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The nature of the interaction of glucose with toluene-treated cells of Escherichia coli leading to 
inhibition of adenylate cyclase was examined by the use of analogues. Those analogues with variations of 
the substituents about carbon atoms 1 or 2 (e.g. cu-methylglucoside or 2-deoxyglucose) are inhibitory, and 
they are also substrates of the phosphoenolpyruvate-dependent sugar phosphotransferase system. 
Analogues with changes in other parts of the molecule (e.g. 3-0-methylglucose or galactose), L-glucose 
and several disaccharides and pentoses, do not inhibit adenylate cyclase and are not substrates of the 
phosphotransferase system. This correlation suggests some functional relationship between the adenylate 
cyclase and phosphotransferase systems. 

Further studies were done with mutants defective in glucose enzymes II of the phosphotransferase 
system (designated GPT and MPT); these two activities are measured by phosphorylation of a-methyl- 
glucoside and 2-deoxyglucose, respectively. The wild-type parent phosphorylates both analogues, and 
both inhibit adenylate cyclase. In the GPT- mutant, cu-methylglucoside does not inhibit adenylate 
cyclase and is not phosphorylated, while 2-deoxyglucose is inhibitory and phosphorylated. In the GPT- 
MPT- double mutant, adenylate cyclase activity is present, but neither a-methylglucoside nor 
2-deoxyglucose inhibits adenylate cyclase, and neither sugar is phosphorylated. These studies demon- 
strate that glucose inhibition of adenylate cyclase in toluene-treated cells requires an interaction of this 
sugar with either the GPT or MPT enzyme II of the phosphotransferase system. 

The mechanism by which bacteria adapt to an altered 
environment via the induction of enzyme synthesis involves 
changes in the intracellular level of cyclic adenosine 3’:5’- 
monophosphate (1). Recent studies have attempted to define 
the mechanism by which cyclic AMP’ levels are regulated. In 
whole cells pulse-labeled with [3H]adenosine (2) or toluene- 
treated cells using [cx-~~P]ATP (3), it has been shown that 
adenylate cyclase activity is inhibited in the presence of 
glucose. The correlation of intracellular cyclic AMP with the 
extent of catabolite repression and the rate of cyclic AMP 
excretion has provided a further basis for concluding that 
catabolite repression is primarily due to lowered intracellular 
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cyclic AMP resulting from the glucose-mediated inhibition of 
adenylate cyclase (4). 

It was previously shown that the spectrum of sugars which 
inhibited adenylate cyclase in Escherichia coli B was depend- 
ent on the sugar on which the bacteria were grown (5). 
Inhibition by glucose was constitutive whereas inhibition by 
the other sugars was inducible. The coincident development of 
inhibitory activity by sugars other than glucose with the 
development of transport systems for these sugars suggested 
some relationship between transport and the regulation of 
adenylate cyclase. We have extended these studies by deter- 
mining the structure activity requirements of the glucose 
molecule necessary for inhibition of adenylate cyclase activity 
for glucose-grown cells. These findings were correlated with the 
effects of the sugars on transport. Only those sugars which 
inhibited adenylate cyclase were active in the transport assay. 

Glucose transport in E. coli, defined by Roseman (6), can be 
described by the following scheme: 

enzyme I 
HPr + P-enolpyruvate z=== P-HPr + pyruvate (1) 
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enzyme II 
P-HPr + glucose ,/ glucose-6-P + HPr (2) 

Enzyme I and HPr are soluble components and not sugar- 
specific, whereas there is a family of sugar-specific enzymes II 
which are membrane-bound. For glucose there are two en- 
zymes II, designated GPT and MPT (7); both transport glucose 
but they can be distinguished by their activity toward cy- 
methylglucoside and 2-deoxyglucose, respectively. A study of 
E. coli GPT- and MPT- mutants revealed that the absence of 
both GPT and MPT led to a loss of the regulation (inhibition) 
by glucose, although adenylate cyclase activity was present. 
Loss of one of the enzymes II (GPT) led to a loss of regulation 
by cu-methylglucoside, while 2-deoxyglucose still gave full 
inhibition of adenylate cyclase activity. Thus, interaction of 
glucose with either of the glucose enzymes II causes inhibition 
of adenylate cyclase activity. 

EXPERIMENTAL PROCEDURE 

Materials-The [u-~~P]ATP (7 to 10 Ci/mmol) used for the assay of 
adenylate cyclase was purchased from International Chemical and 
Nuclear Corp.; other components used in this assay were as described 
previously (3). 2Deoxy[l-“Clglucose (45 to 55 mCi/mmol) was from 
New England Nuclear Corp. and 01-n. [U-“Clmethylglucoside (3 mCi/ 
mmol) was from Amersham/Searle Corp. Phosphoenolpyruvate, potas- 
sium salt, was from Calbiochem. Common sugars, purchased from 
Sigma or Pfanstiehl, were of the D series unless otherwise stated, and 
where convenient two different samples were used in the various 
assays. 5.Thio-n-glucose was from Aldrich Chemical Co. 2.Fluoro-2- 
deoxyglucose was kindly provided by V. Farkas, Czechoslovak Acad- 
emy of Sciences, Prague, Czechoslovakia. The sugars were checked for 
purity by descending chromatography on Whatman No. 1 paper for 60 
hours in a solvent system containing t-amyl alcohol/l-butyl alcohol/ 
water, 4/l/1.5. After drying, the paper was sprayed with p-anisidine 
reagent, and heated in an oven at 100” for 10 min. Reducing sugars 
gave brown spots. Applying 360 pg of the sugar readily enabled 
detection of contamination at the 1% level. Furthermore, the adenylate 
cyclase assays were run kinetically such that low levels of an active 
agent contaminating an inactive agent, e.g. glucose in a maltose 
sample, could be detected as a change in rate during the course of the 
assay (see adenylate cyclase assays). 

