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The concentration of glucose in the medium influences the regulation of CAMP 

levels in Escherichia coli. Growth in minimal medium with micromolar glucose 

results in 8- to 10-fold higher intracellular cAMP concentrations than observed 

during growth with excess glucose. Current models would suggest that the 

difference in cAMP levels between glucose-rich and glucose-limited states is 

due to altered transport f lux through the phosphoenolpyruvate :glucose 

phosphotransferase system (PTS), which in turn controls adenylate cyclase. A 

consequence of this model is that cAMP levels should be inversely related to 

the saturation of the PTS transporter. To test this hypothesis, the relationship 

between external glucose concentration and CAMP levels inside E. coli were 

investigated in detail, both through direct CAMP assay and indirectly through 

measurement of expression of CAMP-regulated genes. Responses were 

followed in batch, dialysis and glucose-limited continuous culture. A sharp rise 

in intracellular cAMP occurred when the nutrient concentration in minimal 

medium dropped to approximately 03 mM glucose. Likewise, addition of 

>03 mM glucose, but not c03 mM glucose, sharply reduced the intracellular 

CAMP level of starving bacteria. There was no striking shift in growth rate or 

['4C]glucose assimilation in bacteria passing through the 05 to 0.3 mM 

concentration threshold influencing CAMP levels, suggesting that neither 

metabolic flux nor transporter saturation influenced the sensing of nutrient 

levels. The (IIA/IIBC)G'C PTS is 96-97% saturated at  0.3 mM glucose so these 

results are not easily reconcilable with current models of cAMP regulation. 

Aside from the transition in CAMP levels initiated above 03 mM, a second shift 

occurred below 1 pM glucose. Approaching starvation, well  below saturation 

of the PTS, CAMP levels either increased or decreased depending on unknown 

factors that differ between common E. coli K-12 strains. 

Keywords : adenylate cyclase, catabolite repression, glucose repression, continuous 
culture, Escherichia coli 

INTRODUCTION 

It is accepted that cAMP is central to the regulation of 
the response of Escherichia coli to different nutritional 
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t Present address: Department of Endocrinology, University of Sydney, 
NSW 2006, Australia. 

Abbreviation : PTS, phosphoenolpyruvate:  sugar phosphotransferase sys- 

tem. 

states (Ullmann & Danchin, 1983; Schultz et af., 1988). 
Phenomena such as catabolite repression correlate with 
cAMP levels to some extent and growth in the presence 
of glucose lowers cAMP (Perlman et al., 1969). Yet there 
is a lack of general awareness that growth on glucose 
does not always result in low intracellular CAMP. 
Growth on low concentrations of glucose stimulates 
cAMP synthesis and cAMP is an important factor in 
bacteria adapting from glucose-excess to glucose-limited 
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growth conditions. cAMP contributes to the improved 
scavenging ability of bacteria growing on  micromolar 
concentrations of glucose through induction of a high- 
affinity transport pathway involving the binding-pro- 
tein-dependent Mgl system and an outer-membrane 
gl ycoporin, LamB (Ferenci, 1996). These cellular com- 

ponents are expressed both because of endogenous 
inducer synthesis and because of the high level of cAMP 
under glucose-limited conditions. 

The first study of cAMP in E.  coli established that cAMP 
levels respond to the presence or absence of glucose in 
the surrounding medium (Makman & Sutherland, 
1965). However, surprisingly little information is avail- 
able on what threshold level of glucose needs to be 
present in the environment before cAMP regulation 
changes. This study attempts to define the concentration 
of' glucose in the medium leading to enhanced cAMP 
pools and altered gene regulation. An understanding of 
the nutrient concentration dependence of c.4MP levels is 
crucial to understanding the expression of several 
hundred genes in E.  coli controlled by the CAMP-Crp 
complex (Kolb et al., 1993). 

