, these
corrected data also indicated, first a major (central) phase,
valid from medium to high growth rates (Fig. 2). Within this
phase, the constitutively expressed and cAMP-independent
promoter scrKp showed variations of less than twofold in its
corrected promoter activities over the range of growth rates
between 0.3 h�1 and 0.7 h�1. Because the corrected scrKp
activities represent basically the general transcriptional and
translational capacity of the cell, this capacity seems to corre-
late strictly with growth rates within this central range. The
marked deviation during growth on acetate probably indicates
the increasing starvation stress. This contrasted with the
cAMP-dependent promoter scrYp, whose equally corrected,

activities varied more than 100-fold within this central range of
growth rates. Such drastic changes must obviously be attrib-
uted largely to changes in the intracellular cAMP concentra-
tions and more precisely in the amount of active cAMP-CRP
complexes. Similar to the EIIACrr phosphorylation level, the
intracellular cAMP levels had a clear maximum around a � of
0.3 h�1 (or 140-min generation time) (Fig. 2), and no differ-
ence between PTS and non-PTS substrates could be seen.
Apparently, the physiologically relevant intracellular cAMP
concentrations (Fig. 2) cannot be deduced easily from the
extracellular cAMP concentrations (Table 1).

Conclusions. To the best of our knowledge, we show here
for the first time that below and above a specific growth rate of
0.3 h�1 and 0.7 h�1, the EIIACrr phosphorylation state and the
activity of the cAMP-CRP-dependent promoter as represented
by the scrYp activity became increasingly uncoupled from the
growth rate. These deviations were not simply a consequence
of the large inaccuracies in the corresponding tests. Rather, the
results seem to indicate additional factors also modulating the
PEP-to-pyruvate ratio, EIIACrr�P levels, and cAMP produc-
tion or the activity of cAMP-CRP-dependent promoters. For
low growth rates, both promoter activities and the EIIACrr�P
level decreased roughly in parallel, while for high growth rates,
the three key parameters became constant. Apparently,
cAMP-dependent gene activation becomes less and less rele-
vant during either very fast (� � 0.7 h�1), or very slow growth
(� � 0.3 h�1), perhaps indicative of more global cellular
changes in the corresponding cells. Thus, between specific
growth rates of 0.4 h�1 to 0.8 h�1, the mean cell volume
increases from 0.55 to 1.38 �m3, the number of ribosomes per
cell doubles, and the ppGpp concentration decreases from 150
to 25 �M (29, 56). Such extreme physiological conditions
which trigger stress responses seem to be increasingly con-
trolled by other global antistress regulatory networks, e.g.,
RpoS in slow-growing and prolonged starving cells, and the
“stringent-relaxed” control system which in fast-growing cells
mainly determines growth rates. Similarly, other global regu-
latory systems can be expected to become active in cells grow-
ing under, e.g., phosphate or nitrogen limitation, and hence
might override the regulation by cAMP-CRP. Finally, highly
different EIIACrr phosphorylation levels during growth on poor
growth substrates seem to indicate that under such extreme con-
ditions PTS phosphorylation can be uncoupled from the PEP-to-
pyruvate ratio, corroborating data pointing to additional factors
which also control adenylate cyclase activity (34, 38).
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