Strains of Bacteria-For the correlative study of those sugars active 
in the adenylate cyclase and phosphotransferase sytems, we used 
Escherichia coli B grown on glucose. Phosphotransferase mutants of E. 
coli K12, as well as the corresponding parent strains, were grown on 
nutrient broth; these were ZSC17 (wild type), ZSCll2 (a mutant 
lacking GPT and MPT), ZSC103 (a mutant lacking GPT),. and 
ZSC114 (a mutant lacking MPT). The genetics of these mutants has 
been described recently (7). Following each experiment with the 
enzyme II mutants, a sample of each culture was streaked on indicator 
plates. After overnight incubation, the plates showed the reported 
fermentation reactions (7). 

Growth of Bacteria-Bacteria were grown in the minimal salts 
medium of Vogel and Bonner (8) supplemented with 0.1% glucose or 
1.0% nutrient broth as indicated in a Gyrotory shaker at 3’7”. At an A,,, 
of 0.5 to 0.7 the cells were harvested by centrifugation at 12,000 x g for 
10 min at 4”. The cells were washed in the minimal salts medium (no 
carbon source added) and suspended in the same medium to give about 
5 mg of protein/ml for the adenylate cyclase assay and 1 mg of 
protein/ml for the phosphotransferase assay. Cells were treated with 
toluene for both adenylate cyclase and phosphotransferase assays as 
previously described (3). 

Adenylate Cyclase Assay-Adenylate cyclase activity was deter- 
mined in toluene-treated cells as described previously (3) using the 
Dowex/alumina method of Salomon et al. (9). The standard assay 
conditions were 25 rnsr Tris, pH 8.5, 10 rnM MgCl,, 1 rnsr dithiothreitol, 
15 rnM phosphate (as a dilution of the minimal salts medium used for 
growth), and 1 rnM ATP (specific activity, 20 to 50 cpm/pmol). Sugars, 
when present, were usually at a concentration of 1 mM. Assays were run 
kinetically; four 5-min time points were usually taken for glucose- 
grown cells, and four 10.min time points for nutrient broth-grown cells. 
Adenylate cyclase specific activity is lower in cells grown on nutrient 
broth than on glucose. The rate of activity was calculated from a 

straight line drawn through the four points and the activity is 
expressed as picomoles of cyclic AMP formed/mg of proteimmin at 
30”. 

For compounds showing inhibitory activity in the adenylate cyclase 
assay, it was necessary to confirm that the inhibition was due to the 
compound per se and not a result of metabolic interconversion or 
contamination of the test compound. For example, the inhibition seen 
with ol-methylglucoside is probably not due to hydrolysis to glucose. 
Two lines of evidence support this conclusion. First, a-methylglucoside 
does not serve as a carbon source for growth of the strains of E. coli 
used here (data not shown), although it does inhibit adenylate cyclase. 
Second, a GPT- mutant (ZSC103) which cannot transport a-methyl- 
glucoside shows no inhibition of adenylate cyclase by ol-methylgluco- 
side whereas the enzyme is inhibited by glucose (see “Results”). The 
characteristics of glucose inhibition in the kinetic assay have been used 
to evaluate the inhibition seen with mannose and 2.deoxyglucose as 
shown in Fig. 1. In the previous report (3), glucose was found to cause 
complete inhibition of adenylate cyclase provided the sugar remained 
in the system for the duration of the assay. At threshold concentrations 
of glucose, complete inhibition was temporary, following which the 
inhibition was reversed and the activity returned to the control rate. 
This reversal was attributed to the conversion of glucose to glucose 
6.phosphate and this compound has been shown to be inactive (3). Fig. 
1 shows a kinetic assay for glucose, mannose, and 2-deoxyglucose at a 
threshold concentration of 0.04 mM. Both mannose and 2.deoxyglucose 
show similar kinetic characteristics to glucose, although the duration 
of temporary inhibition is longer which probably reflects slower 
metabolism of these compounds compared to glucose. Fig. 2 shows a 
similar kinetic assay for 5-thioglucose; the same concentration (0.01 
mM) of glucose and 5-thioglucose caused temporary inhibition of the 
same duration, while higher concentrations of both sugars produced 
complete inhibition for the duration of the assay. These studies show 
that inhibition of adenylate cyclase seen with these compounds is not 
likely to be the result of contamination by, for example, glucose, and 
that the inhibition is probably occurring in a manner analogous to the 
mechanism of glucose inhibition. 