The synthesis of cAMP by adenylate cyclase is thought 
to be the major site of regulation for controlling cAMP 
levels (Botsford & Harman, 1992; Peterkofsky et al., 
1993). Despite the long history of studies on the 
connection between glucose and cAMP synthesis, there 
is still an incomplete understanding of the rnechanism(s) 
whereby adenylate cyclase recognizes the level of nutri- 
ents in the environment and reduces CAMP synthesis in 
their presence. The current consensus, based on work in 
the 1970s and 1980s, is that adenylate cyclase responds 
to nutrients through the functioning of sugar trans- 
porters; nutrient transport is thought to be the primary 
signal used to inhibit cAMP synthesis. There is evidence 
for this hypothesis for glucose, and models proposed by 
Saier (Saier & Feucht, 1975) and Peterkofsky [Peter- 
kofsky & Gazdar, 1975 (reviewed by Saier, 1989; 
Pcterkofsky et al., 1993 ; Postma et al., 1993)] include the 
involvement of the phosphoenolpyruvate : sugar 
phosphotransferase system (PTS) in adenylate cyclase 
regulation. The main elements of this model are shown 
in Fig. 1. The key feature is that the phosphorylation 
s t x e  of the glucose-specific Enzyme IIA and possibly 
other PTS components regulates adenylate cyclase. 
There is strong genetic evidence for a role of IIA and 
possibly Enzyme I and HPr in cAMP regulation (Levy et 
al., 1990; Postma et al., 1996; Saier et al., 1996). 
However, the in vivo regulation of adenylare cyclase has 
not been fully reconstituted in vitro even with the 
glucose phosphotransferase system and the postulated 
role of the level of Enzyme IIA phosphorylation in 
glucose inhibition of adenylate cyclase activity lacks 
quantitative support (Postma et al., 1992). 

One previously untested consequence of transporter 
function in adenylate cyclase control is that the concen- 
tration-dependence of glucose transport should cor- 
relate with the concentration-dependence of adenylate 
cyclase regulation. Studying the effect of different 
external sugar concentrations on the intracellular level 
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Fig. 7. A model of adenylate cyclase regulation suggesting that 
the phosphorylation state of glucose PTS components controls 
adenylate cyclase activity. In this scheme, the presence of 
glucose reduces the proportion of PTS components in the 
phosphorylated state, due to the transfer of phosphate to 
incoming glucose via the Enzymes IIABC. See Postma et  a/.  
(1993) for a discussion of the evidence for this model. 

of cAMP should therefore help to decide whether a 
direct relationship exists between flux through the 
glucose transport system and the pool of cAMP in the 
cell, We present the response of cAMP levels to different 
medium glucose concentrations both in growing bac- 
teria and in resting suspensions. We find that cAMP 
levels are upregulated in bacteria when the (IIA/IIBC)G'C 
PTS transporter is still functioning close to saturation 
and there is little correlation between glucose flux and 
adenylate cyclase function. 

Another unresolved area of cAMP regulation is the 
behaviour of E.  coli at very low external glucose 
concentrations in glucose-limited continuous culture. 
Bacteria in glucose-limited chemostats contain elevated 
cAMP concentrations, but different reports give con- 
flicting patterns of cAMP levels at different dilution 
rates. One report (Matin & Matin, 1982) suggested a 
peak of cAMP at  dilution rates around 0.5 h-l, which 
approximates to about 1 pM glucose in the medium. In 
contrast, Wright et al. (1979) found almost no change in 
cAMP at different dilution rates. The results to be 
presented suggest that there is indeed a second transition 
affecting the intracellular concentration of cAMP at very 
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low external glucose concentrations but this transition is 
strain dependent amongst laboratory cultures of E .  coli 
K-12. 

METHODS 

Bacterial strains. All bacterial strains used in this study are 
derivatives of E .  coli K-12 and are shown in Table 1. P1 
transduction (Miller, 1972) with P1 cml clrlOOO grown on 
VH2733 and ZK1171 was used to introduce re1A::Kan and 
rpoS:  : TnlO into BW2901 and BD21, respectively, to create 
BW2941 and BW2937. 

Growth medium and culture conditions. The basal salts 
medium used in all experiments was minimal medium A 
(MMA) (Miller, 1972) supplemented with amino acids where 
necessary (40 pg ml-l) and glucose as specified for each 
experiment. 

To initiate dialysis culture, approximately 5 ml of an overnight 
culture of strain BW2967 grown in MMA containing 13 mM 
glucose was used to  inoculate a flask containing 200 ml MMA 
and 10 mM glucose. This culture was grown at 37 "C for 3-4 h 
until the ODs8! reached 0.2-0-3. Then 5 ml of this exponential 
culture was diluted with 45 ml prewarmed MMA without 
glucose added, giving an OD,,, of approximately 0 . 0 2 4 0 3  
and a glucose concentration of approximately 0.9 mM, 
Twenty millilitres of diluted culture was immediately trans- 
ferred into a dialysis tube (80cmx0.8  cm, Union Carbide 
Co.) which was tied at one end. The open end was secured to 
a metal tubing connector, through which a narrow Teflon 
sampling tube was inserted to the base of the dialysis tube. The 
Teflon sampling tube was attached to a Leuer Lock connection 
allowing withdrawal of sample by syringe as well as the initial 
injection of the culture. The entire length of dialysis tubing 
was immersed in a 5 1 medium bottle containing 4 1 MMA 
medium with glucose at a concentration of 1 mM. The 
medium was kept at 3 7 ° C  and constantly mixed with a 
magnetic stirrer. T w o  Hy-Flo air pumps sparged air into the 
vessel. Samples were taken to determine optical density, p- 
galactosidase activity and medium glucose concentration in 
the dialysis culture. Intracellular cAMP levels and glucose 
uptake rates were measured as described below. 

To determine the cAMP levels in various E. coli strains as a 
function of growth rate, the chemostat conditions used in this 
study were as previously described (Death & Ferenci, 1994). E .  
coli strains MC4100, BW2901, TP2100, BW2937 and BW2941 
were grown in 80 ml glucose-limited chemostats (1.1 mM 

glucose input). MC4100 was also grown in an 80 ml nitrogen- 
limited chemostat (containing 0.045 g (NH,),SO, 1-l and 
22 m M  glucose). Once the culture had equilibrated at given 
dilution rates, a 5 ml sample was removed by suction through 
a membrane filter to determine intracellular cAMP levels as 
described below. 

The same continuous-culture vessels were used to determine 
the effect of glucose depletion on cAMP levels in E c o f i  strains 
BW2901 and MC4100. An overnight culture was used to 
inoculate a 570 ml (or occasionally an 80 ml) culture vessel 
containing 1.1 m M  glucose. Bacterial growth from lag phase 
until final steady-state was monitored by determining OD,,,. 
At certain time points samples were also taken to measure 
residual glucose and the accumulation of intracellular and 
extracellular CAMP, as well as the rate of transport of 
[14C]glucose, [l'C]maltose and [14C]galactose. 

Preparation of resting cells with high cAMP content. Bacteria 
were grown to stationary phase in MMA supplemented with 
11 mM glucose. Approximately 12 h into stationary phase, 
bacteria were harvested after immersion in ice by centri- 
fugation at 4 "C. Aliquots were resuspended in MMA supple- 
mented with glucose at the following concentrations : 1 
(w/v), 1000 pM, 600 pM, 400 pM, 300 pM, 200 pM, 100 pM 

and 0 pM. Bacteria were transferred to 37 "C, with 5 ml 
samples taken to determine cAMP content after 0, 2 and 
10 min incubation. 

8-Galactosidase assay. The p-galactosidase activity of l ac2  
fusion strains was assayed by the method of Miller (1972). 

Glucose estimation. Samples from cultures were immediately 
filtered as they were withdrawn through a 0.2 pm Acrodisc 
syringe filter (Gelman Sciences). Glucose in the filtered culture 
fluid was assayed using a commercial glucose oxidase method 
[Sigma Diagnostics Glucose (Trinder) kit]. 

CAMP assay. cAMP samples were taken and prepared for 
assay as previously described (Death & Ferenci, 1994; Notley 
& Ferenci, 1995). Samples of 5 ml were filtered in all 
experiments except that 2.5 ml of culture was filtered during 
the dialysis experiments. Samples were assayed using either a 
commercially available enzyme-linked immunoassay kit or  a 
radioimmunoassay kit (Amersham). 

Transport studies. The rate of uptake of [ 14C]glucose, 
[14C]galactose and [ l'C]maltose by bacteria in chemostat 
cultures was determined as described previously (Death e t  al., 
1993; Notley & Ferenci, 1995). The rate of ['4C]glucose 
uptake by bacteria in dialysis cultures was determined by 

Table 1. E. coli K-12 derivatives used in this study 

Strain 

BD21 

BW2901 

BW2937 

BW2941 

BW2967 

MC4100 

TP2 100 

VH2733 

ZK1171 

Genotype Origidreference 

MC4100 mglB.551 @(mglA- lacZ)  

HfrG6 m e t A  

BD21 rpoS : : TnlO 

BW2901 ArelA2.52 : : kan 

F- araD139 lacU169 malTjcon) rp5L 

Q( lamB-lacZ) 

F- araD139 A(argF-lac)U169 flbB.5301 

ptsF25 rbsR deoC1 relAI 

F- xyl  a r g H l  ilvA lacA 4x74 

MC4100 A r e f A :  : k a n  arg malB: : ma1E'-rrnB P1- 

+X 174 E'- lacZ-kan-'malK 

W3110 AfacU169 tna-2 rpoS:  :Tn20 

Benner-Luger & Boos (1988) 

Death et al. (1993) 

This study (parent strain VH2733) 

This study (parent strain ZK1171) 

Notley & Ferenci (1995) 

Casabadan (1976) 

Roy et al. (1988) 

Hernandez & Bremer (1991) 

Bohannon e t  al. (1991) 
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extracting 250 p1 culture sample at the same time as samples 
were taken to determine glucose concentration and optical 
density. The culture sample was immediately placed in an 
Eppendorf tube prewarmed at 37 "C containing 5 p1 of a stock 
solution (5 pM) of [14C]glucose (302 mCi mmol-l; 11.17 GBq 
mmol-I). Aliquots (40 pl) were taken at 1 , 2 , 3  and 4 min, and 
immediately filtered through a 0.45 pm cellulose nitrate 
membrane filter (Whatman) and washed with 10 ml MMA. 
The filters were counted in liquid scintillant (Aqueous 
(:ounting Scintillant, Amersham) and the rate of uptake of 
glucose was calculated as nmol glucose transported per 10' 
bacteria per minute, based on the measured glucose con- 
centration and the optical density of the culture at the time of 
sampling. 