Assay of Phosphotransferase Actiuity-P-enolpyruvate dependent 
sugar phosphotransferase activity was assayed in toluene-treated cells 
under conditions as close as possible to those used for the assay of 
adenylate cyclase activity in toluene-treated cells. This procedure was 
adopted in order to minimize the possibility that any differences in the 
activity of sugars tested in the two systems would be due to changes in 
the conditions. The changes in the assay procedure, modified from that 
of Fox and Wilson (lo), were checked for their effects in the assay 

I I I I 
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FIG. 1. Effect of threshold concentrations of glucose, mannose, and 
2.deoxyglucose on adenylate cyclase activity in toluene-treated cells of 
Escherichia coli B. Cells were grown on minimal salts medium (8) 
supplemented with glucose, harvested, washed, and treated with 
toluene for assay of adenylate cyclase activity as described under 
“Experimental Procedure.” The specific activity of ATP (1 mM) was 44 
cpm/pmol and adenylate cyclase activity is expressed as picomoles of 
cyclic AMP formed/mg of protein. The concentration of glucose, 
2.deoxyglucose, and mannose was 0.04 mM. 
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FIG. 2. Effect of 5thioglucose (TG) on adenylate cyclase activity in 
toluene-treated cells of Escherichia coli B. Toluene-treated cells were 
prepared and assayed for adenylate cyclase as in Fig. 1. 5Thioglucose 
was present at 0.01, 0.02, 0.05, 0.10, and 1.00 mu. Complete inhibition 
was maintained for the duration of the assay for the three higher 
concentrations. Some of these points are omitted for clarity. Glucose 
(G) was present at 0.01 and 1.00 mM. ATP was at a concentration of 1 
rnM (specific activity, 50 cpm/pmol) and adenylate cyclase activity is 
expressed as picomoles of cyclic AMP formed/mg of protein. 

(Table I). Increasing the pH from 7.5 to 8.5 resulted in a 50% increase 
in activity. Fluoride at 10 mrq normally added to phosphotransferase 
assays, did not appear to be needed in the toluene-treated cells, in the 
presence of either 1 or 5 rnM P-enolpyruvate; since fluoride inhibits 
adenylate cyclase (3), it was omitted from the phosphotransferase 
assay. The presence of phosphate (15 mM) produced a 50% increase in 
activity; phosphate appears to be essential for the measurement of 
adenylate cyclase activity (3). The table also shows that activity is 
much lower when cells are grown on nutrient broth compared to 
glucose, a change which is also reflected in adenylate cyclase activity 
(data not shown). ATP which is present in the adenylate cyclase assay 
was added to the phosphotransferase assay without effect (data not 
shown). In summary, the standard assay conditions were as follows: 25 
mM Tris, pH 8.5, 10 mM MgCl,, 1 mM dithiothreitol, 1 mM ATP, 5 rnM 
P-enolpyruvate (potassium salt, prepared each day), 15 mM phos- 
phate (as a 1 to 5 dilution of the minimal salts medium) and either 
0.1 rnM cu-methyl[“C]glucoside (specific activity, 6 cpm/pmol), or 1.0 
mM 2-deoxy[“C Jglucose (specific activity, 1 cpm/pmol). The reaction 
was started by the addition of toluene-treated cells, between 0.5 and 2.0 
pg of protein for each assay point. All assays were run kinetically in 
which four loo-p1 samples were withdrawn at various time intervals, 
usually 5 min, from a master incubation of 500 ~1. The samples were 
placed on a column (4 x 0.5 cm) of Dowex AG l-X2 (200 to 400 mesh) 
in a Pasteur pipette, and as soon as drained, washed with 1.0 ml of 
water. The columns were washed an additional three times with water 
(1 ml). The phosphorylated sugar was eluted with 1 N HCI (3 ml) 
directly into scintillation vials. A Triton/toluene-based fluor was 
added and the samples counted. Standards were counted under the 
same acid conditions. Controls were run with enzyme and without 
P-enolpyruvate, to give the -P-enolpyruvate control, and also without 
enzyme and with P-enolpyruvate. There was little difference between 
these blanks, and only the -P-enolpyruvate control was run routinely. 
Recovery of the phosphorylated sugar from the column was about 95% 
as shown by the recovery of counts in a reaction which had been 
allowed to go to completion. The rate was calculated from a line 
drawn through the four points and the activity is expressed as 
nanomoles of phosphorylated sugar formed/mg of proteimmin at 30”. 
The columns were reused following washing with 1 N HCl and water. 