RESULTS 

The glucose concentration threshold stimulating 
cAMP accumulation 

To study the transition from glucose-excess to  glucose- 
limited growth, a culture of E. coli was inoculated at  low 
density into a chemostat vessel containing 1.1 m M  
glucose and allowed to grow under these conditions. 
Initially, the culture grew essentially as a batch culture 
without nutrient limitation. As the population built up, 
the glucose concentration in the vessel dropped, as 
shown in Fig. 2(a). But in contrast to a batch culture, the 

culture vessel was connected to a pump maintaining a 
dilution rate of D=O.3 h-l. Hence the glucose con- 
centration never fell to zero but the glucose-limited 
steady-state concentration of below 2 pM was reached 
within 24 h. This kind of culture prolonged the time in 
which the bacteria could be sampled; normal batch 
cultures deplete glucose too fast for frequent sampling at  
submillimolar concentrations of glucose in the medium, 
with the fall from 0.5 mM to zero occurring in less than 
30 min (Fig. 3). 

As previously determined, the concentration of cAMP in 
steady-state glucose limited chemostats is 8- to 10-fold 
higher than in glucose-excess batch culture (Notley & 
Ferenci, 1995). The time-course of this transition for 
two E. coli strains is shown in Figs 2(a) and 2(b), which 
show the dramatic increase in cAMP concentrations at 
lower glucose concentrations. The intracellular cAMP 
level rises first (Figs 2a-iii and 2b-ii), followed by a lag 
before the extracellular cAMP increases. The increase in 
extracellular cAMP is due to efflux (Saier et al., 1975; 
Matin & Matin, 1982). The increase in cAMP efflux 
coincides with a decrease in intracellular levels to a new, 
glucose-limited steady state. This pattern suggests that 
efflux of cAMP builds up as a secondary event when 
internal levels become high. These results also suggest 
that the build-up of intracellular cAMP is not due to 
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Fig, 2. Depletion of glucose by growing €. coli results in an increase in cAMP levels in bacteria. Strain MC4100 was used 
in (a) and BW2901 in (b). In both cultures, bacteria were inoculated into a chemostat vessel containing glucose-MMA 
medium and diluted with glucose-containing medium at a dilution rate of 0.3 h-'. Growth (ODsB0, 0)  and glucose 
concentration (H) were followed as shown in panels (a-i) and (b-i). Bacteria were sampled at given times for transport 
rates of glucose, maltose and galactose as shown in (a-ii). The intracellular (IC, H) and extracellular (EC, 0)  cAMP levels in 
the culture were measured during glucose depletion as shown in (a-iii) and (b-ii). See Methods for details of the assays. 
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Fig. 3. A comparison of growth and glucose depletion rates in 
batch and dialysis culture. Batch (0, 0) and dialysis (m, 0 )  
cultures in MMA with 1 mM glucose were followed for strain 
BW2967. Glucose concentrations (0, H) and optical density (0, 
0)  were determined at the times indicated. 

A surprising feature of the results shown in Fig. 2 is that 
the sharp increase in cAMP synthesis occurred in 
bacteria well before the glucose level in the medium 
became limiting for growth. The increase in intracellular 
cAMP was already well under way when residual 
glucose concentrations were at  0-2-0.3 m M  in the 
medium, as shown by the dotted lines in Figs 2(a) and 
2(b). Of course, the increase in cAMP was initiated at 
glucose levels above these values. Interestingly, the 
pattern of cAMP accumulation gives the appearance of 
a sudden transition event rather than a smooth increase 
with decreasing glucose levels. The same pattern was 
observed in six repeated experiments with MC4100 (and 
related strains such as BD21) as well as with an unrelated 
E.  coli K-12 strain (BW2901). The latter is included in 
Fig. 2(b),  because, as shown below, strains MC4100 and 
BW2901 actually differ in cAMP regulation at even 
lower glucose levels. 

reduced efflux, as the total cAMP concentration in the 
culture (made up mainly of excreted CAMP) increased 
upon glucose exhaustion. 