TABLE I 

Effect of assay conditions on the P-enolpyruuate-dependent sugar 
phosphotransferase activity in toluene-treated cells 

of Escherichia coli B 
Cells were grown on minimal salts medium supplemented with 

glucose (except where indicated), harvested, and treated with toluene 
for assay of phosphotransferase activity using 0.1 mM oi-methyl[“C]- 
glucoside as described under “Experimental Procedure.” The standard 
assay conditions used for the control value were 25 mM Tris, pH 8.5, 10 
mM MgCl,, 1 rnM dithiothreitol, 1 mM ATP, 15 rnM phosphate, 5 mM 
P-enolpyruvate, and no fluoride. Protein was 0.84 pg/assay point for 
glucose-grown cells and 1.84 for nutrient broth-grown cells. The rate 
was calculated from four points taken at 4-min intervals. 

n-Methylglucoside-6-P 
formed 

Control 
-P-enolpyruvate 
pH 7.5 
pH 8.0 
P-enolpyruvate, 1.0 mM 
+NaF, 10 mM 
+NaF, 10 mM, P-enolpyruvate 1.0 rnrvr 
-Phosphate 
Standard conditions but cells grown on 

nutrient broth 

nmollm~lmin at 30” 

167 
0 

108 
141 
190 
161 
162 
115 

45 

RESULTS 

Effect of Glucose, Glucose Analogues, and Other Sugars on 
Adenylate Cyclase Activity in Toluene-treated Cells of Esche- 
richia coli B-Table II (second column) shows the inhibition of 
adenylate cyclase produced by a variety of sugars when E. coli 
B was grown on glucose as sole carbon source. a-Glucose, the 
reference compound, produced essentially complete inhibition. 
P-Glucose, in which the -OH on carbon 1 is inverted, was also 
inhibitory. Substitution by a methyl group in either position 01 
or fi of carbon 1, as in a- or /3-methylglucoside, did not affect 
the inhibition of adenylate cyclase. Variation of substituents 
about carbon 2, as in mannose, where the -OH is inverted, or 
2-deoxyglucose, in which the -OH is removed, also did not 
affect inhibitory activity. However, changes about any of the 
other carbon atoms of glucose, as in 3-0-methylglucose (carbon 
3), galactose (-OH of carbon 4 inverted), 2-deoxygalactose, 
and 6-deoxyglucose, led to a loss of inhibitory activity. L- 
Glucose, the enantiomer of glucose, was inactive. A group of 
dissacharides (sucrose, maltose, lactose, and cellobiose) and 
pentoses (fucose and xylose) had no activity. In contrast to 
glucose and mannose which were active, GDP-glucose and 
GDP-mannose (which are linked through position 1 of the 
sugar) were inactive. 5-Thioglucose, first reported by Feather 
and Whistler (ll), is the nearest structural analogue of glucose 
and has the ring oxygen substituted by sulfur. Recent studies 
have shown that it interferes with sugar uptake mechanisms in 
rabbit kidney cortex slices (12). In the present studies 5thio- 
glucose caused marked inhibition of adenylate cyclase (Fig. 2); 
the inhibition was reversible, and temporary inhibition at 
threshold concentrations was similar to that seen with glucose. 

Some of the compounds which were not active in inhibiting 
adenylate cyclase were tested to see whether they would 
interfere with the inhibitory effect of glucose. Galactose, 
sucrose, maltose, and L-glucose, at concentrations lo- to 
loo-fold in excess of the concentration of glucose used, did not 
interfere with the inhibitory effect of glucose. 
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TABLE II 

Sugar specificity for inhibition of adenylate cyclase compared to 
phosphoenolpyruuate-dependent sugar phosphotransferase actiuity in 

toluene-treated cells of Escherichia coli B 

Cells were grown on minimal salts medium supplemented with 
glucose, harvested, treated with toluene, and assayed for adenylate 
cyclase and phosphotransferase activities as described under “Experi- 
mental Procedure.” For adenylate cyclase assays, all experiments were 
run kinetically and the standard concentration of sugar used in the 
assay was 1 mM. Glucose was run as a reference control in every 
experiment, and where possible at least two samples of a sugar were 
examined. The average specific activity of adenylate cyclase in 27 
experiments conducted for the screening of the sugars was 212 + 25 
(S.E.M.) pmol of cyclic AMP formed/mg of protein/min, and the 
average activity seen in the presence of glucose for the same experi- 
ments, expressed as a percentage, was 3.08 + 0.28 (S.E.M.). For 
measurement of the effect of the indicated unlabeled sugars on the 
phosphorylation of a-methyl[“C]glucoside or 2.deoxy[“C]glucose, the 
assays were conducted in the presence and absence of P-enolpyruvate, 
and the -P-enolpyruvate values were subtracted from experimental 
values. All experiments were conducted kinetically and the rate 
calculated from a line drawn through four points taken at 5-min 
intervals. The activities in the presence of unlabeled sugars are 
expressed as a percentage of the rate in the absence of added unlabeled 
sugar. The average specific activity for 12 experiments performed with 
0.1 mM a-methyl[“C]glucoside was 101 * 7 (S.E.M.) nmol of 
a-methylglucoside-6-P formed/mg of protein/min at 30”, and for 9 
experiments using 2.deoxy[“C]glucose, the specific activity was 53 + 4 
(S.E.M.) nmol of 2.deoxyglucose-6-P formed/mg of protein/min at 30”. 
Unlabeled sugars were present at concentrations lo-fold in excess of 
the labeled substrate concentration used, i.e. 1 mM for a-methylgluco- 
side and 10 rnM for Z-deoxyglucose, except where indicated by * where 1 
rnM was used. 

Phosphotransferase 
activity 

Adenylate 
CyClaSe <r-Methyl- 2.Deoxy- 
activity [“C]. [“Cl- 

glucoside glucose 
(0.1 rm) (1.0 nn.3) 

‘3 control 

Control 100 100 100 
a-Glucose 3 3 2 
p-Glucose 3 2 4 
cu.Methylglucoside 3 14 43 
P-Methylglucoside 3 17 49 
Mannose 3 95 10 (44*) 
2-Deoxyglucose 4 93 8 (45*) 
2-Fluoro-2.deoxyglucose 6 84 47* 
5.Thioglucose 3 7 
L-Glucose 97 97 102 
3-0-Methylglucose 93 93 
Galactose 89” 98” 97 

“The following sugars were also found not to inhibit adenylate 
cyclase: 2-deoxygalactose, 6-deoxyglucose. GDP-glucose, GDP-man- 
nose, maltose, sucrose, lactose, cellobiose, dulcitol, xylose, and fucose. 

b Maltose and lactose were also found not to inhibit the phosphoryla- 
tion of either a-methylglucoside or 2.deoxyglucose. 

Sugar Specificity for Phosphotransferase Activity in Tel- 
uene-treated Cells of E. coli B-A previous study relating the 
development of a transport system for a sugar to inhibition of 
adenylate cyclase suggested a relationship between these two 
systems (5). This relationship was further explored by deter- 
mining whether the spectrum of sugars which inhibited adenyl- 
ate cyclase corresponded to those sugars transported by the 
phosphotransferase system (Table II). These studies were 
carried out with cells grown under the same conditions, i.e. on 

glucose. The assays were performed on toluene-treated cells 
under conditions closely comparable to those used for adenyl- 
ate cyclase assays, as described under “Experimental Proce- 
dure.” Phosphotransferase activity in toluene-treated cells was 
measured by the formation of the phosphate derivative of the 
sugar and this reaction has been shown to be a valid measure of 
the transport process (13). There are two pathways for glucose 
transport which can be distinguished by their specificities 
toward certain sugars; oc-methylglucoside is specific for the 
GPT pathway and 2.deoxyglucose is specific for the MPT 
pathway (7). Since radioactive sugars corresponding to all the 
compounds tested were not readily available, the sugars were 
tested in a competition assay using either cY-methyl[‘4C]gluco- 
side or P-deoxy [14C]glucose as substrates. The nonradioactive 
sugars were tested for their ability to interfere with the 
phosphorylation of both of these compounds, using a lo-fold 
excess concentration of sugar, as shown in Table II. Both 
substrates were used at saturating concentrations, 0.1 mM for 
a-methyl [‘“Clglucoside and 1.0 mM for P-deoxy [‘4C]glucose as 
shown by the controls in the table. Addition of unlabeled 
a-methylglucoside resulted in 14% of the activity (expected 
from the isotope dilution = 10%)); with 2-deoxy[‘4C]glucose, 
the addition of an equivalent and a lo-fold excess of unlabeled 
2.deoxyglucose gave 45% and 10% of the activity (predicted = 
50% and 10%). The unlabeled sugars were tested to see if they 
would affect the activity with either substrate. A compound 
could show an apparent inhibitory effect by serving as either a 
substrate or inhibitor; this assay does not distinguish between 
these two possible actions. 

Using a-methyl [‘*C]glucoside as substrate (Table II, column 
3), a- or P-glucose caused a large decrease in activity and 
P-methylglucoside was also active. Compounds with changes 
about carbon atom 2 (e.g. mannose, 2-deoxyglucose, and 
2-fluoro-2-deoxyglucose) had little or no effect thereby con- 
firming the specificity of the GPT pathway. Glucose deriva- 
tives with alterations about any of the other carbon atoms, as 
well as the disaccharides, did not inhibit a-methyl[‘4C]g1uco- 
side phosphorylation. Thus only a- and B-glucose, and a- and 
P-methylglucoside are transported via the GPT pathway. 

With 2-deoxy[14C]glucose as substrate (Table II, column 4), 
the activity was markedly reduced in the presence of both (Y- 
and P-glucose and 5.thioglucose. Mannose at an equivalent 
and a lo-fold excess concentration produced 44 and 10% of 
control activity, respectively. 01. and P-Methylglucoside were of 
interest in that a lo-fold excess of these compounds caused 
about a 50% fall in the activity, suggesting either that 
a-methylglucoside was not specific for the GPT pathway or 
that some 2-deoxyglucose may be phosphorylated by GPT in 
toluene-treated cells. The experiments with the phosphotrans- 
ferase mutants lacking GPT or MPT support the latter 
interpretation (see later). Other analogues of glucose, and the 
disaccharides, did not interfere with 2.deoxy [‘YZ]glucose phos- 
phorylation. In summary, only a- and P-glucose, 5-thioglucose, 
mannose, and 2-deoxyglucose were transported via the MPT 
pathway. By combining the data from both pathways, a 
comparison of those sugars active in the phosphotransferase 
assay (Table II, columns 3 + 4) with the survey of those sugars 
which inhibit adenylate cyclase (Table II, column 2) indicates 
that the sugar specificity for both reactions is identical. 