The initial increase in cAMP concentrations preceded 
the increase in expression of genes dependent on 
CAMP-Crp stimulation, such as the mgl genes (Death €2 
Ferenci, 1994) responsible for high-affinity galactose 
transport, as also shown in Fig. 2(a-ii). Other CAMP- 
Crp-regulated genes such as the ma1 genes responsible 
for maltose transport behave in a similar pattern (Fig. 
2a-ii). In other experiments, transcriptional l ac2  fusions 
to mgf and maf genes were found to increase in activity 
in the same pattern (results not shown). As expected, 
global gene expression responds to entry into glucose 
limitation following the rise in CAMP. 

cAMP transitions in dialysis culture 

The transition concentration for glucose was tested in 
two further approaches. Given that the concentration of 
glucose in the medium was rapidly dropping even in 
experiments such as those shown in Fig. 2, only one or 
two data points could be obtained for cAMP analysis at 
the transition point. Hence dialysis cultures were es- 
tablished which were growing with an even lower rate of 
glucose disappearance. As shown in Fig. 3, 20 ml 
cultures growing in a dialysis bag with 1 m M  glucose 
initially present inside the bag (as well as in 4 1 external 
bathing medium) showed exponential growth rates 
comparable to those of batch cultures. But dialysis 
resulted in a much slower reduction in glucose levels, 
due to the diffusion of glucose into the bags. Even when 
cells were growing exponentially with a doubling time 
of under 1 h, the glucose concentration in dialysis 
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Fig. 4. Glucose depletion and cAMP levels in dialysis culture. Four independent dialysis cultures of strain BW2967 were 
set up with 1 mM glucose present in the external medium. Glucose concentration (H) and increase in intracellular cAMP 
(A) were measured for each culture. 
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Fig. 5. CAMP-dependent gene expression in dialysis culture. The 
P-galactosidase activity (Miller units) of a lamB-lacZ 
transcriptional fusion in strain BW2967 was assayed in dialysis 
culture, starting with 1 mM glucose in the medium. The 
experimental points were obtained from four independent 
dia\ysis cultures. Replicate assays were also carried out on nine 
batch cultures with excess glucose, containing more than 5 mM 
glucose in the medium. 

cultures remained in the submillimolar range for several 
hours. 

The intracellular cAMP concentrations of bacteria in 
dialysis culture were measured as shown for the four 
independent cultures in Fig. 4. There was some variation 
between the residual glucose concentrations resulting in 
increased cAMP levels, with the cAMP increase initiated 
between 800-550, 500-150, 800-280 and 350-150 pM 
glucose in the medium in the experiments shown in Fig. 
4(a-d). All these cultures were growing exponentially so 
it is not clear what additional factors influence the point 
at which cAMP levels rise. Nevertheless, it is evident 
that in all cultures shown in Figs 2 and 4 the residual 
glucose concentration was above 0.2 m M  when cAMP 
levels began to rise markedly. The extent of the increase 
was at least four- to sixfold in every culture, with the 
highest increase in the dialysis culture whose glucose 
levels continued to drop to well below 0-1 mM. The 
transitions in dialysis culture appeared less sharp than in 
the data in Fig. 2, possibly because of the extended 
experimental times involved in dialysis culture. 

CAMP-dependent gene expression at su brnillimolar 
glucose concentrations 

T o  provide biological evidence for increased cAMP 
levels, the expression of a CAMP-regulated gene was 
also assayed in samples taken from the dialysis culture. 
The gene tested was a lamB-lacZ transcriptional fusion, 
in a strain in which a malT(con) mutation minimized 
influences other than through CAMP-Crp (Schwartz, 
1987). As shown in Fig. 5, the increase in expression of 
CAMP-influenced expression began when the glucose 
concentration in the medium was approaching 
0-6-0.7 mM. At concentrations close to 1 m M  glucose, 

the catabolite-repressed levels of cAMP and gene ex- 
pression were evident. It should be noted that the 
increase in lamB gene expression was not monophasic 
and did not precisely follow the pattern of cAMP 
increases shown in Fig. 4, but the expression of ma1 
genes is subject to other growth-related controllers 
besides cAMP such as Lrp (Tchetina & Newman, 1995). 
Nevertheless, a marked increase in expression started 
below 0.7 m M  glucose and correlated with the start- 
point of cAMP increases in dialysis experiments in Fig. 
4. 

Glucose transport rates at submillimolar substrate 
concentrations 

All previous published data and our results with the 
strains used are consistent with glucose transport being 
half saturated around 10 pM rather than in the 
0*3-0.5 mM range (Death et al., 1993). But if the 
transport of glucose was not close to saturation at 
0.3 m M  glucose, it should be evident that both growth 
rate and glucose metabolism should show a decrease at 
around the threshold level in our experiments. The data 
in Fig. 3 indicated no detectable decrease in growth rate 
between 0-5 and 0.2 m M  glucose. This was consistent 
with previous data determining the growth rate of E.  
coli and its dependence on nutrient concentration ; 
growth rates on glucose are close to maximal rates until 
the glucose concentration is close to 1 0 p M  (Koch, 
1979). Another way of testing the flux of glucose into the 
bacterium was to monitor the rate of glucose assimi- 
lation of a culture going through the cAMP transition of 
0.7 to 0.2 m M  glucose. Bacteria actively growing on 
glucose were rapidly taken from dialysis culture at 
measured glucose concentrations and added to known 
amounts of [14CC]glucose equilibrated at  37 “C. The rate 
of 14C uptake into filtered bacteria was measured as 
shown in Fig. 6. As the glucose concentration in the 
dialysis culture decreased in the 0 - 6 4 2  mM range, there 
was no striking reduction in the initial glucose uptake 
rate, although the rate decreased with the lowest starting 
concentration, presumably because of glucose depletion. 

The unchanged rate of glucose assimilation in the 
0 . 6 4 2  m M  range was matched by the unchanged rate 
of glucose disappearance measured in the glucose- 
depleting culture in Fig. 2(a-i). Hence neither growth 
rate, glucose removal rate nor metabolic flux was subject 
to dramatic changes at external glucose concentrations 
in growth media leading to cAMP accumulation and 
induction of CAMP-Crp-dependent genes. 

Effect of increasing glucose concentrations on 
intracellular cAMP in starving bacteria 

Another independent way of testing cAMP responses to 
glucose was based on the experiments of Makman & 
Sutherland (1965). cAMP accumulates to high levels in 
starving bacteria and addition of glucose chases out this 
accumulated CAMP. The glucose concentration-depen- 
dence of cAMP reduction was followed as shown in Fig. 
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Fig. 6. Glucose assimilation rates of bacteria growing in dialysis 
culture. Bacteria (strain BW2967) were taken directly from a 
dialysis culture containing measured glucose concentrations 
and bacterial densities. Bacteria together with medium were 
immediately added t o  a prewarmed tube containing 
['4C]glucose. The glucose taken up into cells was measured by 
filtration of samples at the given times. 

7. Using bacteria harvested in stationary phase after the 
exhaustion of glucose, the cAMP levels inside and 
outside bacteria were measured. cAMP was also meas- 
ured after addition of various glucose concentrations. 
The striking reduction in intracellular cAMP found by 
Makman & Sutherland (1965) was reproduced with 
addition of 1 %  glucose, as in their experiment. More 
novel was the finding that the decrease in intracellular 
cAMP took place with glucose concentrations down to 
0.4 mM. Lower concentrations did not elicit a reduction 
in cAMP and, consistent with the data above, there was 
a clear break between the effects of 0.3 and 0.4 mM 
glucose. This suggests the transitions shown in Figs 2 , 4  
and 5 were not simply growth-related, as suspensions 
also respond to the same threshold concentration of 
glucose in short-term experiments. 

A second transition in cAMP levels at very low 
glucose concentrations 

Glucose-limited chemostats were used to investigate the 
influence of very low medium concentrations on cAMP 
levels (Fig. 8) .  Residual glucose in glucose-limited 
chemostats is in the range micromolar to below 0.1 pM, 
with decreasing concentrations at  lower dilution rates 
(Senn et al., 1994). As expected from earlier studies, the 
cAMP concentration in bacteria growing in steady- 
state, glucose-limited culture was not constant when 
measured at different dilution rates. In strain MC4100 
and its derivatives, the steady-state cAMP level increased 
steadily but slowly with decreasing dilution rate until a 
more marked transition took place at D<O-2 h-l (Fig. 
8a). In these experiments the glucose concentration in 
the medium was close to 0.1 pM when this transition 
occurred. An even sharper increase at <Om1 pM glucose 
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Fig. 7. Effect of added glucose on bacteria with high internal 
cAMP levels. Bacteria (MC4100) in stationary phase due to 
glucose depletion were harvested and resuspended in the 
presence of different glucose concentrations. Suspensions kept 
at 37 "C were sampled t o  measure intracellular (-) and 
extracellular (0) cAMP at known times. 

concentrations was shown by another strain, TP2100 
(Fig. 8c). Surprisingly, this trend was the opposite of that 
shown by another E .  coli K-12 strain BW2901 (Fig. 8b). 
The parentage and genotypes of these strains were quite 
different (see Table 1). Strain BW2901 showed a far 
sharper increase between D=O.9 and D=O.7 h-l and 
also contained more cAMP at D=0*5 h-l than at 
D=O*1 h-l. A striking difference between strains is in 
the opposite responses to <0.1 pM glucose at 
D < 0.2 h-l. 