Effect of Mutations of Glucose Enzymes II of Phosphotrans- 
ferase System on Adenylate Cyclase Activity and Sensitivity to 
Inhibition by Sugars-Recently a series of mutants have been 
described which are defective in one or both of the glucose 
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enzymes II of the phosphotransferase system (7). The parent glucose, but that unlabeled 2-deoxyglucose did not inhibit the 
and mutants were grown on nutrient broth and examined for phosphorylation of labeled u-methylglucoside. This data is 
phosphorylation of both ol-methylglucoside and 2-deoxyglucose consistent with the notion that toluene-treated cells can 
(Fig. 3A), and assayed for adenylate cyclase activity and phosphorylate 2-deoxyglucose through both GPT and MPT, 
susceptibility to inhibition by glucose, o-methylglucoside, and but can phosphorylate a-methylglucoside only through GPT. 
2-deoxyglucose (Fig. 3B). The wild-type parent (ZSC17) has The adenylate cyclase data on these mutants is shown in Fig. 
P-enolpyruvate-dependent phosphotransferase activity toward 3B. In the wild-type parent (ZSC17), adenylate cyclase activ- 
both substrates (Fig. 3A, first panel). In the GPT- MPT- ity was inhibited by glucose, oc-methylglucoside, and 2-deoxy- 
double mutant (ZSC112) there was no detectable activity glucose (Fig. 3B, first panel). In the GPT- MPT- double 
toward either substrate (Fig. 3A, second panel), and in the mutant (ZSC112), adenylate cyclase activity was detected, but 
GPT- mutant (ZSC103) there was only activity toward 2-deox- none of the sugars inhibited activity (Fig. 3B, second parcel). 
yglucose (Fig. 3A, third panel). In this mutant no activity Thus the absence of both of the enzymes II does not affect the 
could be detected toward cu-methylglucoside when assayed at activity of the catalytic moiety, but their absence does lead to a 
substrate levels of 0.1, 1.0, and 10.0 mM. The phosphotransfer- complete loss of regulation by the sugars. Inhibition by 
ase studies on the MPT- strain ZSC114 indicated that, while cu-methylglucoside is specifically associated with GPT as 
there was substantial phosphorylation of a-methylglucoside, shown by the GPT- strain (ZSC103) in which inhibition by 
there was some residual activity for phosphorylation of 2-deox- cz-methylglucoside was lost in parallel with the loss of phospho- 
yglucose (Fig. 3A, fourth panel). This is compatible with the transferase activity for this sugar, whereas glucose and 2-deox- 
observation in Table II that unlabeled a-methylglucoside yglucose still caused complete inhibition of adenylate cyclase 
partially inhibited the phosphorylation of labeled 2-deoxy- (Fig. 3B, third panel). The 2-deoxyglucose inhibition is there- 
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FIG. 3. A, phosphotransferase activity with ol-methylglucoside and 
2-deoxyglucose in toluene-treated cells of enzyme II mutants of the 
sugar phosphotransferase system. Cells were grown on minimal salts 
medium (8) supplemented with 1% nutrient broth and 5 pg/ml of 
thiamine. Cells were harvested, washed, and treated with toluene 
for assay of phosphotransferase activity in the presence and absence 
of phosphoenolpyruvate as described under “Experimental Pro- 
cedure.” a-Methyl[“C]glucoside was present at 0.1 rnM (specific 
activity, 5 cpm/pmol) and 2.deoxy[‘“C]glucose at 1.0 rnM (specific 
activity, 1 cpm/pmol). Activity is expressed as nanomoles of sugar 
phosphorylated/mg of protein at 30”. The wild-type parent (left panel) 
was 2X17, the GPT- MPT- double mutant (second panel) was 
ZSC112, the GPT- mutant (third panel) was ZSC103, and the MPT- 

mutant (L-t panel) was ZSC114. a-Methylglucoside + P-enolpyruvate, 
04; a-methylglucoside - P-enolpyruvate, 04; 2-deoxy- 
glucose + P-enolpyruvate, A-A; 2.deoxyglucose - P-enolpyruvate, 
A-A. 23, effect of glucose, ol-methylglucoside, and 2-deoxyglucose 
on adenylate cyclase activity in toluene-treated cells of enzyme II 
mutants of E. coli. Cells were grown, harvested, and treated with 
toluene as in A. The specific activity of ATP (1 mM) was 51 cpm/ 
pmol, and adenylate cyclase activity is expressed as picomoles of 
cyclic AMP formed/mg of protein. The sugars were present at a con- 
centration of 1 m&i. Mannose behaved identically to 2-deoxyglucose 
and has been omitted. Control, O----O; glucose, H-W; u-methyl- 
glucoside, A-A; 2.deoxyglucose, O----O. 
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fore associated with the presence of MPT activity for that 
sugar. 

The adenylate cyclase studies on the MPT- strain ZSCll4 
(Fig. 3B, fourth panel) indicated that glucose and Lu-methyl- 
glucoside gave nearly complete inhibition, consistent with the 
presence of GPT activity. It was also observed that 2-deoxy- 
glucose (1 mM) produced approximately 40% inhibition. The 
partial inhibition by 2-deoxyglucose is compatible with the 
observation that the MPT- mutant showed a low level of 
2-deoxyglucose phosphorylation (Fig. 3A, fourth panel). This 
suggests that, in toluene-treated cells, 2-deoxyglucose is a poor 
substrate for the GPT (see also Table II). 

DISCUSSION 

The purpose of this study was to explore the relationship 
between adenylate cyclase and the phosphotransferase system. 
Glucose both inhibits adenylate cyclase activity in toluene- 
treated cells (3) and is phosphorylated via the phosphotrans- 
ferase system (6). Analogues of glucose as well as some 
dissaccharides and pentoses were examined to see whether only 
those sugars which inhibited adenylate cyclase (Table II) were 
either substrates or inhibitors of the phosphotransferase sys- 
tem. An examination of Table II reveals a precise correlation 
between the two systems. For adenylate cyclase activity, 
inhibition was observed with glucose and only those glucose 
analogues with changes about carbon atoms 1 or 2 (cu-methyl- 
glucoside, mannose, and 2-deoxyglucose) or when the ring 
oxygen was replaced by sulfur, as in 5-thioglucose. All other 
sugars listed were inactive, suggesting that the substituents 
about carbon atams 3 through 6 were critical for inhibition of 
adenylate cyclase. This pattern of activity was reflected in 
those sugars active in the phosphotransferase assay, although 
the situation is more complex because of the existence of two 
pathways (GPT and MPT) for glucose transport. Fortunately, 
however, the two pathways can be monitored independently by 
using a-methyl[“C]glucoside as a measure of the GPT path- 
way, and 2-deoxy [“Clglucose as a measure mainly of the MPT 
pathway. Only the glucoses (cu and 0) and the methylglucosides 
((Y and 8) were active in the GPT pathway, while the glucoses 
(o( and /3), 2-deoxyglucose, and mannose were active in the 
MPT pathway. Thus, irrespective of which channel is used to 
transport the sugar, only those sugars which were phosphoryl- 
ated were active in inhibiting adenylate cyclase. 

In the experiments designed to correlate those sugars active 
in the adenylate cyclase and phosphotransferase systems, the 
conditions for the two assays were made as similar as possible 
to reduce the chance that any differences would be due to 
varying conditions. Thus both assays were conducted on 
toluene-treated cells, grown under the same conditions, and 
the parameters for the phosphotransferase assay with respect 
to pH, magnesium, dithiothreitol, phosphate, ATP, fluoride, 
etc., were evaluated and made similar to the conditions used 
for adenylate cyclase assays (see “Experimental Procedure” 
and Table I). Both assays were run kinetically oversimilar 
time periods and all the data is based on rates calculated from 
the kinetic experiments. Kinetic assays enabled a clear distinc- 
tion to be made between those compounds which were active in 
inhibiting adenylate cyclase and those which were inactive. 
The temporary inhibition seen with threshold doses of glucose 
was also seen with 5-thioglucose, mannose, and 2-deoxyglucose 
(Figs. 1 and 2) suggesting that these sugars might act in a 
manner analogous to glucose. These studies also show that the 

inhibition seen with these compounds was not likely to be due 
to contamination by, for example, glucose. Paper chromatogra- 
phy revealed that the sugars were at least 99% pure and since 
the compounds were active at concentrations comparable to 
glucose it strongly suggests that the inhibition seen with these 
compounds was not due to contamination. The arguments 
against ol-methylglucoside being hydrolyzed to glucose (not 
active in the GPT- mutant) were made earlier under “Experi- 
mental Procedure.” From these considerations it was con- 
cluded that (Y- and P-glucose, 01- and P-methylglucoside, 
mannose, 2-deoxyglucose, and 5-thioglucose were bona fide 
inhibitors of adenylate cyclase activity. The possibility that 
“receptors” might be generated during the course of the assay 
seems unlikely since the kinetic assays showed that active 
compounds were inhibiting at the earliest time points. Further- 
more, it has been shown that compounds, e.g. galactose, 
normally inactive on adenylate cyclase activity of glucose- 
grown cells will only inhibit the enzyme following growth on 
the compound and the development of the corresponding 
transport system (5). 

The correlation of those sugars which were active in the two 
systems did not establish a functional relationship between 
phosphotransferase and adenylate cyclase. The studies with 
the enzyme II mutants, however, clearly indicate some 
interaction between the two systems. In the GPT- MPT- 
double mutant in which there was a complete loss of phospho- 
transferase activity through both pathways, there was a 
complete loss of regulation by the sugars. Adenylate cyclase 
activity was still present as in the wild type parent (in the wild 
type, the activity was inhibited by glucose, a-methylglucoside, 
and 2-deoxyglucose) indicating that the catalytic moiety did 
not require either of the enzyme II components, but that they 
are necessary for regulation by the sugars. The studies with the 
GPT- mutant supports this conclusion, and also shows that 
both of the enzymes II can regulate adenylate cyclase. In this 
mutant, loss of the GPT component led to a loss of transport 
via the GPT pathway and a loss of regulation by a,methyl- 
glucoside; at the same time, the mutant was normal with 
respect to 2-deoxyglucose transport and 2-deoxyglucose inhibi- 
tion of adenylate cyclase, indicating that, in this strain, 
inhibition by this sugar proceeded via the MPT component. 