Earlier published studies of cAMP levels in chemostats 
had already provided examples of the different patterns 
shown in Fig. 8. Using an undescribed E .  coli strain in 
glucose-limited chemostats, Matin & Matin (1982) 
found a peak of cAMP at dilution rates around 0.5 h-l, 
like that of BW2901. In contrast, Wright et al. (1979) 
suggested a slight decrease in cAMP between D = 0-05 
and 0-4 h-l under glucose limitation, more resembling 
the MC4100 pattern. Hence different E.  coli K-12 strains 
exhibit quite different cAMP responses to decreasing 
growth rate due to lowered glucose concentration. 

The genetic differences with respect to cAMP regulation 
between the strains used in Fig. 8 are as yet unknown. 
The most obvious possibilities were tested by con- 
structing strains with mutations in genes known to affect 
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Fig. 8. Influence of dilution rate on cAMP levels in bacteria 
growing in glucose-limited chemostats. Bacteria supplied with 
limiting, 1.1 mM glucose were sampled after equilibration at 
the dilution rates for all the strains indicated (W). For MC4100 
(a), a nitrogen-limiting chemostat with excess glucose was also 
sampled (0). 

nutrient-limited states. The pattern at  low growth rate 
was not obviously due to rpoS differences common 
between K-12 strains (Kaasen et al., 1992). If anything, 
an rpoS mutation in MC4100 sharpens the increase at  
D=O-1 h-l (Fig. 8e). The cAMP pattern of the 
MC4100rpoS mutant becomes more like that in TP2100, 
another strain used as wild-type in earlier studies (Roy et 
al., 1988). Testing other phenotypes (response to H202 
and glycogen production) suggested that strain TP2100 
is indeed an rpoS mutant. These results suggest that the 
known increase in RpoS activity (Notley & Ferenci, 
1996) with slow growth at low dilution rates marginally 
influences the cAMP levels in E .  coli, but riot enough to 

account for the major pattern differences shown in Fig. 
8. 

An obvious difference between strains BW2901 and 
MC4100 was the relA mutation present in MC4100. To 
test if relA affects cAMP levels at low dilution rates, the 
pattern in BW2901 was remeasured after the intro- 
duction of a relA mutation (Fig. 8d). There was no 
obvious difference between the RelA+ and RelA- strains 
in the BW2901 background. Hence additional differ- 
ences between these strains as well as those used by 
Matin & Matin (1982) or Wright et al. (1979) remain to  
be identified. 

It should be noted that nitrogen-limited chemostats 
(with millimolar residual glucose) maintain a very low 
cAMP concentration at all dilution rates tested (Fig. 8a). 
The cAMP under nitrogen limitation is at glucose-excess 
batch-culture levels (below 3.5 pmol per 10' bacteria). 
Hence it is not solely the reduced growth rate per se that 
results in increased cAMP at dilution rates close to 

D = 0.1 h-l and the reduction in glucose levels is sensed 
in this second transition as well as above 0.1 mM. 

DISCUSSION 

It is apparent from our investigation of cAMP levels at 
glucose concentrations ranging from millimolar to 
submicromolar that the level of cAMP in E.  coli is not a 
simple function of glucose concentration in the medium. 
Taking into account data from batch, dialysis and 
chemostat cultures, E .  coli controls its CAMP levels 
through two or more transitions influenced directly or 
indirectly by external glucose concentration. Our obser- 
vations suggest that cAMP levels do not respond simply 
to decreasing saturation of glucose transport. 

Most unexpectedly, cAMP levels were elevated and 
CAMP-Crp-controlled genes were upregulated when 
relatively high residual glucose concentrations 
(0.3-05 mM) were present in the medium. Also un- 
expected was the pattern of the increase over a fairly 
narrow range of glucose concentration rather than a 
gradual build-up with decreasing nutrient level. These 
results, suggesting that control of cAMP levels is 
influenced by relatively high glucose concentrations, 
need to be considered in the context of the conventional 
glucose PTS mode of adenylate cyclase regulation 
described in Fig. 1. 