Another question resolved by these studies concerns the lack 
of specificity of cu-methylglucoside seen in Table II in which 
this sugar caused about a 50% decrease of 2-deoxy [14C]glucose 
phosphorylation. These data suggested either that a-methyl- 
glucoside is not specific for the GPT pathway, or that 2-deoxy- 
glucose is not specific for the MPT pathway. The latter model 
that 2-deoxyglucose can be phosphorylated strongly via MPT, 
but weakly through GPT is supported by studies with the 
phosphotransferase mutants. While a GPT mutant showed 
substantial 2-deoxyglucose phosphorylation activity (Fig. 3A, 
third panel), an MPT mutant showed a low level of 2-deoxy- 
glucose phosphorylation (Fig. 3A, fourth panel). Experiments 
on sugar inhibition of adenylate cyclase in the phosphotrans- 
ferase mutants showed the same pattern as sugar phosphoryla- 
tion. Thus, the low level of 2-deoxyglucose phosphorylation 
through the GPT is reflected in a low level of 2-deoxyglucose 
inhibition of adenylate cyclase. 

Fig. 3B shows that, provided the respective enzyme II is 
present, both a-methylglucoside and 2-deoxyglucose produce 
essentially complete inhibition, as seen with glucose. This is 
also seen for E. coli B grown on glucose, where sugar inhibition 
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is essentially complete. Since cu-methylglucoside and 2-deoxy- 
glucose exert their effects via different pathways (GPT and 
MPT), it appears that the enzymes II are linked to a single 
adenylate cyclase system and that sugar interaction with either 
enzyme II will produce complete inhibition. The alternative 
explanation that there are different populations of adenylate 
cyclase each sensitive to a particular sugar is not compatible 
with this observation. Thus MPT and GPT may be acting as 
multiple receptors coupled to a single catalytic unit in a 
manner envisaged for the multireceptor system of the mamma- 
lian fat cell (14). The suggestion that multiple receptors are 
coupled to one adenylate cyclase is supported by the induction 
studies (5); following induction, both glucose and the sugar 
used in the induction experiment caused essentially complete 
inhibition. 

The studies with the mutants have established that at least 
one of the enzymes II active on glucose needs to be present in 
order to observe inhibition of adenylate cyclase by glucose. A 
question to be resolved is whether interaction of sugar with the 
enzyme II component is sufficient to inhibit adenylate cyclase 
or whether the sugar needs to undergo active phosphorylation 
and transport as part of the mechanism of adenylate cyclase 
regulation. The first possibility would correspond to a receptor 
function as envisioned for mammalian hormone int,eractions 
with adenylate cyclase. On the other hand, some intermediate 
of the phosphotransferase reaction mechanism could be re- 
sponsible for inhibiting adenylate cyclase. A compound which 
inhibited adenylate cyclase but which was not active in the 
phosphotransferase system would support the receptor hypoth- 
esis but no such compound was found in these studies. 
cu-Methylglucoside and 3-0-methylglucose which are fre- 
quently used as controls in glucose studies were either active 
and phosphorylated or inactive in both systems, respectively. 
The fact that glucose 6-phosphate does not inhibit adenylate 
cyclase (3) does not rule out the possibility that some conse- 
quence of the mechanism by which glucose phosphorylation 
occurs is responsible for adenylate cyclase regulation by 
glucose. 

The glucose enzyme II components appear to be related to 
another property of cellular behavior, namely chemotaxis. The 
same series of enzyme II mutants examined in this study have 
recently been used to show that chemotaxis toward certain 
sugars related to glucose was dependent upon the presence of 
one or the other of the glucose enzyme II components (15). The 
wild type showed chemotaxis toward a-methylglucoside and 

2-deoxyglucose, the GPT- MPT- mutant showed no chemo- 
taxis, and the GPT- mutant showed chemotaxis toward only 
mannose and glucose, but not a-methylglucoside. The data 
gave strong support to the concept that these components were 
critical for the chemotactic response. As in the present studies, 
it could not be established whether phosphorylation was an 
integral part of the chemotactic response. The enzymes II of 
the sugar phosphotransferase system appear to be involved in 
catabolite repression via adenylate cyclase, transport, and 
chemotaxis. Sugar interaction with the enzymes II could result 
in the enzyme II protein interacting uniquely with other 
proteins in the membrane to bring about the biological 
response. On the other hand, sugar interaction with the 
enzyme II could produce several intermediate stages, with a 
different or a common intermediate being responsible for the 
biological effect. In either case, the enzyme II proteins appear 
to behave as cell surface receptors, and this system could 
provide a Jlseful model for the development of concepts of 
receptor mechanism. 
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