The current model of glucose regulation suggests that 

the balance of phosphorylation of Enzyme IIA (or 
possibly other PTS components such as Enzyme I) 
governs adenylate cyclase activity, with the phosphoryl- 
ated component(s) being activators. The level of 
phosphorylation of IIA is in turn thought to be governed 
by the flux towards glucose phosphorylation, with more 
IIA-P being present in the absence of glucose. How- 
ever, it needs to be remembered that IIA-P is never at 
zero concentration even with high external glucose since 
IIA-P is the phosphoryl donor for transport. Growth 
on saturating glucose must involve a steady-state con- 
centration, [IIA - PI,.,, non-stimulatory for adenylate 
cyclase but satisfying IIBC activity. When transport is 
not fully saturated, an increase in IIA concentration 
needs to rise to a new stimulatory value, [IIA-PI,, able 
to activate adenylate cyclase activity. 

A threshold above 0.3 mM is difficult to reconcile with 
the (IIA/IIBC)G'C PTS acting as the sensor in the above 
model. Glucose transport is half-saturated at 5-15 pM 
glucose in all the cultures used in these experiments 
(Death & Ferenci, 1993; Death et al., 1993; and results 
not shown). The cAMP transition occurs at 20-60-fold 
above the transport K,. The [14C]glucose uptake data 
and glucose removal rates during growth suggest that 
bacteria pass through the 0-3 m M  barrier without a 
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dramatic shift in glucose transport rates. Assuming a 
simple Michaelis-Menten relationship and a K, of 
10 pM for glucose transport (Death et al., 1993), it can 
be calculated that the PTS is operating at  96.8% 
saturation instead of 97.6% in dropping from 0.4 to 
0-3 m M  medium glucose. There is no information as to 
how such a small decrease in flux translates to changes 
in IIA phosphorylation from the non-stimulatory 
([IIA -PI,-,) to the stimulatory ([HA - PI,). It is difficult 
to envisage mechanistically how adenylate cyclase could 
be totally poised to sense the shift in [IIA-P],-, to 
[IIA -PI, resulting from minor changes in saturation 
with glucose. Perhaps if one postulates an exceptionally 
sigmoidal response of adenylate cyclase to IIA - P, then 
the data we present can be considered within the IIA - P 
model of adenylate cyclase regulation. The in vitro data 
with adenylate cyclase and its stimulation by IIA - P do 
not provide much evidence to support this and, on 
balance, this mechanism does not satisfactorily explain 
the stimulation of cAMP synthesis at  0.5 to 0.3 m M  
glucose. Likewise, other models based on adenylate 
cyclase regulation by components of the PTS such as 
enzyme I/I-P ratios fail to  explain the phenomenon 
described in this study for similar reasons as considered 
for IIA. 

The above considerations do  not refute the great deal of 
genetic evidence that PTS components are important for 
adenylate cyclase activity. There is no doubt that the 
PTS is significant in adenylate cyclase regulation, but the 
difficulty is in adopting the view that the phosphoryl- 
ation state of components like IIA is the means of 
sensing glucose in the medium. An alternative expla- 
nation of the role of IIA/IIA - P is that phosphorylated 
PTS components are required to bring adenylate cyclase 
into an activatable form in conjunction with other 
inputs. In this scenario, I - P or IIA - P are essential for 
adenylate cyclase activity but the major stimulation of 
cAMP synthesis is due to other sensory inputs. 

Effectors of adenylate cyclase besides the PTS are already 
recognized. Biochemical approaches suggest that a 
number of effectors influence adenylate cyclase (Peter- 
kofsky et al., 1993) but none are obviously controlled by 
glucose concentrations in the medium. It is also known 
that non-PTS sugars like gluconate or glucose 6- 
phosphate strongly influence cAMP levels (Epstein et al., 
1975; Joseph et al., 1982) and adenylate cyclase inputs 
other than IIA - P need to be postulated for non-glucose 
sugars as well (Dumay et a/., 1996). 

At this stage, there is no simple model available to 
explain the transition phenomenon at submillimolar 
glucose concentrations. More speculative explanations 
can be offered, such as the operation of a receptor 
system recognizing glucose with an affinity in the 
submillimolar range and signalling to adenylate cyclase 
directly. A possible candidate with corresponding affin- 
ities is the Enzyme 11""" system, which recognizes 
glucose with millimolar K ,  (Hunter & Kornberg, 1979). 
However, there is no genetic or biochemical evidence to 
suggest the IIMa" system is involved in adenylate cyclase 

regulation. Evidence for alternative receptor( s) is lack- 
ing. Clearly, there is a great need for experimental work 
on adenylate cyclase regulation before we understand 
how a key central regulator like cAMP is itself con- 
trolled. 

Our dire lack of information on cAMP regulation was 
also highlighted by the pattern differences shown in Fig. 
8 at limiting (submicromolar) glucose concentrations. 
There are additional input(s) into controlling cAMP 
levels operating at very low nutrient levels of which we 
are totally ignorant. So much for the best-understood 
organism ! 
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